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PREFACE

Biomaterials science, the study of the application of materi- development of the biomaterials field. An educational tool
als to problems in biology and medicine, is a field characterized directed toward starting those new to biomaterials on a path
by medical needs, basic research, advanced technological devel- to appreciating the scope, complexity, basic principles, and
opment, ethical considerations, industrial involvement, and importance of this enterprise has been synthesized,
federal regulation. It encompasses an unusually broad spectrum A few acknowledgments and thanks are in order. First, let
of ideas, sciences, and technologies, which contributes to its me address the Society For Biomaterials that served as sponsor
intellectual excitement. At the same time, it serves important and inspiration for this book. The Society For Biomaterials
humanitarian needs. This book is intended to provide an over- is a model of "scientific cultural diversity" with engineers,
view of the theory and practice of biomaterials science. physicians, scientists, veterinarians, industrialists, inventors,

The need for a balanced book on the subject of biomaterials regulators, attorneys, educators, and ethicists all participating
science has been escalating for some time. Those of us who in an endeavor that is intellectually exciting, humanitarian,
teach biomaterials science have been forced to offer our classes and profitable. So, too, this book attempts to bring together
compromises for background written material: textbooks by in one tutorial volume these many influences, stances, and
single authors that too strongly emphasize their areas of exper- ideas. Royalties from this volume are being returned to the
tise and pay too little attention to other important subjects; Society For Biomaterials to further education and professional
articles from the literature that are difficult to weave into a advancement related to biomaterials. For further information
cohesive curriculum; our own handout materials, often graphi- on the Society For Biomaterials, call the US telephone number
cally crude, and again, slanted to the specific interests of each 612-927-8108.
professor. In Biomaterials Science: An Introduction to Materi- Next, a special thanks to those who invested time and effort
als in Medicine, by combining the experience of many leaders in the compilation of the material that became this book. The
in the biomaterials field, we endeavor to present a balanced many authors who contributed their expertise and perspectives
perspective on an evolving field. are clearly the backbone of this work and they deserve the

Over 50 biomaterials professionals from academia, indus- lion's share of the commendation. My fellow editors, Allan
try, and government have contributed to this work. Certainly, Hoffman, Jack Lemons, and Fred Schoen also deserve tremen-
such a distinguished group of authors provides the needed dous credit and accolades for their hard work, insights, advice,
balance and perspective. However, including many authors and leadership.
can also lead to particular complexities in a project of this Finally, a number of individuals at the University of Wash-
type. Do the various writing styles clash? Does the presentation ington have contributed to the assembly and production aspects
of material, particularly controversial material, result in one of this work. I offer my special thanks to Thomas Menduni,
chapter contradicting another? Even with so many authors, all Mady Lund, and Nancy Mateo for their assistance and special
subjects relevant to biomaterials cannot be addressed—which effort on this important component of the project,
subjects should be included and which left out? How should The biomaterials field has always been wide open with
such a project be refereed to ensure scientific quality, pedagogi- opportunities, stimulation, compassion, and intellectual ideas,
cal effectiveness, and the balance we strive for? These are some I, and my fellow editors and authors, hope the overview you
of the problems the editors grappled with over the years from now approach will stimulate in you as much excitement and
conception to publication. Compromises have often been satisfaction as it has in us.
reached, and the end product is different from that originally
envisioned. Still, a unique volume has evolved from this process
that the editors feel can make a special contribution to the Buddy D. Ratner

xi
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Biomaterials Science:
An Interdisciplinary Endeavor

BUDDY D. RATNER

A VERY SHORT HISTORY Of BIOMATERIALS were, with these Clemson symposia, no longer the dominant
force. We had researchers and engineers designing materials

The modern field we call hiomatenals is too new for a formal to meet specific criteria, and scientists exploring the nature
history to have been compiled. However, a few comments are of biocompatibility. Around this term "biomaterial" a unique
appropriate to place both ancient history and rapidly moving scientific discipline evolved. The evolution of this field and
contemporary history in perspective. The Romans, Chinese, the Society For Biomaterials were intimately connected. From
and Aztec used gold in dentistry more than 2000 years ago. biomaterials ideas, many of which originated at society
Through much of recorded history, glass eyes and wooden meetings, other fields evolved. Drug delivery, biosensors, and
teeth have been in common use. At the turn of this century, bioseparations owe much to biomaterials. Now we have
synthetic plastics became available. Their ease of fabrication academic departments of biomaterials, many biomaterials
led to many implantation experiments, most of them, in light programs, and research institutes devoted to education and
of our contemporary understanding of biomaterials toxicology, exploration in biomaterials science and engineering (Society
doomed to failure.'Poly(methyl methacrylate) (PMMA) was For Biomaterials Educational Directory, 1992). Paralleling
introduced in dentistry in 1937. During World War II, shards the research and educational effort, hundreds of companies
of PMMA from shattered gunnery turrets, unintentionally im- that incorporate biomaterials into devices have developed,
planted in the eyes of aviators, suggested that some materials This textbook looks at a now well-established biomaterials
might evoke only a mild foreign body reaction. Just after World neld, circa the 1990s.
War II, Voorhees experimented with parachute cloth (Vinyon
N) as a vascular prosthesis. In 1958, in a cardiovascular surgery
textbook by Rob, the suggestion was offered that surgeons BIOMATERIALS SCIENCE
might visit their local draper's shop and purchase Dacron fabric
that could be cut with pinking shears to fabricate an arterial Although biomaterials are primarily used for medical appli-
prosthesis. In the early 1960s Charnley used PMMA, ultrahigh- cations, which will be the focus of this text, they are also used
molecular-weight polyethylene, and stainless steel for total hip to grow cells in culture, in apparatus for handling proteins
replacement. While these applications for synthetic materials in the laboratory, in devices to regulate fertility in cattle, in
in medicine spanned much of written history, the term "bioma- the aquaculture of oysters, and possibly in the near future they
terial" was not invoked. will be used in a cell-silicon "biochip" that would be integrated

It is difficult to pinpoint the precise origins of the term into computers. How do we reconcile these diverse uses of
"biomaterial." However, it is probable that the field we recog- materials into one field? The common thread is the interaction
ni/e today was solidified through the early Clemson University between biological systems and synthetic (or modified natu-
biomaterials symposia in the late 1960s and early 1970s. The ral) materials.
scientific success of these symposia led to the formation of the In medical applications, biomaterials are rarely used as
Society For Biomaterials in 1975. The individual physician- simple materials and are more commonly integrated into
visionaries who implanted miscellaneous materials to find a devices. Although this is a text on materials, it will quickly
solution to pressing, often life-threatening, medical problems become apparent that the subject cannot be explored without

Biomaterials Science
, Copyright © 1996 by Academic Press, inc.
1 All rights of reproduction in any form reserved.



2 BIOMATERIALS SCIENCE: AN INTERDISCIPLINARY ENDEAVOR

also considering biomedicai devices. In fact, a biomaterial ses are fabricated from carbons, metals, elastomers, fabrics,
must always be considered in the context of its final fabri- and natural (e.g., pig) valves and other tissues chemically pre-
cated, sterilized form. For example, when a polyurethane treated to reduce their immunologic reactivity and to enhance
elastomer is cast from a solvent onto a mold to form a durability. More than 45,000 replacement valves are implanted
heart assist device, it can elicit different blood—material each year in the United States because of acquired damage to
interactions than when injection molding is used to form the natural valve and congenital heart anomalies. Figure 1
the same device. A hemodialysis system serving as an artificial shows a bileaflet tilting disk heart valve, the most widely used
kidney requires materials that must function in contact with design. Generally, almost as soon as the valve is implanted,
a patient's blood and exhibit appropriate membrane perme- cardiac function is restored to near normal levels and the pa-
ability and mass transport characteristics. It also must employ tient shows rapid improvement. In spite of the good overall
mechanical and electronic systems to pump blood and control success seen with replacement heart valves, there are problems
flow rates. with different types of valves; they include degeneration of

Unfortunately, many aspects of the design of devices are tissue, mechanical failure, postoperative infection, and indue-
beyond the scope of this book. Consider the example of the tion of blood clots,
hemodialysis system. The focus here is on membrane materials
and their biocompatibility; there is less information on mass
transport through membranes, and little information on flow Artificial Hip Joints
systems and monitoring electronics.

A few definitions and descriptions are in order and will be The human hip Joint is subjected to high mechanical stresses
expanded upon in this and subsequent chapters. and undergoes considerable abuse. It is not surprising that

Many definitions have been proposed for the term "bioma- because of 50 years or more of cyclic mechanical stress, or
teriai." One definition, endorsed by a consensus of experts in because of degenerative or rheumatological disease, the natural
the field is: joint wears out, leading to considerable loss of mobility and,

often, confinement to a wheelchair. Hip joints are fabricated
A biomaterial is a nonviable material used in a medical device, from titanium, specific high-strength alloys, ceramics, compos-
intended to interact with biological systems. (Williams, 1987) ites, and ultrahigh molecular weight polyethylene. Replace-

ment hip joints (Fig. 2) are implanted in more than 90,000
If the word "medical" is removed, this definition becomes humam each year in the United States alone With Some types
broader and can encompass the wide range of applications of replacement hip joints and surgical procedures, ambulatory
suggested above. function is restored within days after surgery. For other types,

A complementary definition essential for understanding the a healing-in period is required for attachment between bone
goal of biomatenals science, is that of "biocompatibility." and the implant before the joint can bear the full weight of

Biocompatibility is the ability of a material to perform with an the body. In most cases, good function is restored, and even
appropriate host response in a specific application. (Williams, athletic activities are possible, although they are generally not
19371 advised. After 10—15 years, the implant may loosen, necessitat-

ing another operation.
Thus, we are introduced to considerations that set a biomaterial
apart from most materials explored in materials science. Table
1 lists a few applications for synthetic materials in the body. Dental Implants
It includes many materials that are often classified as "biomate-
nals." Note that metals, ceramics, polymers, glasses, carbons, The widespread introduction of titanium implants (Fig. 3)
and composite materials are listed. Table 2 presents estimates has revolutionized dental implantology. These devices, which
of the numbers of medical devices containing biomaterials that form an artificial tooth root on which a crown is affixed, are
are implanted in humans each year and the size of the commer- implanted in approximately 275,000 people each year, with
cial market for biomaterials and medical devices. some individuals receiving more than 12 implants. A special

Four examples of applications of biomaterials are given requirement of a material in this application is the ability
here to illustrate important ideas. The specific devices dis- to form a tight seal against bacterial invasion where the
cussed were chosen because they are widely used in humans, implant traverses the gingiva (gum). One of the primary
largely with good success. However, key problems with these advantages originally cited for the titanium implant was
biomaterial devices are also highlighted. Each of these exam- bonding with the bone of the jaw. In recent years, however,
pies is discussed in detail in later chapters. this attachment has been more accurately described as a

tight apposition or mechanical fit and not true bonding.
Wear, corrosion, and the mechanical properties of titanium
have also been of concern.

EXAMPLES OF BIOMATERIALS APPLICATIONS

Substitute Heart Valves Intraocular Lenses

Degeneration and other diseases of heart valves often make Intraocular lenses (lOLs) made of poly(methyl methacry-
surgical repair or replacement necessary. Heart valve prosthe- late), silicone elastomer, or other materials are used to replace
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TABLE 1 Some Applications of Synthetic Materials and
Modified Natural Materials in Medicine

Application Types of materials

Skeletal system
Joint replacements (hip, knee) Titanium, Ti—Al—V alloy, stainless steel, polyethylene
Bone plate for fracture fixation Stainless steel, cobalt—chromium alloy
Bone cement Poly(methyl methacrylate)
Bony defect repair Hydroxylapatite
Artificial tendon and ligament Teflon, Dacron
Dental implant for tooth fixation Titanium, alumina, calcium phosphate

Cardiovascular system
Blood vessel prosthesis Dacron, Teflon, polyurethane
Heart valve Reprocessed tissue, stainless steel, carbon
Catheter Silicone rubber, Teflon, polyurethane

Organs
Artificial heart Polyurethane
Skin repair template Silicone-collagen composite
Artificial kidney (hemodialyzer) Cellulose, polyacrylonitrile
Heart—Lung machine Silicone rubber

Senses
Cochlear replacement Platinum electrodes
Intraocular lens Poly(methyl methacrylate), silicone rubber, hydrogel
Contact lens Silicone—acrylate, hydrogel
Corneal bandage Collagen, hydrogel

a natural lens when it becomes cloudy and cataractous (Fig. CHARACTERISTICS OF BIOMATERIALS SCIENCE
4). By the age of 75, more than 50% of the population suffers
from cataracts severe enough to warrant IOL implantation. Interdisciplinary
This translates to over 1.4 million implantations in the United
States alone each year, and double that number worldwide. More than any other field of contemporary technology,
Good vision is generally restored almost immediately after biomaterials science brings together researchers with diverse
the lens is inserted and the success rate with this device academic backgrounds who must communicate clearly. Figure
is high. IOL surgical procedures are well developed and 5 lists some of the disciplines that are encountered in the pro-
implantation is often performed on an outpatient basis. gression from identifying the need for a biomaterial or device
Recent observations of implanted lenses using a biomicro- to the manufacture, sale, and implantation of it.
scope show that inflammatory cells migrate to the surface
of the lenses after periods of implantation. Thus, the conven- Atanv Materials
tional healing pathway is seen with these devices, as is
observed with materials implanted in other sites in the body. The biomaterials scientist will have an appreciation of rna-

Many themes are illustrated by these four vignettes. Wide- terials science. This may range from an impressive command
spread application with good success is generally noted. A of the theory and practice of the field demonstrated by the
broad range of synthetic materials varying in chemical, physi- materials scientist, to a general understanding of the properties
cal, and mechanical properties are used in the body. Many of materials that might be demonstrated by the physician bio-
anatomical sites are involved. The mechanisms by which the materials scientist.
body responds to foreign bodies and heals wounds are observed A wide range of materials is routinely used (Table 1) and
in each case. Problems, concerns, or unexplained observations no one researcher will be comfortable synthesizing and design-
are noted for each device. Companies are manufacturing each ing with all these materials. Thus, specialization is the rule,
of the devices and making a profit. Regulatory agencies are However, a broad appreciation of the properties and applica-
carefully looking at device performance and making policy tions of these materials, the palette from which the biomaterials
intended to control the industry and protect the patient. Are scientist chooses, is a hallmark of professionals in the field,
there ethical or social issues that should be addressed? To set There is a tendency to group the materials (and the research-
the stage for the formal introduction of biomaterials science, ers) into the "hard tissue replacement biomaterials" camp (e.g.,
we will return to the four examples just discussed to examine metals, ceramics), typically repesented by those involved in
the issues implicit to each case. orthopedic and dental materials, and the "soft tissue replace-
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TABLE 2 The Biomaterials and Healthcare Market—Facts and Figures (per year)

Total U.S. health care expenditures (1990) $666,200,000,000
Total U.S. health research and development (1990) $22, 600,000,000
Number of employees in the medical device industry (1988) 194,250
Registered U.S. medical device manufacturers (1991) 19,300

Total medical device sales:
Surgical appliances $8,4!4,000,000
Surgical instruments $6,444,000,000
Electromedical devices $5,564,000,000
U.S. market for biomatenals (1992) $402,000,000

Individual medical device sales:
Catheters, U.S. market (1991) $1,400,000,000
Angioplasty catheters (market by mid 1990s) $1,000,000,000
Orthopedic, U.S. market (1990) $2,200,000,000
Wound care products (1988 estimate) $4,000,000,000
Biomedical sensor market (1991) $365,000,000
Artificial pancreas (if one existed, and was used by 10% of the U.S.

insulin-dependent diabetics; 1985 estimate) $2,300,000,000

Numbers of devices:
intraocular lenses 1,400,000
Contact lenses:

Extended wear soft lens users 4,000,000
Daily wear soft lens users 9,000,000
Rigid gas-permeable users 2,600,000

Vascular grafts 250,000
Heart valves 45,000
Pacemakers 460,000
Blood bags 30,000,000"
Breast prostheses 544,000a

Catheters 200,000,000"
Oxygenators 500,000''
Renal dialyzers 16,000,000'''
Orthopedic (knee, hip) 500,000"

Knee 816,000a

Hip 521,000a

a1990 estimate for United States.
b1981estimate for western countries and Japan.

merit biomaterials" camp (e.g., polymers), which is often asso- Magnitude of the Field
ciated with cardiovascular and general plastic surgery materi-
als. In practice, this division does not hold up well—a heart Magnitude expresses both a magnitude of need and magni-
valve may be fabricated from polymers, metals, and carbons, tude of a commercial market. Needless to say, a conflict of
while a hip joint will also be composed of metals and polymers interest can arise with pressures from both the commercial
and will be interfaced to the body via a polymeric bone cement. quarter and from ethical considerations. Consider three corn-
There is a need for a general understanding of all classes of monly used biomaterial devices: a contact lens, a hip joint,
materials, and this book will provide this background. and a heart valve. All fill a medical need. The contact lens

offers improved vision and in some cases a cosmetic enhance-
ment. The hip joint offers mobility to the patient who would

Development Of Biomatenals Devices otherwise be confined to a bed or wheelchair. The heart valve
offers life. The contact lens may sell for $100, and the hip

Figure 5 illustrates interdisciplinary interactions in biomate- joint and heart valve may sell for up to $3000 each. There will
rials and shows the usual progression in the devleopment of a be 20 million contact lenses purchased each year, but only
biomaterial or device. It provides a perspective on how different perhaps 100,000 heart valves (worldwide) and 500,000 total
disciplines work together, starting from the identification of a artificial hip prostheses. Here are the issues for consideration:
need for a biomaterial through development, manufacture, a large number of devices, differing magnitudes of need, and
implantation, and removal from the patient. differing (but large) commercial potential. There is no simple
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FIG. 3. A titanium dental implant. (Photograph courtesy of Dr. A. Norman
FIG. I. A replacement: heart valve. (Photograph courtesy of St. Jude Medi- Qamn, Brookdaie Hospital Medical Center, Brooklyn, NY.)
cal,Inc.)

answer to how these components are integrated in this field pie, for polymers, many low-molecular-weight "leachables"
we call "biomaterials science." As you work your way through exhibit some level of physiologic activity and cell toxicity. It
this volume, view each of the ideas and devices presented in is reasonable to say that a biornaterial should not give off
the context of these considerations. anything from its mass unless it is specifically designed to do

Along with these characteristics of biomaterials science— so. Toxicology also deals with methods to evaluate how well
the interdisciplinary flavor, the magnitude of the need, and
the sophisticated materials science—there are certain, often
unique, subjects that occupy particularly prominent positions
in our field. Let us review a few of these.

SUBJECTS INTEGRAL TO BIOMATERIALS SCIENCE

Toxlcology

A biomaterial should not be toxic, unless it is specifically
engineered for such requirements (e.g., a "smart bomb" drug
release system that seeks out cancer cells and destroys them).
Since the nqntoxic requirement is the norm, toxicology for
biomaterials has evolved into a sophisticated science. It deals
with the substances that migrate out of biomaterials. For exam-

FIG. 4. An intraocular lens. (Photograph courtesy of Alcon Laboratories,
FIG. 2. A synthetic hip joint. (Photograph courtesy of Zimmer, Inc.) Inc.)
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patibility may have to be uniquely defined for each application.
The problems and meanings of biocompatibility will be ex-
plored and expanded upon throughout this textbook, in partic-
ular, see Chapters 4 and 5.

Healing

Special processes are invoked when a material or device
heals in the body. Injury to tissue will stimulate the well-defined
inflammatory reaction sequence that leads to healing. Where
a foreign body (e.g., an implant) is involved, the reaction se-
quence is referred to as the "foreign body reaction" (Chapter
4.2). The normal response of the body will be modulated be-
cause of the solid implant. Furthermore, this reaction will differ
in intensity and duration depending upon the anatomical site
involved. An understanding of how a foreign object alters the
normal inflammatory reaction sequence is an important con-
cern for the biomaterials scientist.

Unique Anatomical Sites

Consideration of the anatomical site of an implant is essen-
tial. An intraocular lens may go into the lens capsule or the
anterior chamber. A hip joint will be implanted in bone across
an articulating joint space. A heart valve will be sutured into
cardiac muscle. A catheter may be placed in a vein. Each of
these sites challenges the biomedical device designer with spe-
cial requirements for geometry, size, mechanical properties,
and bioreaction. Chapter 3.4 introduces these ideas.

Mechanical and Performance Requirements

Each biomaterial and device has imposed upon it mechani-
cal and performance requirements that originate from the phys-
ical (bulk) properties of the material. These requirements can

FIG. 5. Disciplines involved in biomaterials science and the path trom a need
to a manufactured medical device. be divided into three categories: mechanical performance,

mechanical durability, and physical properties. First, consider
mechanical performance. A hip prosthesis must be strong and
rigid. A tendon material must be strong and flexible. A heart
valve leaflet must be flexible and tough. A dialysis membrane

this design criterion is met when a new biomatenal is under must be strong and flexible, but not elastomeric. An articular
development Chapter 5.2 provides an overview of methods cartilage substitute must be soft and elastomeric. Then, we
in biomaterials toxicology. The implications of toxicity are must address mechanical durability. A catheter may only have

addressed in Chapters 4.2 and 4.4. to perform for 3 days. A bone plate may fulfill its function in 6 months or longer. A leaflet in a heart valve must flex 60

Biocomoatibility times per minute without tearing for the lifetime of the patient
(it is hoped, for 10 or more years). A hip joint must not fail

The understanding and measurement of biocompatibility is under heavy loads for more than 10 years. Finally, the bulk
unique to biomaterials science. Unfortunately, we do not have physical properties will address performance. The dialysis
precise definitions or accurate measurements of biocompatibil- membrane has a specified permeability, the articular cup of
ity. More often than not, it is defined in terms of performance the hip joint has a lubricity, and the intraocular lens has a
or success at a specific task. Thus, for a patient who is alive clarity and refraction requirement. To meet these requirements,
and doing well, with a vascular prosthesis that is unoccluded, design principles are borrowed from mechanical engineering,
few would argue that this prosthesis is, in this case, not "bio- chemical engineering, and materials science,
compatible." However, this operational definition offers us
little to use in designing new or improved vascular prostheses. industrial Involement . 1 Industrial Involvement
It is probable that biocompatibility may have to be specifically
defined for applications in soft tissue, hard tissue, and the At the same time as a significant basic research effort is
cardiovascular system (blood compatibility). In fact, biocom- under way to understand how biomaterials function and how
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to optimize them, companies are producing millions of im- TABLE, 3 Some Ethical Concerns Relevant to
plants for use in humans and earning billions of dollars on the Biomaterials Science
sale of medical devices. Thus, although we are now only learn-
ing about the fundamentals of biointeraction, we manufacture Is the use of animal models justified? Specifically, is the experiment
and implant materials and devices. How is this dichotomy well designed and important so that the data obtained will justify
explained? Basically, as a result of considerable experience, the suffering and sacrifice of the life of a living creature?
trial and error, inspired guesses, and just plain luck, we now How should research using humans be conducted to minimize risk to
have a set of materials that performs satisfactorily in the body. the patient and offer a reasonable risk-to-benefit ratio? How can
The medical practitioner can use them with reasonable confi- we best ensure informed consent?
dence, and the performance in the patient is largely acceptable. Companies fund much biomaterials research and own proprietary
In essence, the complications of the devices are less than the biomaterials. How can the needs of the patient be best balanced
complicatons of the original diseases. Companies make impres- with the financial goals of a company? Consider that someone must
sive profits on these devices. Yet, in some respects, the patient manufacture devices—these would not be available if a company
is trading one d.sease for another, and there is much evidence did not choose to manufacture them.
that better materials and devices can be made through basic Since researchers often stand to benefit financially from a successful
science and engineering exploration. So, in the field of biomate- biomedical device and sometimes even have devices named after

rials, we always see two sides of the coin—a basic science and them, how can investigator bias be minimized in biomaterials re-
engineering effort, and a commercial sector.

The balance between the desire to alleviate loss of life and For life-sustaining devices, what is the tradeoff between sustaining life
suffering, and the corporate imperative to turn a profit forces us and the quality of life with the device for the patient? Should the

patient be permitted to "pull the plug" it the quality of life is not satis-to look further a field tor guidance. Obviously, ethical concerns
. • factory?

enter into the picture. Companies have large investments in
the manufacture, quality control, clinical testing, regulatory With so many unanswered questions about the basic sconce of bioma-

tenals, do government regulatory agencies have sufficient informa-clearance, and distribution or medical devices. How much of ... . . . tion to define adequate tests tor materials and devices and to properly
an advantage will be realized in introducing an improved de- regulate biomaterials?
vice? The improved device may indeed work better for the
patient. However, the company will incur a large expense that
will, in the short term, be perceived by the stockholders as a
cut in the profits. Moreover, product liability issues are a major
concern of manufacturers. When looking at the industrial side
of the biomaterials field, questions are asked about the ethics coming on the market, and to screen out individuals clearly
of withholding an improved device from people who need it, unqualified to produce biomaterials, a complex national regu-
the market share advantages of having a better product, and latory system has been erected by the United States government
the gargantuan costs (possibly nonrecoverable) of introducing through the Food and Drug Administration (FDA). Through
a new product into the medical marketplace. If companies did the International Standards Organization (ISO), international
not have the profit incentive, would there be medical devices, regulatory standards have been developed for the world com-
let alone improved ones, available for clinical application? munity. Obviously, a substantial base of biomaterials knowl-

When the industrial segment of the biomaterials field is edge went into these standards. The costs to meet the standards
examined, we see other contributions to our field. Industry and to demonstrate compliance with material, biological, and
deals well with technological developments such as packaging, clinical testing are enormous. Introducing a new biomedical
sterilization, and quality control and analysis. These subjects device to the market requires a regulatory investment of many
require a strong technological base, and have generated stimu- millions of dollars. Are the regulations and standards truly
lating research questions. Also, many companies support in- addressing the safety issues? Is the cost of regulation inflating
house basic research laboratories and contribute in important the cost of health care and preventing improved devices from
ways to the fundamental study of biomaterials science. reaching those who need them? Under this regulation topic,

we see the intersection of all the players in the biomaterials
Ethics community: government, industry, ethics, and basic science.

The answers are not simple, but the problems are addressed
There are a wide range of other ethical considerations in every day. Chapters 10.2 and 10.3 expand on standards and

biomaterials science. Some key ethical questions in biomaterials regulatory concerns,
science are summarized in Table 3. Like most ethical questions,
an absolute answer may be difficult to come by. Some articles
have addressed ethical questions in biomaterials and debated BIOMATERIALS LITERATURE

- BIOMATERIALS LIERATURE
the important points (Sana and Saha, 1987; Schiedermayer
and Shapiro, 1989).

Over the past 40 years, the field of biomaterials has devel-
RegulAtion oped from individual medical researchers "trying things out,"

to the defined discipline we have today. Concurrent with the
The consumer (the patient) demands safe medical devices. evolution of the discipline, a literature has also developed. A

To prevent inadequately tested devices and materials from bibliography is provided at the end of this introduction to
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highlight key reference works and technical journals in the Cells and Materials (Scanning Microscopy International)
biomaterials field. Colloids and Surfaces B: Biointerfaces (Elsevier)

Drug Targeting and Delivery (Academic Press)
Frontiers of Medical and Biological Engineering (Y, Sakurai, ed.,

VSP Publishers)
SUMMARY International Journal of Artificial Organs (Wichtig Editore)

Journal of Applied Biomaterials (Wiley)*
Journal of Bioactive and Compatible Polymers (Technomics)

This chapter provides a broad overview or the biomaterials Journal of Biomatenals Applications (Technomics)
field. It is intended to provide a vantage point from which the Journal of Biomaterials Science: Polymer Edition (VSP Pubishers)

reader can begin to place all the subthemes (chapters) within journal of Biomedical Materials Research (Wiley-Official Publication
the perspective of the larger whole. of the Society For Biomaterials)

To reiterate a key point, biomaterials science may be the Journal of Controlled Release (Elsevier)
most interdisciplinary of all the sciences. Consequently, bioma- Journal of Drug Targeting (Harwood Academic Publishers)
terials scientists must master material from many fields of sci- Journal of Long Term Effects of Medical Implants (CRC Press)
ence, technology, engineering, and medicine in order to be Materials in Medicine (Chapman and Hall—Official Publication of
competent in this profession. The reward for mastering this the European Society for Biomaterials)
volume of material is involvement in an intellectually stimulat- Medical Device and Diagnostics Industry (Canon Publications)
ing endeavor that advances our understanding of basic sciences Medical Device Research Report (AAMI)

, , Medical Device Technology (Astor Publishing Corporation)
and also contributes to reducing human suffering. Medical Plastics and Biomaterials (Canon Communications, Inc.)

Nanobiology (Carfax Publishing Co.)
Nanotechnology (an Institute of Physics Journal)
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C H A P T E R

1
Properties of Materials

FRANCIS W. COOKE, JACK E. LEMONS, AND BUDDY D. RATNER

I * I INTRODUCTION held togather. by strong interatomic forces (Pauling, 1960). The
electronic and atomic structures, and almost all the physicalJack E. Lemons . ' '
properties, or solids depend on the nature and strength or the
interatomic bonds. Three different types of strong or primary

The bulk and surface properties of biomaterials that have interatomic bonds are recognized: ionic, covalent, and metallic,
been utilized for implants have been shown to directly influ-
ence, and in some cases, control the tissue interface dynamics
from the time of initial in vivo placement until final disposition. Ionic Bonding
Compatibility is recognized to be a two-way process between
the biomaterials that have been fabricated into devices and the In the ionic bond, electron donor (metallic) atoms transfer
host environment. one or more electrons to an electron acceptor (nonmetallic)

It is critical to recognize that synthetic materials have speci- atom. The two atoms then become a cation (e.g., metal) and
fie bulk and surface characteristics that are property dependent. an anion (e.g., nonmetal), which are strongly attracted by the
These characteristics must be known prior to any medical electrostatic effect. This attraction of cations and anions consti-
application, but also must be known in terms of changes that tutes the ionic bond (John, 1983).
may take place over time in vivo. That is, changes with time In ionic solids composed of many ions, the ions are arranged
must be anticipated at the outset and accounted for through so that each cation is surrounded by as many anions as possible
selection of biomaterials and/or design of the device. to reduce the strong mutual repulsion of cations. This packing

Information related to basic properties is available through further reduces the overall energy of the assembly and leads
national and international standards, plus handbooks and pro- to a highly ordered arrangement called a crystal structure. The
fessional journals of various types. However, this information loosely bound electrons of the atoms are now tightly held in
must be evaluated within the context of the intended biomedi- the locality of the ionic bond. Thus, the electron structure of
cal use, since applications and host tissue responses are quite the atom is changed by the creation of the ionic bond. In
specific within areas, e.g., cardiovascular (flowing blood con- addition, the bound electrons are not available to serve as
tact), orthopedic (functional load bearing), and dental (percuta- charge carriers and ionic solids are poor electrical conductors,
neous). Finally, the low overall energy state of these substances endows

The following two chapters provide basic information on them with relatively low chemical reactivity. Sodium fluoride
the bulk and surface properties of biomaterials based on metal- (NaF) and magnesium chloride (MgQ2) are examples of
lie, polymeric, and ceramic substrates. Also included are details ionic solids,
about how some of these characteristics have been determined.
The content of these chapters is intended to be relatively basic
and more in-depth information is provided in later chapters CoVMCnt Bonding

Elements that fall along the boundary between metals and
nonmetals, such as carbon and silicon, have atoms with four
valence electrons and about equal tendencies to donate and

1.2 BULK PROPERTIES Of MATERIALS accept electrons. For this reason, they do not form strong
Francis W Cooke ionic bonds. Rather, stable electron structures are achieved by

sharing valence electrons. For example, two carbon atoms can
each contribute an electron to a shared pair. This shared pair of

INTRODUCTION: THE SOLID STATE electrons constitutes the covalent bond (Morrison et al, 1983).
If a central carbon atom participates in four of these covalent

Solids are distinguished from the other states of matter bonds (two electrons per bond), it has achieved a stable outer
(liquids and gases) by the fact that their constituent atoms are shell of eight valence electrons. More carbon atoms can be

Biomaterials Science
Copyright 1996 by Academic Press, inc.
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added to the growing aggregate so that every atom has four derives from the nature of the solid-state bond. In the majority
nearest neighbors with which it shares one bond each. Thus, of solids, this arrangement constitutes a crystal. A crystal is a
in a large grouping, every atom has a stable electron structure solid whose atoms or ions are arranged in an orderly repeating
and four nearest neighbors. These neighbors often form a tetra- pattern in three dimensions. These patterns allow the atoms
hedron, and the tetrahedra in turn are assembled in an orderly to be closely packed [i.e., have the maximum possible number
repeating pattern (i.e., a crystal). This is the structure of both of near (contacting) neighbors] so that the number of primary
diamond and silicon. Diamond is the hardest of all materials, bonds is maximized and the energy of the aggregate is mini-
which shows that covalent bonds can be very strong. Once mixed.
again, the bonding process results in a particular electronic Crystal structures are often represented by repeating ele-
structure (all electrons in pairs localized at the covalent bonds) ments or subdivisions of the crystal called unit cells. Unit cells
and a particular atomic arrangement or crystal structure. As have all the geometric properties of the whole crystal (Fig. !).
with ionic solids, localization of the valence electrons in the A model of the whole crystal can be generated by simply stack-
covalent bond renders these materials poor electrical con- ing up unit cells like blocks or hexagonal tiles. Note that the
ductors. representations of the unit cells in Fig. 1 are idealized in that

atoms are shown as small circles located at the atomic centers.
This is done so that the background of the structure can be

Metallic Bonding understood. In fact, all nearest neighbors are in contact, as
shown in Fig. IB (John, 1983).

The third and least understood of the strong bonds is the
metallic bond. Metal atoms, being strong electron donors, do
not bond by either ionic or covalent processes. Nevertheless,
many metals are very strong (e.g., cobalt) and have high melting MATERIALS
points (e.g., tungsten), suggesting that very strong interatomic
bonds are at work here, too. The model that accounts for this The technical materials used to build most structures are
bonding envisions the atoms arranged in an orderly, repeating, divided into three classes, metals, ceramics (including glasses),
three-dimensional pattern, with the valence electrons migrating and polymers. These classes may be identified only roughly
between the atoms like a gas. with the three types of interatomic bonding.

It is helpful to imagine a metal crystal composed of positive
ion cores, atoms without their valence electrons, about which
the negative electrons circulate. On the average, all the electrical Metals
charges are neutralized throughout the crystal and bonding
arises because the negative electrons act like a glue between Materials that exhibit metallic bonding in the solid state
the positive ion cores. This construct is called the free electron are metals. Mixtures or solutions of different metals are alloys,
model of metallic bonding. Obviously, the bond strength in- About 85% of all metals have one of the crystal structures
creases as the ion cores and electron "gas" become more tightly shown in Fig.1.In both face-centered cubic (FCC) and hexago-
packed (until the inner electron orbits of the ions begin to nal close-packed (HCP) structures, every atom or ion is s.ur-
overlap). This leads to a condition of lowest energy when the rounded by twelve touching neighbors, which is the closest
ion cores are as close together as possible. packing possible for spheres of uniform size. In any enclosure

Once again, the bonding leads to a closely packed (atomic) filled with close-packed spheres, 74% of the volume will be
crystal structure and a unique electronic configuration. In par- occupied by the spheres. In the body-centered cubic (BCC)
ticular, the nonlocalized bonds within metal crystals permit structure, each atom or ion has eight touching neighbors or
plastic deformation (which strictly speaking does not occur in eightfold coordination. Surprisingly, the density of packing is
any nonmetals), and the electron gas accounts for the chemical only reduced to 68% so that the BCC structure is nearly as
reactivity and high electrical and thermal conductivity of metal- densely packed as the FCC and HCP structures (John, 1983).
lie systems (John, 1983).

Ceramics

Weak Bonding Ceramic materials are usually solid inorganic compounds
In addition to the three strong bonds, there are several weak with various combinations of ionic or covalent bonding. They

secondary bonds that significantly influence the properties of also have tightly packed structures, but with special require-
some solids, especially polymers. The most important of these ments for bonding such as fourfold coordination for covalent
are van der Waals bonding and hydrogen bonding, which have solids and charge neutrality for ionic solids (i.e., each unit
strengths 3 to 10% that of the primary C—C covalent bond. cell must be electrically neutral). As might be expected, these

additional requirements lead to more open and complex crys-
tal structures.

Atomic Structure Carbon is often included with ceramics because of its many
ceramiclike properties, even though it is not a compound and

The three-dimensional arrangement of atoms or ions in a conducts electrons in its graphitic form. Carbon is an interest-
solid is one of the most important structural features that ing material since it occurs with two different crystal structures.



1.2 BULK PROPERTIES OF MATERIALS 1 3

FIG* 1. Typical metal crystal structures (unit cells). (A) Face-centered cubic (FCC). (B) Full size atoms in FCC. (C) Hexagonal close packed (HCP),
(D) Body-centered cubic (BCC).

In the diamond form, the four valance electrons of carbon lead tures provides a striking opportunity to see how physical prop-
to four nearest neighbors in tetrahedral coordination. This erties depend on atomic and electronic structure (Table 1)
gives rise to the diamond cubic structure (Fig. 2A). An interest- (Reed-Hill, 1992).
ing variant on this structure occurs when the tetrahedral ar-
rangement is distorted into a nearly flat sheet. The carbon
atoms in the sheet have a hexagonal arrangement, and stacking fjioraanlc Glasses
of the sheets (Fig. 2B) gives rise to the graphite form of carbon.
The (covalent) bonding within the sheets is much stronger than Some ceramic materials can be melted and upon cooling
the bonding between sheets. do not develop a crystal structure. The individual atoms have

The existence of an element with two different crystal struc- nearly the ideal number of nearest neighbors, but an orderly
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FIG. 2. Crystal structures of carbon. (A) Diamond (cubic). (B) Graphite (hexagonal).

repeating arrangement is not maintained over long distances Based on the organization of these chains, there are two
throughout the three-dimensional aggregates of atoms. Such classes of polymers. In the first, the basic chains have little or
noncrystals are called glasses or, more accurately, inorganic no branching. Such "straight" chain polymers can be melted
glasses and are said to be in the amorphous state. Silicates and and remelted without a basic change in structure (an advantage
phosphates, the two most common glass formers, have random in fabrication) and are called thermoplastic polymers. If side
three-dimensional network structures. chains are present and actually form (covalent) links between

chains, a three-dimensional network structure is formed. Such
structures are often strong, but once formed by heating will

rolymers not meit uniformly on reheating. These are thermosetting

The third category of solid materials includes all the poly- P° ymers-
mers. The constituent atoms of classic polymers are usually Usually both thermoplastic and thermosetting polymers
carbon and are joined in a linear chainlike structure by covalent have intertwined chains so that the resulting structures are
bonds. The bonds within the chain require two of the valance 3ulte rando™ and are also said to be amorphous like glass,
electrons of each atom, leaving the other two bonds available although only the thermoset polymers have sufficient cross
for adding a great variety of atoms (e.g., hydrogen), molecules, lmkmS to form a three-dimensional network with covalent
functional groups, etc. bonds. In amorphous thermoplastic polymers, many atoms in

a chain are in close proximity to the atoms of adjacent chains,
and van der Waals and hydrogen bonding holds the chains
together. It is these interchain bonds that are responsible for
binding the substance together as a solid. Since these bonds

TABLE 1 Relative Physical Properties of Diamond are relatively weak, the resulting solid is relatively weak. Ther-
and Graphite'' moplastic polymers generally have lower strengths and melting

points than thermosetting polymers {John, 1983; Budinski,
Property Diamond Graphite 1983).

Hardness Highest known Very low

Color Colorless Black MlcrOStrUCtUre

Electrical conductivity Low High Structure in solids occurs in a hierarchy of sizes. The internal
Density (g/crn3) 3.51 2.25 or electronic structures of atoms occur at the finest scale, less
Specific hear (cal/gm 1.44 1.98 than 1CT4 fjim (which is beyond the resolving power of the

atm/deg.C) most powerful direct observational techniques) and are respon-
, sible for the interatomic bonds. At the next higher size level,

"Adapted from D. L. Cocke and A. Clearfield, eds., Design of New around 10~4 /am (which is detectable by X-ray diffraction, field
Materials, Plenum Pub!., New York, 1987, with permission. ion microscopy, scanning tunneling microscopy, etc.) the long-
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range, three-dimensional arrangement of atoms in crystals and
glasses can be observed.

At even larger sizes, 10~3 to 102 /xm (detectable by light
and electron microscopy), another important type of structural
organization exists. When the atoms of a molten sample are
incorporated into crystals during freezing, many small crystals
are formed initially and then grow until they impinge on each
other and all the liquid is used up. At that point the sample
is completely solid. Thus, most crystalline solids (metal and
ceramics) are composed of many small crystals or crystallites
called grains that are tightly packed and firmly bound together.
This is the microstructure of the material that is observed at
magnifications where the resolution is between 1 and 100 /u-m.

In pure elemental materials, all the crystals have the same
structure and differ from each other only by virtue of their
different orientations. In general, these crystallites or grains
are too small to be seen except with a light microscope. Most
solids are opaque, however, so the common transmission (bio-
logical) microscope cannot be used. Instead, a metallographic
or ceramographic reflecting microscope is used. Incident light
is reflected from the polished metal or ceramic surface. The
grain structure is revealed by etching the surface with a mildly
corrosive medium that preferentially attacks the grain bound-
aries. When this surface is viewed through the reflecting micro-
scope the size and shape of the grains, i.e., the microstructure,
is revealed.

Grain size is one of the most important features that can
be evaluated by this technique because fine-grained samples
are generally stronger than coarse-grained specimens of a given
material. Another important feature that can be identified is
the coexistence of two or more phases in some solid materials.
The grains of a given phase will all have the same chemical
composition and crystal structure, but the grains of a second
phase will be different in both these respects. This never occurs
in samples of pure elements, but does occur in mixtures of
different elements or compounds where the atoms or molecules
can be dissolved in each other in the solid state just as they
are in a liquid or gas solution.

For example, some chromium atoms can substitute for iron
atoms in the FCC crystal lattice of iron to produce stainless
steel, a solid solution alloy. Like liquid solutions, solid solutions
exhibit solubility limits; when this limit is exceeded, a second
phase precipitates. For example, if more Cr atoms are added
to stainless steel than the FCC lattice of the iron can accommo-
date, a second phase that is chromium rich precipitates. Many
important biological and implant materials are multiphase
(Reed-Hill, 1992). These include the cobalt-based and tita-
nium-based orthopedic implant alloys and the mercury-based
dental restorative alloys, i.e., amalgams.

MECHANICAL PROPERTIES OF MATERIALS

Solid materials possess many kinds of properties (e.g., me-
chanical, chemical, thermal, acoustical, optical, electrical, mag-
netic). For most (but not all) biomedical applications, the two
properties of greatest importance are strength (mechanical)
and reactivity (chemical). The chemical reactivity of biomateri-

FIG. 3. Extension is proportional to load according to Hooke's law.

als will be discussed in Chapters 1.3 and 6. The remainder of
this section will, therefore, be devoted to mechanical properties,
their measurement, and their dependence on structure. It is
well to note that the dependence of mechanical properties on
microstructure is so great that it is one of the fundamental
objectives of materials science to control mechanical properties
by modifying microstructure.

Elastic Behavior

The basic experiment for determining mechanical properties
is the tensile test. In 1678, Robert Hooke showed that a solid
material subjected to a tensile (distraction) force would extend
in the direction of traction by an amount that was proportional
to the load (Fig. 3). This is known as Hooke's law and simply
expresses the fact that most solids behave in an elastic manner
(like a spring) if the loads are not too great.

Stress and Strain

The extension for a given load varies with the geometry of
the specimen as well as its composition. It is, therefore, difficult
to compare the relative stiffness of different materials or to
predict the load-carrying capacity of structures with complex
shapes. To resolve this confusion, the load and deformation
can be normalized. To do this, the load is divided by the cross-
sectional area available to support the load, and the extension
is divided by the original length of the specimen. The load can
then be reported as load per unit of cross-sectional area, and
the deformation can be reported as the elongation per unit of
the original length over which the elongation occurred. In this
way, the effects of specimen geometry can be normalized.

The normalized load (force/area) is stress (<r) and the nor-
malized deformation (change in length/original length) is strain
(e) (Fig. 4).
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FIG. 5. Shear stress and shear strain.

FIG. 4. Tensile stress and tensile strain.

Elastic Constants

By using these definitions of stress and strain, Hooke's law
can be expressed in quantitative terms:

Tension and Compression
. . . - i i i - cr = E e , tension o r compression, (2a)

In tension and compression the area supporting the load is _ ^ , ,,'-,,
perpendicular to the loading direction (tensile stress), and the J " ^
change in length is parallel to the original length (tensile strain). £ and G are proportlonaiity constants that may be likened

If weights are used to provide the applied load, the stress to spring constants. The tensile constant, E, is the tensile (or
is calculated by adding up the total number of pounds-force Young's) modulus and G is the shear modulus. These moduli
(Ib) or newtons (N) used and dividing by the perpendicular are also the slopes of the dastk portlon of the stress vmus

cross-sectional area. For regular specimen geometries such as stram curve (Fig 6) Smce all geometric mfluences have been
cylindrical rods or rectangular bars, a measuring instrument, remOved, E and G represent inherent properties of the material,
such as a micrometer, is used to determine the dimensions. These two moduli are direct macroscopic manifestations of the
The units of stress are pounds per inch squared (psi) or newtons strengths of the interatomic bonds. Elastic strain is achieved
per meter squared (N/m2). The N/m2 unit is also known as by acmally mcreasmg the mteratomic distances in the crystal
the pascal (la). ^ e ^ stretching the bonds). For materials with strong bonds

The measurement of strain is achieved, in the simplest case, (e g ? diamond5 A!2o3, tungsten), the moduli are high and a
by applying reference marks to the specimen and measuring giyen stress produces only a smali strain> For matenals with
the distance between with calipers. This is the original length, weaker bonds (e g ? polymers and gold)5 the moduli are iower

10. A load is then applied, and the distance between marks is (]oh^ 1983) The tensile elasdc moduli for some important

measured again to determine the final length, /„. The strain, biomatenals are presented in Table 2.
e, is then calculated by:

This is essentially the technique used for flexible materials
like rubbers, polymers, and soft tissues. For stiff materials like
metals, ceramics, and bone, the deflections are so small that a
more sensitive method is needed (i.e., the electrical resistance
strain gage).

Shear

For cases of shear, the applied load is parallel to the area
supporting it (shear stress, T), and the dimensional change
is perpendicular to the reference dimension (shear strain, y)
(Fig. 5).

Isotropy

The two constants, E and G, are all that are needed to
fully characterize the stiffness of an isotropic material, (i.e., a
material whose properties are the same in all directions).

Single crystals are anisotropic (not isotropic) because the
stiffness varies as the orientation of applied force changes rela-
tive to the interatomic bond directions in the crystal. In poly-
crystalline materials (e.g., most metallic and ceramic speci-
mens), a great multitude of grains (crystallites) are aggregated
with multiply distributed orientations. On the average, these
aggregates exhibit isotropic behavior at the macroscopic level,
and values of E and G are highly reproducible for all specimens
of a given metal, alloy, or ceramic.

On the other hand, many polymeric materials and most
tissue samples are anisotropic (not the same in all directions)
even at the macroscopic level. Bone, ligament, and sutures are
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FIG. 6. Stress versus strain for elastic solids.

all stronger and stiffer in the fiber (longitudinal) direction than
they are in the transverse direction. For such materials, more
than two elastic constants are required to relate stress and
strain properties.

MECHANICAL TESTING

To conduct controlled load-deflection (stress-strain) tests,
a load frame is used that is much stiffer and stronger than the
specimen to be tested (Fig. 7). One cross-bar or cross-head is
moved up and down by a screw or a hydraulic piston. Jaws
that provide attachment to the specimen are connected to the
frame and to the movable cross-head. In addition, a load cell
to monitor the force being applied is placed in series with the

TABLE 2 Mechanical Properties of Some Implant Materials
and Tissues

Elastic Yield Tensile Elongation
modulus strength strength to failure

(GPa) (MPa) (MPa) (%)

A12O, 350 — 1,000 to 10,000 0

CoCr Alloy" 225 525 735 10

316S.S.6 210 240(800)' ' 600(1000)'' 55 (20)c

Ti 6A1-4V 120 830 900 18

Bone (cortical) 15 to 30 30 to 70 70 to 150 0-8

PMMA 3.0 — 35 to 50 0.5

Polyethylene 0.4 — 30 15-100

Cartilage "' — 7 to 15 20

"28% Cr, 2% Ni, 7% Mo, 0.3% C (max.), Co balance.
^Stainless steel, 18% Cr, 14% Ni, 2 to 4% Mo, 0.03 C (max),

Fe balance.
'Values in parenthesis are for the cold-worked state.
''Strongly viscoelastic.

specimen. The load cell functions like a stiff spring scale to
measure the applied loads.

Tensile specimens usually have a reduced gage section over
which strains are measured. For a valid determination of frac-
ture properties, failure must also occur in this reduced section
and not in the grips. For compression testing, the direction of
cross-head movement is reversed and cylindrical or prismatic
specimens are simply squeezed between flat anvils. Standard-

F1G. 7. Mechanical testing machine.
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ized specimens should be used for all mechanical testing to
ensure reproducibility of results (see the publications of the
American Society for Testing and Materials, 100 Barr Harbor
Dr., West Conshohocken, PA 19428-2959).

Another useful test that can be conducted in a mechanical
testing machine is the bend test. In bend testing, the outside
of the bowed specimen is in tension and the inside in
compression. The outer fiber stresses can be calculated from
the load and the specimen geometry (see any standard text
on strength of materials; Levinson, 1971). Bend tests are
useful because no special specimen shapes are required and
no special grips are necessary. Strain gages can also be used
to determine the outer fiber strains. The available formulas
for the calculation of stress states are only valid for elastic
behavior. Therefore, they cannot be used to describe any
nonelastic strain behavior.

Some mechanical testing machines are also equipped to
apply torsionai (rotational) loads, in which case torque versus
angular deflection can be determined and used to calculate the
torsionai properties of materials. This is usually an important
consideration when dealing with biological materials, espe-
cially under shear loading conditions (John, 1983).

Elasticity

The tensile elastic modulus, E (for an isotropic material)
can be determined by the use of strain gages, an accurate
load cell, and cyclic testing in a standard mechanical testing
machine. To do so, Hooke's law is rearranged as follows:

FIG. 8. Stress versus strain for a ductile material.

jffset yield strength. Once plastic deformation starts, the
itrains produced are very much greater than those during elastic
leformation (Fig. 8), they are no longer proportional to the
itress and they are not recovered when the stress is removed.
This happens because whole arrays of atoms under the influ-
:nce of an applied stress are forced to move, irreversibly, to
lew locations in the crystal structure. This is the microstruc-
:ural basis of plastic deformation. During elastic straining, on
:he other hand, the atoms are displaced only slightly by revers-
ble stretching of the interatomic bonds.

Large scale displacement of atoms without complete rupture
>f the material, i.e., plastic deformation, is only possible in the
presence of the metallic bond so only metals and alloys exhibit
:rue plastic deformation. Since long-distance rearrangement of
itoms under the influence of an applied stress cannot occur in
onic or convolutely bonded materials, ceramics and many
polymers exhibit only brittle behavior.

Plastic deformation is very useful for shaping metals and
illoys and is called ductility or malleability. The total perma-
icnt (i.e., plastic) strain exhibited up to fracture by a material
s a quantitative measure of its ductility {Fig. 8). The strength,

TABLE 3 Mechanical Properties Derivable from a
Tensile Test

Units

Property International English

1. Elastic modulus (E) F/Aa N/m2 (Pa) Ibf/in.2 (psi)

I. Yield strength (YS) F/A N/m2 (Pa) Ibf/in.2 (psi)

5. Ultimate tensile strength F/A N/m1 (Pa) Ibf/in.2 (psi)
(UTS)

1. Ductility % % %

). Toughness (work to F x / /V J / m ' in Ibf/in.3

fracture per unit volume)

J Ibf, pounds force; F, force; A, area; /, length: and V, volume.

Brittle fracture

In real materials, elastic behavior does not persist indefi-
nitely. If nothing else intervenes, microscopic defects, which
are present in all real materials, will eventually begin to grow
rapidly under the influence of the applied tensile or shear stress,
and the specimen will fail suddenly by brittle fracture. Until
this brittle failure occurs, the stress-strain diagram does not
deviate from a straight line, and the stress at which failure
occurs is called the fracture stress (Fig. 6). This behavior is
typical of many materials, including glass, ceramics, graphite,
very hard alloys (scalpel blades), and some polymers like poly-
methymethacrylate (bone cement) and unmodified polyvinyl
chloride (PVC). The number and size of defects, particularly
pores, is the microstructural feature that most affects the
strength of brittle materials.

Plastic Deformation

For some materials, notably metals and alloys, the process
of plastic deformation sets in after a certain stress level is
reached but before fracture occurs. During a tensile test, the
stress at which 0.2% plastic strain occurs, is called the 0.2%
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FIG. 9. (A) Elongation versus time at constant load (creep) of ligament. (B) Load versus time at constant elongation (stress relaxation) for ligament,

particularly the 0.2% offset yield strength, can be increased continuously with time (Fig. 9B). The continuous drop in load
significantly by reducing the grain size as well as by prior at constant extension is called stress relaxation. Both these
plastic deformation or cold work. The introduction of alloying responses are the result of viscous flow in the material. The
elements and multiphase microstructures are also potent mechanical analog of viscous flow is a dashpot or cylinder and
strengthening mechanisms. piston (Fig. 10A). Any small force is enough to keep the piston

Other properties can be derived from the tensile stress-strain moving. If the load is increased, the rate of displacement
curve. The tensile strength or the ultimate tensile stress (UTS) will increase.
is the stress that is calculated from the maximum load experi- Despite this liquid-like behavior, these materials are func-
enced during the tensile test (Fig. 8). tionally solids. To produce such a combined effect, they act

The area under the tensile curve is proportional to the work as though they are composed of a spring (elastic element) in
required to deform a specimen until it fails. The area under series with a dashpot (viscous element) (Fig. 10B). Thus, in
the entire curve is proportional to the product of stress and the creep test, instantaneous strain is produced when the weight
strain, and has the units of energy (work) per unit volume of is fim applied (Fig 9A) This is the equivalent of stretching
specimen. The work to fracture is a measure of toughness and the spring to its equiiibrium length (for that load). Thereafter,
reflects a material's resistance to crack propagation (Fig. 8). the additionai time-dependent strain is modeled by the move-
The important mechanical properties derived from a tensile ment of the dashpot Complex arrangements of springs and
test are listed in Table 3. dashpots are often needed to adequately model actual behavior.

Materials that behave approximately like a spring and dash-
SVAA.* *n*t \/iffnm*f fintmi pot system are viscoelastic. One consequence of viscoelastict_reep ana viscous now f i • i • - i • i » i j • 1 - 1

behavior can be seen in tensile testing where the load is applied
For all the mechanical behaviors considered to this point, at some finite rate. During the course of load application, there

it has been tacitly assumed that when a stress is applied, the is time for some viscous flow to occur along with the elastic
strain response is instantaneous. For many important biomate- strain. Thus, the total strain will be greater than that due to
rials, including polymers and tissues, this is not a valid assump- the elastic response alone. If this total strain is used to estimate
tion. If a weight is suspended from a specimen of ligament, the Young's modulus of the material (E = cr/s), the estimate
the ligament continues to elongate for a considerable time even will be low. If the test is conducted at a more rapid rate,
though the load is constant (Fig. 9A). This continuous, time- there will be less time for viscous flow during the test and the
dependent extension under load is called creep. apparent modulus will increase. If a series of such tests is

Similarly, if the ligament is extended in a tensile machine conducted at ever higher loading rates, eventually a rate can
to a fixed elongation and the load is monitored, the load drops be reached where no detectable viscous flow occurs and the

FIG. 10. (A) Dash pot or cylinder and piston model of viscous flow. (B) Dash pot and spring model of a viscoelastic material.
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modulus determined at this critical rate will be the true elastic mined by testing a group of identical specimens .in cyclic tension
modulus, i.e., the spring constant of the elastic component. or bending (Fig. 11 A) at different maximum stresses. The num-
Tests at even higher rates will produce no further increase in ber of cycles to failure is then plotted against the maximum
modulus. For all viscoelastic materials, moduli determined at applied stress (Fig. 11B). Since the number of cycles to failure
rates less than the critical rate are "apparent" moduli and must is quite variable for a given stress level, the prediction of fatigue
be identified with the strain rate used. Failure to do this is one life is a matter of probabilities. For design purposes, the stress
reason why values of tissue moduli reported in the literature that will provide a low probability of failure after JO*1 or 10
may vary over wide ranges. cycles is often adopted as the fatigue strength or endurance

Finally, it should be noted that it may be difficult to distin- limit of the material. This may be as little as one third or one
guish between creep and plastic deformation in ordinary tensile fourth of the single-cycle yield strength. The fatigue strength is
tests of highly viscoelastic materials (e.g., tissues). For this sensitive to environment, temperature, corrosion, deterioration
reason, the total nonelastic deformation of tissues or polymers (of tissue specimens), and cycle rate (especially for viscoelastic
may at times be loosely referred to as plastic deformation even materials). Careful attention to these details is required if labo-
though some viscous flow may be involved. ratory fatigue results are to be successfully transferred to bio-

medical applications (John, 1983).

OTHER IMPORTANT PROPERTIES OF MATERIALS Toughness
The ability of a material to plastically deform under the

Fatigue influence of the complex stress field that exists at the tip of a
, - i - i i - i j j crack is a measure of i ts toughness. I f plastic deformation

it is not uncommon tor materials, including tough and due- , . • , , , , , , , , „
.. , - i -,.. ^, • . i r i 1 1 does occur, it serves t o blunt t h e crack and lower t h e locally

tile ones like 316L stainless steel, to fracture even though the , , u i - j - i • -r j •. i t i i i - 1 1 ~ri enhanced stresses, thus hindering crack propagation. To design
service stresses imposed are well below the yield stress. Ihis il£ -, r ,, . , , . , . . . , ,

. , 1 1 1 - 1 i i f failsafe structures with brittle materials, it h a s become neces-
occurs when the loads are applied and removed for a great , , . , £ ,, - , , 1 - 1 1 1 sary t o develop a n entirely n e w system f o r evaluating service
number ot cycles, as happens to prosthetic heart valves and , . -p, . . r , . ,. . . . V i • - i i - i • worthiness. Ihis system is fracture toughness testing and re-
prosthetic lomts. Such repetitive loading can produce micro- , • <• • • \ \ \ T-I i1 l i t i ii i quires t h e testing o t specimens with sharp notches. T h e result-
scopic cracks that then propagate by small steps at each . c u • L • c \1 4 1 mg fracture toughness parameter is a function o f t h e apparent

_, , . , , , crack propagation stress and the crack depth and shape. It is
i he stresses at the tip of a crack or even a sharp corner are ,, , , . , . r , T / , , , . £. . . . l i t • • cc T i i • • called the critical stress intensity factor (K.J and has units o t

locally enhanced by the stress-raising ettect. Under repetitive n A /— x, -,/2 c- r i j i u i. ,.' , i i i • i , - x H i FaVm or N-n r . Since fracture toughness depends on both
loading, these local high stresses (or strains) actually exceed L , r , . , , . j - t - 1 - 1 - i i
, i r i - i 11 - T-i • i the strength ot the material and its ductility (ability to blunt

the strength of the material over a small region. This phenome- , > ? . . . , , v ,0 .. . , . . . , f . cracks), there is an empirical correspondence between KIr and
non is responsible tor the stepwise propagation ot the cracks. , , , , , . , ,
„ 11 i i i i • . , „ the area under the stress-strain curve tor some materials and
Eventually, the load-bearing cross-section becomes so small , . . ,̂1 L L J i t, , ,. .. , .. , . conditions. Ihe energy absorbed in impact tracture is also a
that the part finally tans completely. r , , , . , , ,. ,„ . ,„ . , . i i . i f -i i measure ot toughness, but at higher loading rates (Brick et

Fatigue, then, is a process by which structures tail as a result , . 9_7>
of cyclic stresses that may be much less than the ultimate
tensile stress. Fatigue failure plagues many dynamically loaded £fifed of Fabric^on on Strength
structures, from aircraft to bones (march- or stress-fractures)
to cardiac pacemaker leads. A general concept to keep in mind in considering the

The susceptibility of specific materials to fatigue is deter- strength of materials is that the process by which a material

FIG. 11. (A) Stress versus time in a fatigue test. (B) Fatigue curve: fatigue stress versus cycles to failure.
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is produced has a major effect on its structure and hence its durability are clear (see Chapters 1.2,6.2, and 6.3). Biocompat-
properties (John, 1983). For example, plastic deformation of ibility represents a frontier of knowledge in this field, and
most metals at room temperature flattens the grains and its study is often assigned to the biochemist, biologist, and
produces strengthening while reducing ductility. Subsequent physician. However, the important question in biocompatibil-
high-temperature treatment (annealing) can reverse this effect. ity is how the device or material "transduces" its structural
Polymers drawn into fibers are much stronger in the drawing makeup to direct or influence the response of proteins, cells,
direction than are undrawn samples of the same material. and the organism to it. For devices and materials that do not

Because strength properties depend on fabrication history, leach undesirable substances in sufficient quantities to influence
it is important to realize that there is no unique set of strength cells and tissues (i.e., that have passed routine toxicological
properties for each generic material (e.g., 316L stainless steel, evaluation; see Chapter 5.2), this transduction occurs through
PET, AijO^). Rather, there is a range of properties that depends the surface structure—the body "reads" the surface structure
on the fabrication history and the microstructures produced. and responds. For this reason we must understand the surface

structure of biomaterials. Chapter 9.7 elaborates on the biolog-
ical implications of this idea.

miurt ucistM A few general points about surfaces are useful at this point.
LAJNI.LU5HJIN i r • f - i - i i • i

First, the surface region of a material is known to be uniquely
__ , • • r i • i • • i reactive (Fig. 1). Catalysis and microelectronics both capitalize
The determination of mechanical properties is not only an ( • • , • , 1 1 . , ., , , K . . ,. 1 , 1 on surface reactivity, and it would be naive to expect the

exercise in basic materials science but is indispensable to the bid nQt tQ nd ̂  k ̂ ^ ̂  surface ()f a ̂ ^
practical design and understanding of load-bearing structures Js inevitabl different from the bdk ̂  the tradltional tech.
Designers must determine the service stresses in all structural • * . i *u u n <. f • i6 . mques used to analyze the bulk structure or materials are not
members and be sure that at every point these stresses are -^ ui r r j ^ • ..- T M - J L JM, , , , , . . . , r i • i t r ,• i , suitable for surface determination. Third, surfaces readily con-
sarely below the yield strength of the material. 11 cyclic loads . T r j ,, i - u j . - . ,7 , • } , , &. . . . J . tammate. Under ultrahigh vacuum conditions we can retard
are involved (e.g., lower-limb prostheses, teeth, heart valves), .1 • . u • c L t. •, v & ' i i i i i f - i this contamination. However, in view o f t h e atmospheric pres-
the service stresses must be kept below the fatigue strength. , . . , u - u n u - j - i j - j, , , , - 1 1 1 sure conditions under which a l l biomedical devices a r e used,

In subsequent chapters where the properties and behavior _ , . ,. -.•, • • T-U i,M K i -i • i t i • - i we must learn to live with some contamination. The key ques-
of materials are discussed in detail, it is well to keep in mind i 1 . 1 , . • • ., . ' i ,. i tions here are whether we can make devices with constant,
that this information is indispensable to understanding the . n , , i f • • < • 4 , . , ,, . „ ,. ; . \ / - i t , . , . i , controlled levels of contamination and avoid undesirable con-
mechanical performance (i.e., function) or both biological and . . T,,. • • - , i . , i, tarnmants. This is critical so that a laboratory experiment on
manma e structures. a biomaterial generates the same results when repeated after

1 day, 1 week, or 1 year, and so that the biomedical device
Biblioffraahv performs for the physician in a constant manner over a reason-

able shelf life. Finally, the surface structure of a material is
Budinski, K. (1995). Engineering Materials, Properties and Selection, often mobile. The movement of atoms and molecules near the

5th Ed. Prentice-Hall, Old Tappan, NJ. surface in response to the outside environment is often highly
John, V. B. (1983). Introduction to Engineering Materials, 2nd Ed. significant. In response to a hydrophobic environment, (e.g.,

MacMillan Co., New York. ajr) more hydrophobic (lower energy) components may migrate
Levmson, I. J. (1971). Statics and Strength of Materials. Prentice-Hall, to the gurface of a material In response to an aqueous environ-

Englewood Cliffs, NJ. * *u * • i • *. i
Morrison, R. I, and Boyde, R. N. (1992). Organic Chermstry, 6th ment' the SUrfaf ̂  T^&t f u

StrUCt,Ure &nd P°m ̂
Ed. Simon & Schuster, New York. SrouPs outward to interact with the polar water molecules.

Pauling, L. (1960). The Nature of the Chemical Bond and the Structure An example of this is schematically illustrated in Fig. 2.
of Molecules and Crystals. Cornell Univ. Press, Ithaca, NY. The nature of surfaces is a complex subject in its own right

Reed-Hill, R. E. (1992). Physical Metallurgy Principles. Van Nostrand, and the subject of much independent investigation. The reader
New York. is referred to one of many excellent monographs on this import-

ant subject for a complete and rigorous introduction (see
Somorjai, 1981; Adamson, 1990; Andrade, 1985).

1.3 SURFACE PROPERTIES OF MATERIALS
Buddy D. Ratner

Parameters to Be Measured

CHARACTERIZATION OF BIOMATERIAL SURFACES Many parameters describe a surface, as shown in Fig. 3.
The more of these parameters we measure, the more we can

In developing biomedical implant devices and materials, we piece together a complete description of the surface. A complete
are concerned with function, durability, and biocompatibility. characterization requires the use of many techniques to compile
Understanding function (e.g., mechanical strength, permeabil- all the information needed. Unfortunately, we cannot yet spec-
ity, elasticity) is relatively straightforward—the tools of engi- ify which parameters are most important for understanding
neers and materials scientists are appropriate to address this biological responses to surfaces. Studies have been published
concern. Durability, particularly in a biological environment, on the importance of roughness, wettability, surface mobility,
is less well understood. Still, the tests we need to evaluate chemical composition, crystallinity, and heterogeneity to bio-
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FIG. 1. A two-dimensional crystal lattice illustrating bonding orbitals (gray or black ovals). For atoms in the center (bulk) of the crystal (black ovals), all binding
sites are associated. At planar exterior surfaces, one of the bonding sites is unfulfilled (gray ovals). At corners, two bonding sites are unfulfilled. The single atom on
top of the crystal has three unfulfilled valencies. Energy is minimized where more of these unfulfilled valencies can interact.

logical reaction. Since we cannot be certain which surface fac- However, abrasive contact must be avoided and each brand
tors are predominant in each situation, the controlling variable must be evaluated so that a meticulous specimen preparation
or variables must be independently ascertained. is not ruined by contamination,

Sample Analysis

MEASUREMENT TECHNIQUES Two general principles guide sample analysis. First, all
methods used to analyze surfaces also have the potential to

General Principles alter the surface. It is essential that the analyst be aware of the
damage potential of the method used. Second, because of the

A number of general ideas can be applied to all surface potential for artifacts and the need for many pieces of informa-
analysis. They can be divided into the categories of sample tion to construct a complete picture of the surface (Fig. 3),
preparation and analysis described in the following paragraphs. more than one method should be used whenever possible. The

data derived from two or more methods should always be
corroborative. When data are contradictory, be suspicious and

In sample preparation the sample should resemble, as closely question why. A third or fourth method may then be necessary
as possible, the material or device being subjected to biological to draw confident conclusions about the nature of a surface,
testing or implantation. Needless to say, fingerprints on the These general principles are applicable to all materials,
surface of the sample will cover up everything that might be There are properties {only a few of which will be presented
of interest. If the sample is placed in a package for shipping here) that are specific to specific classes of materials. Compared
or storage prior to surface analysis, it is critical to know with metals, ceramics, glasses, and carbons, organic and poly-
whether the packaging material can induce surface contamina- meric materials are more easily damaged by surface analysis
tion. Plain paper in contact with most specimens will transfer methods. Polymeric systems also exhibit greater surface mo-
material (often metal ions) to the surface of the material. Many lecular mobility than inorganic systems. The surfaces of
plastics are processed with silicone oils or other additives that inorganic materials are contaminated more rapidly than poly-
can be transferred to the specimen. The packaging material meric materials because of their higher surface energy. Electn-
used should be examined by surface analysis methods to ascer- cally conductive metals and carbons will often be easier to
tain its purity. Samples can be surface analyzed prior to and characterize than insulators using the electron, X-ray, and
after storage or shipping in containers to ensure that the surface ion interaction methods. Insulators accumulate a surface
composition measured is not due to the container. As a general electrical charge that requires special methods (e.g., a low
rule, the polyethylene press-close bags used in electron micros- energy electron beam) to neutralize. To learn about other
copy and cell culture plasticware are clean storage containers. concerns in surface analysis that are specific to specific classes



1.3 SURFACE PROPERTIES OF MATERIALS 23

FIG. 2. Many materials can undergo a reversal of surface structure when transferred from air into a water environment. In this schematic illustration, a hydroxylated
polymer exhibits a surface rich in methyl groups (from the polymer chain backbone) in air, and a surface rich in hydroxyl groups under water. This has been observed
experimentally (see Ratner et al., J. Af>pl Polym. Sd., 22: 643, 1978).

of materials, published papers become a valuable resource
for understanding the pitfalls that can lead to artifact or
inaccurate results.

Table 1 summarizes the characteristics of many common
surface analysis methods, including their depth of analysis and
their spatial resolution (spot size analyzed). A few of the more
frequently used techniques are described in the next section.
However, space limitations prevent a fully developed discus-
sion of these methods. The reader is referred to many compre-
hensive books on the general subject of surface analysis and
on each of the primary methods (Andrade, 1985; Briggs and
Seah, 1983; Feldman and Mayer, 1986).

Contact Angle Methods

The force balance between the liquid—vapor surface tension
(ylv) of a liquid drop and the interfacial tension between a solid
and the drop (ys|), manifested through the contact angle (0) of
the drop with the surface, can be used to characterize the
energy of the surface (ysv). The basic relationship describing
this force balance is:

The energy of the surface, which is directly related to its wetta-
bility, is a useful parameter that has often correlated strongly
with biological interaction. Unfortunately, ysv cannot be di-
rectly obtained since this equation contains two unknowns, ysi
and ysv. Therefore, the ysv is usually approximated by the
Zisman method for obtaining the critical surface tension (Fig.
4), or calculated by solving simultaneous equations with data
from liquids of different surface tensions. Some critical surface
tensions for common materials are listed in Table 2.

Experimentally, there are a number of ways to measure the
contact angle and some of these are illustrated in Fig. 5. Contact
angle methods are inexpensive, and, with some practice, easy
to perform. They provide a "first line" characterization of
materials and can be performed in any laboratory. Contact
angle measurements provide unique insight into how the sur-

where BE is the energy binding the electron to an atom (the
value desired), KE is the kinetic energy of the emitted electron
(the value measured in the ESCA spectrometer), and hv is the
energy of the X-rays, a known value. A simple schematic

face will interact with the external world. However, in perform-
ing such measurements, a number of concerns must be ad-
dressed to obtain meaningful data (Table 3). There are a
number of review articles on contact angle measurement for
surface characterization (Andrade, 1985; Neumann and Good,
1979; Zisman, 1964; Ratner, 1985).

Electron Spectroscopy for Chemical Analysis

Electron spectroscopy for chemical analysis (ESCA) pro-
vides unique information about a surface that cannot be ob-
tained by other means (Andrade, 1985; Ratner, 1988; Dilks,
1981; Ratner and McElroy, 1986). In contrast to the contact
angle technique, ESCA is expensive and generally requires con-
siderable training to perform the measurements. However,
since ESCA is available from commercial laboratories, univer-
sity analytical facilities, national centers, and specialized re-
search laboratories, most biomaterials scientists can get access
to it to have their samples analyzed. The data can be interpreted
in a simple but still useful fashion, or more rigorously. They
have shown unquestioned value in the development of biomedi-
cal implant materials and understanding the fundamentals
of biointeraction.

The ESCA method (also called X-ray photoelectron spec-
troscopy, XPS) is based upon the photoelectric effect, properly
described by Einstein in 1905. X-rays are focused upon a speci-
men. The interaction of the X-rays with the atoms in the speci-
men causes the emission of a core level (inner shell) electron.
The energy of this electron is measured and its value provides
information about the nature and environment of the atom
from which it came. The basic energy balance describing this
process is given by the simple relationship:
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FIG. 3. Some possibilities for surface structure. (A) Surfaces can be rough, smooth, or stepped. (B) Surfaces can be composed of different chemistries (atoms and
molecules). (C) Surfaces may be structurally or compositionally inhomogeneous in the plane of the surface. (D) Surfaces may be inhomogeneous with depth into the
specimen. (E) Surfaces may be covered by an overlayer. (F) Surfaces may be highly crystalline or disordered.

diagram illustrating an ESCA instrument is shown in Fig. 6. tial, and the ability to analyze samples with no specimen prepa-
Table 4 lists some of the types of information about the nature ration. The latter advantage is particularly important since it
of a surface that can be obtained by using ESCA. The origin means that many biomedical devices (or parts of devices) can
of the surface sensitivity of ESCA is described in Fig. 7. be inserted, as fabricated and sterilized, directly in the analysis

ESCA has many advantages, and a few disadvantages, for chamber for study. The disadvantages include the need for
studying biomaterials. The advantages include the speed of vacuum compatibility (i.e., no outgassing of volatile compo-
analysis, the high information content, the low damage poten- nents), the possibility of sample damage if long analysis times



1.3 SURFACE PROPERTIES OF MATERIALS 25

TABLE I Common Methods of Characterizing Biomaterial Surfaces

Depth Spatial Analytical
Method Principle analyzed resolution sensitivity Cost1

Contact angles Liquid wetting of surfaces is 3-20 A 1 mm Low or high depending on $
used to estimate the the chemistry
surface energy

ESCA X-rays cause the emission of 10-250 A 10-150 pirn 0.1 Atom % $$$
electrons of characteristic
energy

Auger electron A focused electron beam 50-100 A 100 A 0.1 Atom % $$$
spectroscopy*' causes the emission of

Auger electrons

SIMS Ion bombardment leads to 10 A-l^nr 100 A Very high $$$
the emission of surface sec-
ondary ions

FTIR-ATR IR radiation is adsorbed in 1-5 /am 10 /j,m I Mole % $$
exciting molecular vibra-
tions

STM Measurement of the quan- 5 A 1 A Single atoms $$
turn tunneling current be-
tween a metal tip and a
conductive surface

SEM Secondary electron emission 5 A 40 A typically High, but not quantitative $$
caused by a focused elec-
tron beam is measured
and spatially imaged

"$, up to $5000; $$, $5000-$100,000; $$$, >$100,000.
*Auger electron spectroscopy is damaging to organic materials, and best used for inorganics.
'Static SIMS ~ 10 A, dynamic SIMS to 1 /urn.

FIG* 4. The Zisman method permits a critical surface tension value, an
approximation to the solid surface tension, to be measured. Drops of liquids of
different surface tensions are placed on the solid, and the contact angles of the
drops are measured. The plot of liquid surface tension versus angle is extrapolated
to zero contact angle to give the critical surface tension value.

TABLE 2 Critical Surface Tension Values for
Common Polymers3

Critical surface tension
Material (dynes/cm)

Polytetrafluoroethylene 19

Poly(dimethyl siloxane) 24

Poly(vinylidine fluoride) 25

Poly(vinyl fluoride) 28

Polyethylene 31

Polystyrene 33

Poly(hydroxyethyl methacrylate) 37

Poly(vinyl alcohol) 37

Poly(methyl methacrylate) 39

Poly (vinyl chloride) 39

Polycaproamide (nylon 6) 42

Poly(ethylene oxide)-diol 43

Poly(ethylene terephthalate) 43

Polyacrylonitrile 50

"Values from Table 5.5 in Polymer Interface and Adhesion, S. Wu,
ed. Marcel Dekker, New York, Table 5.5, 1982.
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FIG. 5. Four ways that the contact angle can be measured. (A) Sessile drop. (B) Captive air bubble method. (C) Capillary rise method. (D) Wilhelmy plate method.

are used, the need for experienced operators, and the cost
associated with the analysis. The vacuum compatibility limita-
tion can be sidestepped by using an ESCA system with a cryo-

TABtE 3 Concerns in Contact Angle Measurement genie sample stage. At liquid nitrogen temperatures, samples
with volatile components, or even wet, hydrated samples can

The measurement is operator dependent. '-)e analyzed.
The use of ESCA is best illustrated with a brief example.

Surface roughness influences the results. . , , , , , , , ,„, -,. , » , i i i i • j
A poly(methyl methacrylate) (PMMA) ophthalmologic device

Surface heterogeneity influences the results. is to be examined. Taking care not to touch or damage the
The liquids used are easily contaminated (typically reducing their surface of interest, the device is inserted into the ESCA instru-

riv}- ment introduction chamber. The introduction chamber is then
The liquids used can reorient the surface structure. pumped down to 1(T6 torr pressure. A gate valve between the
The liqmds used can absorb into the surface, leading to swelling. introduction chamber and the analytical chamber is opened

and the specimen is moved into the analysis chamber. In the
T h e liquids used c a n dissolve t h e surface. i • u u ^ m - 9 ^ i. . . .M analysis chamber, at 10 torr pressure, the specimen is posi-
Few sample geometries can be used. tioned (on contemporary instruments, using a microscope or
Information on surface structure must be inferred from the data ob- TV camera) and the X-ray source is turned on. The ranges of

tained. electron energies to be observed are controlled (by computer)
__ with the retardation lens on the spectrometer. First, a wide
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FIG. 6. A schematic diagram of a monochromatized ESCA instrument.

TABLE 4 Information Derived from an ESCA Experiment

In the outermost 100 A of a surface, ESCA can provide:

Identification of all elements (except H and He) present at concen-
trations > 0.1 atomic %

Semiquantitative determination of the approximate elemental sur-
face composition (±10%)

Information about the molecular environment (oxidation state,
bonding atoms, etc.)

Information about aromatic or unsaturated structures from
shake-up (IT* —* IT) transitions

Identification of organic groups using derivatization reactions

Nondestructive elemental depth profiles 100 A into the sample
and surface heterogeneity assessment using angular-dependent
ESCA studies and photoelectrons with differing escape depths

Destructive elemental depth profiles several thousand angstroms
into the sample using argon etching (for inorganics)

Lateral variations in surface composition (spatial resolution 8- n/- -» r-r,~» • t •• > j * i i i i v Lr r Hii. /. ESCA is a surface-sensitive method. Although the X-ray beam can
150 ftm, depending upon the mstrument) penetrate deeply into a specimen, electrons emitted deep in the specimen (D, E,

"Fingerprinting" of materials using valence band spectra and iden- F, G) will lose their energy in inelastic collisions and never emerge from the
tification of bonding orbkals surface. Only those electrons emitted near the surface that lose no energy (A,

. , B) will contribute to the ESCA signal used analytically. Electrons that lose some
Studies on hydrated (frozen) surfaces energy; bm stl,, have suffidem energy to emerge from the surfacc (C) contrjbute

i i . H i • to the background signal.
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FIG. 8. An ESCA wide scan of a surface-modified poly(methyl methacrylate)
ophthalmoiogk device.

scan is made in which the energies of all emitted electrons are
detected (Fig. 8). Then, narrow scans are made in which each
of the elements detected in the wide scan is examined in higher
resolution (Fig. 9).

From the wide scan, we learn that the specimen contains
carbon, oxygen, nitrogen, and sulfur. The presence of sulfur
and nitrogen is unexpected for PMMA. We can calculate ele-
mental ratios from the wide scan. The sample surface contains
58.2% carbon, 27.7% oxygen, 9.5% nitrogen, and 4.5% sul-
fur. The narrow scan for the carbon region (Cls spectrum)
suggests four species; hydrocarbon, carbons singly bonded to
oxygen (the predominant species), carbons in amidelike envi-
ronments, and carbons in acid or ester environments. This is

fIG« 9. The carbon Is narrow scan ESCA spectrum of a surface-modified
poly(methyl methacrylate) ophthalmologic device. Narrow scan spectra can be
generated for each element seen in low-energy resolution mode in Fig. 8.

TABLE 5 Analytical Capabilities of SIMS

Static Dynamic
SIMS SIMS

Identify hydrogen »> i^

Identify other elements (often must be in- f* J**
ferred from the data)

Suggest molecular structures (inferred from t"*
the data)

Observe extremely high mass fragments (pro- »"*
teins, polymers)

Detection of extremely low concentrations »> V*

Depth profile to 1 /urn into the sample \*

Observe the outermost 1—2 atomic layers »-•*

High spatial resolution (features as small as V \S
approximately 500 A)

Semiquantitative analysis (for limited sets of *•*
specimens)

Useful for polymers ^

Useful for inorganics (metals, ceramics, etc.) *** V*

Useful for powders, films, fibers, etc. *> ^

different from the spectrum expected for pure PMMA. An
examination of the peak position in the narrow scan of the
sulfur region (S2p spectrum) suggests sulfonate-type groups.
The shape of the Cls spectrum, the position of the sulfur
peak, and the presence of nitrogen all suggest that heparin was
immobilized to the surface of the PMMA device. Since the
stoichiometry of the lens surface does not match that for pure
heparin, this suggests that we are seeing either some of the
PMMA substrate through a >100 A layer of heparin, or we
are seeing some of the bonding links used to immobilize the
heparin to the lens surface. Further ESCA analysis will permit
the extraction of more detail about this surface-modified de-
vice, including an estimate of surface modification thickness,
further confirmation that the coating is indeed heparin, and
additional information about the nature of the immobiliza-
tion chemistry.

Secondary Ion Mass Spectrometry

Secondary ion mass spectrometry (SIMS) is a recent addition
to the armamentarium of tools that the surface analyst can
bring to bear on a biomedical problem. SIMS produces a mass
spectrum of the outermost 10 A of a surface. Like ESCA, it
requires complex instrumentation and an ultrahigh vacuum
chamber for the analysis. However, it provides unique informa-
tion that is complementary to ESCA and greatly aids in under-
standing surface composition. Some of the analytical capabili-
ties of SIMS are summarized in Table 5. Review articles on
SIMS are available (Ratner, 1985; Scheutzle et <*/., 1984;
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Briggs, 1986; Davies and Lynn, 1990; Vickerman et al., 1989; can be detected. Also, as the beam erodes deeper into the
Benninghoven, 1983). specimen, more artifacts are introduced in the data by knock-

The SIMS method involves bombarding a surface with a in and scrambling of atoms.
beam of accelerated ions. The collision of these ions with the Static SIMS, by comparison, induces minimal surface de-
atoms and molecules in the surface zone can transfer enough struction. The ion dose is adjusted so that during the period
energy to them so they sputter from the surface into the vacuum of the analysis less than one monolayer of surface atoms is
phase. The process is analogous to the way racked pool balls sputtered. Since there are typically 1C)13—1015 atoms in 1
are ejected by the impact of the cue ball; the harder the cue cm2 of surface, a total ion dose of less than 1013 ions/
ball hits the rack of balls, the more balls are emitted from the cm2 during the analysis period is appropriate. Under these
rack. In SIMS, the "cue balls" are accelerated ions (xenon, conditions, extensive degradation and rearrangement of the
argon, cesium, and gallium ions are commonly used). The chemistry at the surface does not take place, and large,
particles ejected from the surface are positive and negative ions relatively intact molecular fragments can be ejected into
(secondary ions), radicals, excited states, and neutrals. Only the vacuum for measurement. Examples of large molecular
the secondary ions are measured in SIMS. In ESCA, the energy fragments are shown in Fig. 10. This figure also introduces
of emitted particles (electrons) is measured. SIMS measures the some of the ideas behind SIMS spectral interpretation. A
mass of emitted ions (more rigorously, the ratio of mass to more complete introduction to the concepts behind static
charge, mlz) using a quadrupole mass analyzer or a time-of- SIMS spectral interpretation can be found in any of the
flight (TOP) mass analyzer. standard texts on mass spectrometry.

There are two kinds of SIMS, depending on the ion dose
used: dynamic and static. Dynamic SIMS uses high ion doses.
The primary ion beam sputters so much material from the Scannlne Electron Mtcroscoov
surface that the surface erodes at an appreciable rate. We
can capitalize on this to do a depth profile into a specimen. Scanning electron microscopy (SEM) images of surfaces
The intensity of the mlz peak of a species of interest (e.g., have great resolution and depth of field, with a three-dimen-
sodium ion, mlz — 23) might be followed as a function of sional quality that offers a visual perspective familiar to most
time. If the ion beam is well controlled and the sputtering users. SEM images are widely used and much has been written
rate is constant, the amount of sodium detected at any time about the technique. The comments here are primarily oriented
will be directly related to the erosion depth of the ion beam toward SEM as a surface analysis tool.
into the specimen. A depth profile can be constructed with SEM functions by focusing and rastering a relatively high-
information from the outermost atoms to a micron or more energy electron beam (typically, 5-100 keV) on a specimen,
into the specimen. However, owing to the vigorous, damaging Low-energy secondary electrons are emitted from each spot
nature of the high-flux ion beam, only atomic fragments where the focused electron beam impacts. The detectable

FIG. 10. A negative ion static SIMS spectrum of poly(2-hydroxyethyl methacrylate) with the primary peaks identified.
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intensity of the secondary electron emission is a function of the metal coat is truly conformal, a good representation of the
the atomic composition of the sample and the geometry of surface geometry will be conveyed. However, all effects of the
the features under observation. SEM images surfaces by specimen surface chemistry on secondary electron emission are
spatially reconstructing on a phosphor screen the intensity lost. Also, at very high magnifications, the texture of the metal
of the secondary electron emission. Because of the shallow coat and not the surface may be under observation,
penetration depth of the low-energy secondary electrons SEM, in spite of these limitations in providing true surface
produced by the primary electron beam, only secondary information, is an important corroborative method to use in
electrons generated near the surface can escape from the bulk conjunction with other surface analysis methods. Surface
and be detected (this is analogous to the surface sensitivity roughness and texture can have a profound influence on data
described in Fig. 7). Consequently, SEM is a surface analy- from ESCA, SIMS, and contact angle determinations. There-
sis method. fore, SEM provides important information in the interpretation

Nonconductive materials observed in the SEM are typically of data from these methods.
coated with a thin, electrically grounded layer of metal to The recent development of low-voltage SEM offers a tech-
minimize negative charge accumulation from the electron nique to truly study the surface chemistry and geometry of
beam. However, this metal layer is always so thick (>300 A) nonconductors. With the electron accelerating voltage lowered
that the electrons emitted from the sample beneath cannot to approximately 1 keV, charge accumulation is not so critical
penetrate. Therefore, in SEM analysis of nonconductors, the and metallization is not required. Low-voltage SEM has been
surface of the metal coating is, in effect, being monitored. If used to study platelets and phase separation in polymers. Also,

FIG. I I . Three surface-sensitive infrared sampling modes. (A) Attenuated total reflectance mode. (B) External reflectance mode. (C) Diffuse reflectance mode.
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FIG. 12. A schematic diagram illustrating the principle of the scanning tunneling microscope.

the environmental SEM (ESEM) permits wet, uncoated speci- and reduce the bulk signal (Allara, 1982; Layden and Murthy,
mens to be studied. 1987; Nguyen, 1985). Some of these sampling modes, and the

The primary electron beam also results in the emission of limitations associated with them, are illustrated in Fig. 11.
X-rays. These X-rays are used to identify elements with the The attenuated total reflectance (ATR) mode of sampling
technique called energy-dispersive X-ray analysis (EDXA). has been used most often in biomaterials studies. The penetra-
However, the high-energy primary electron beam penetrates tion depth into the sample is 1—5 /xm. Therefore, ATR is not
deeply into a specimen (a micron or more). The X-rays pro- truly surface sensitive, but observes a broad region near the
duced from the interaction of these electrons with atoms deep surface. However, it does offer the wealth of rich structural
in the bulk of the specimen can penetrate through the material information common to infrared spectra. With extremely high
and be detected. Therefore, EDXA is not a surface analysis S/N FTIR instruments, ATR studies of proteins and polymers
method—it measures bulk atomic concentrations. under water have been performed. In these experiments, the

water signal (which is typically 99% or more of the total
signal) is subtracted from the spectrum to leave only the surface

Infrared Spectroscopy material (e.g., adsorbed protein) under observation.

Infrared spectroscopy (IRS) provides information on the
vibrations of atomic and molecular units. It is a standard ana- Newer Methods
lytical method that can reveal information on specific chemis-
tries and the orientation of structures. By using a Fourier trans- New methods, although still evolving, are showing the po-
form infrared (FTIR) spectrometer, great improvements in the tential for making important contributions to biomaterials
signal-to-noise ratio (S/N) and spectral accuracy can be real- studies. Foremost among them are scanning tunneling micros-
ized. However, even with this high S/N, the small absorption copy (STM) and atomic force microscopy (AFM). General
signal associated with the extremely small mass of material in a review articles (Binnig and Rohrer, 1986; Avouris, 1990; AI-
surface region can challenge the sensitivity of the spectrometer. brecht et al., 1988) and articles oriented toward biological
Also, the problem of separating the massive bulk absorption studies with these methods have been written (Hansma et al.,
signal from the surface signal must be dealt with. 1988; Miles et al., 1990; Rugar and Hansma, 1990).

Surface FTIR studies couple the infrared radiation to the The STM uses quantum tunneling to generate an atom-
sample surface to increase the intensity of the surface signal scale electron density image of a surface. A metal scanning tip
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terminating in a single atom is brought within 5—10 A of an the plane of the surface is directly recorded. A schematic dia-
electrically conducting surface. At these distances, the electron gram of an STM is presented in Fig. 12, The two scanning
doud of the atom at the tip will significantly overlap the elec- modes are illustrated in Fig. 13.
tron cloud of an atom on the surface. If a potential is applied The AFM uses a similar piezo drive mechanism. However,
between the tip and the surface, an electron tunneling current instead of recording tunneling current, the deflection of a lever
will be established whose magnitude, /, follows the proportion- arm due to van der Waals (electron cloud) repulsion between
alitv: an atom at the tip and an atom on the surface is measured.

This measurement can be made by reflecting a laser beam off
/ a e 4V, a mirror on the lever arm. A one-atom length deflection of the

lever arm can easily be magnified by monitoring the position
where A is a constant, k0 is an average inverse decay length of the laser reflection on a spatially resolved photosensitive de-
(related to the electron affinity of the metals), and 5 is the tector.
separation distance in angstrom units. For most metals, a The STM measures electrical current and therefore is well
1-A change in the distance of the tip to the surface results in suited for conductive and semiconductive surfaces. However,
an order of magnitude change in tunneling current. Even biomolecules (even proteins) on conductive substrates appear
though this current is small, it can be measured with good ac- amenable to imaging. It must be remembered that STM does
curacy. not "see" atoms, but monitors electron density. The conductive

To image a surface, this quantum tunneling current is used and imaging mechanism for proteins is not well understood,
in one of two ways. In constant current mode, a piezoelectric Still, Fig. 14 suggests that important images of biomolecules
driver moves a tip over a surface. When the tip approaches an on surfaces can be obtained. Since the AFM measures force,
atom protruding above the plane of the surface, the current it can be used with both conductive and nonconductive speci-
rapidly increases, and a feedback circuit moves the tip up to mens. Since force must be applied to bend a lever, AFM is
keep the current constant. Then, a plot is made of the tip height subject to artifacts caused by damage to fragile structures on
required to maintain constant current versus distance along the surface. Both methods can function well for specimens
the plane. In constant height mode, the tip is moved over the under water, in air, or under vacuum. For exploring biomole-
surface and the change in current with distance traveled along cules or mobile organic surfaces, the "pushing around" of

FIG. 13. Scanning tunneling microscopy can be performed in two modes. In constant-height mode, the tip is scanned a constant distance from the surface (typically
5-10 A) and the change in tunneling current is recorded. In constant current mode, the tip height is adjusted so that the tunneling current is always constant, and the
tip distance from the surface is recorded as a function of distance traveled in the plane of the surface.
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FIG. 14. A scanning tunneling micrograph image of a fibrinogen molecule on a gold surface, under buffer (image by Dr. K. Lewis).

structures by the tip is a significant concern. With both methods Contamination of Intraocular Lenses
it is difficult to achieve good-quality, reproducible images of ^ . . . , , . , , cc^\, T l

 & ^ / , 1 Commercial intraocular lenses were examined by ESCA.
organic surfaces. However, some of the successes to date are r~, r ,, ,. , , , , , .&. . . . . , , . . . . . . . . . I he presence of sulfur, sodium, and excess hydrocarbon at their
exciting enough that the future of these methods in biomedical r j L. j- j j i \L°. . j surraces suggested contamination by sodium dodecyl suitate

„. . , . . . i t . (SDS) during the manufacture of the lenses (Ratner, 1983). A
There are many other surface characterization methods that , , , , , CC/^A • i. . ' . , r , . 1 - 1 cleaning protocol was developed using ESCA to monitor results

m a y become important in future years. Some o r these a r e listed , , , , r r t T > V * * , C A. 1, . . ^ that produced a lens surface of clean PMMA.
in Table 6.

Titanium

Studies with Surface Methods ^ne discoloration sometimes observed on titanium implants
after autoclaving was examined by ESCA and SIMS (Lausmaa

Hundreds of studies have appeared in the literature in which et al., 1985). The discoloration was found to be related to
surface methods have been used to enhance the understanding accelerated oxide growth, with oxide thicknesses to 650 A.
of biomaterial systems. Four studies are briefly described here. The oxide contained considerable fluorine, along with alkali
A symposium proceedings volume on this subject is also avail- metals and silicon. The source of the oxide was the cloth used
able (Ratner, 1988) to wrap the implant storage box during autoclaving. Since

fluorine strongly affects oxide growth, and since the oxide
Platelet Consumption layer has been associated with the biocompatibility of titanium

T I . . , . j i /• » i • implants, the authors advise avoiding fluorinated materials
Using a baboon artenovenous shunt model or platelet inter- , . . .,- . t ,. , ., , during sterilization of samples,

action with surfaces, a first-order rate constant or reaction of
platelets with a series of polyurethanes was measured. This
rate constant, the platelet consumption by the material, corre-
lated in an inverse linear fashion with the fraction of hydrocar- CONCLUSIONS
bon-type groups in the ESCA Cls spectra of the polyurethanes
(Hanson et al., 1982). Thus, surface analysis revealed a chemi- ,_ , , . . , .
cal parameter about the surface that could be used to predict , Contemporary methods of surface analysis can provide in-
long-term biological reactivity of materials in a complex ex v^uab]e 'nformation about biomatenals and medical devices.

The information obtained can be used to monitor contamina-
tion, ensure surface reproducibility, and explore fundamental

_ „. . . - . ^ aspects of the interaction of biological systems with livingContact-Angle Correlations r ^ . , . , , . ,. f . . .,systems. Considering that biomedical experiments are typically
The adhesion of a number of cell types, including bacteria, expensive to perform, the costs for surface analysis are small

granulocytes, and erythrocytes, has been shown, under certain for the assurance that the identical surface is being examined
conditions, to correlate with solid-vapor surface tension as from experiment to experiment. Also, with routine surface
determined from contact-angle measurements. In addition, im- analysis on medical devices, the physician can be confident
munoglobulin G adsorption is related to ysv (Neumann et that differences in the performance of a device are not related
al., 1983). to changes in the surface structure.
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TABLE 6 New Methods That May Have Applicability for Surface Characterization
of Biomaterials

Method Information obtained

Second-harmonic generation (SHG) Detect submolayer amounts of adsorbate at any light-accessible interface (air-
liquid, solid—liquid, solid—gas)

Sum-frequency generation Use the SHG method for spectroscopy using a tunable laser

Surface-enhanced raman spectroscopy (SERS) High-sensitivity Raman at rough metal interfaces

Ion scattering spectroscopy (ISS) Elastically reflected ions probe only the outermost atomic layer

Laser desorption mass spectrometry Mass spectra of adsorbates at surfaces

IR diffuse reflectance IR spectra of surfaces with no sample preparation

IR photoacoustic spectroscopy IR spectra of surfaces with no sample preparation

High-resolution electron energy loss spectroscopy Vibrational spectroscopy of a highly surface-localized region, under ultrahigh
vacuum

X-Ray reflection Structural information on order at surfaces and interfaces

Neutron reflection Structural information on interfaces

Extended X-ray absorption fine structure (EXAFS) Atomic-level chemical and nearest-neighbor (morphological) information
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2 1 INTRODUCTION ^or implants an<^ instrumentation in orthopedics was about
AH c z_r & $2.098 million in 1991, according to recent estimates. This
Allan S. Hoffman . , , *.. „„„ .„. e . . , , ,- „.

includes $1.379 milhon for joint prostheses made or metallic
materials, plus a variety of trauma products ($340 million),

The wide diversity and sophistication of materials currently instrumentation devices ($266 million), bone cement accessor-
used in medicine and biotechnology is testimony to the signifi- icg ($66 million)) and boM replacement materials ($29 million),
cant technological advances which have occurred over the past Projections for 2Q02 indicate that the total global biomaterials
25 years. As litde as 25 years ago, common commercial poly- market wiu be $6 billion The dinical numbers are equally

mers and metals were being used in implants and medical impressive. Of the 3.6 million orthopedic operations per year
devices. There was relatively little stimulus or motivation for in ̂  ̂  four of Ae ̂  most frequem mvolye metalUc

development of new materials. However, a relatively small impiants: open reduction of a fracture and internal fixation
group of "biomatenals scientists" with a strong interest in {first Qn Ae M? placement or removal of an internal fixation

medicine in collaboration with a hke-mmded group of physi- devke wkhout reduction of a fracture (sixth)? arthroplasty
cians,evolvedoutoftraditionalfieldssuchaschemistry,chemi- of the kne£ Qr ankk (seventh)? and total hip replacement or
cal engineering, metallurgy, materials science and engineering, arthroplasty of the hip (eighth).
physics and medicine. They recognized not only the need for fiesides orthopedicS5 there are other markets for metallk

new and improved materials, implants and devices, but also implants and devkes? including oral and maxillofacial surgery

the challenges and opportunities involved. With the early sup- ( dental implants? craniofacial piates and screws) and car-
port of the National Institutes of Health and a few enlightened diovascular surgery (e.fr, parts of artificial heartS) pacemakers,
companies, a wide range of new and exciting biomaterials balloon catheters? valve replacements, aneurysm clips). Inter-
began to emerge, and over the past 15-20 years, the field its ^^ m ̂ ^ abom 11 mimon Americam (about 4>6% of

diversity, and the number of professionals working in the field the dyilian populadon) had at kast one 4 ,ant (Moss et

have grown enormously. Materials and systems for biological / \QQC\\
use have been synthesized and fabricated in a wide variety of \ yiew of ̂  wide utillzation of metaUic implantS5 the

shapes and forms, including composites and coated systems. objecdve of ̂  ̂  fc fQ descdbe ̂  osition> stmc.
Some of the new materials and technologies have been devel- ^ and p rties of current mmllk j lant ̂  A major

oped especially for biological uses, while others have been emphasis ig on Ae metallu kal prindpies underlying fabrica-
borrowed from such unexpected areas as space technology. don and structure.property relationships.
This section covers the background and most recent develop-
ments in the science and engineering of biomaterials.

STEPS IN THE FABRICATION OF IMPLANTS

£..£. IVIfcTALb Understanding the structure and properties of metallic im-
John B. Brunski plant materials requires an appreciation of the metallurgical

significance of the material's processing history (Fig. 1), Since
Metallic implant materials have a significant economic and each metallic device differs in the details of its manufacture,

clinical impact on the biomaterials field. The total U.S. market "generic" processing steps are presented in Fig. 1.

Biomaterials Science
_ _ Copyright © 1996 by Academic Press, Inc.
•3 / All rights of reproduction in any form reserved.
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FIG. I. General processing history of a typical metallic implant device, in this case a hip implant.

Metal-Containing Ore to Raw Metal Product (TiO2) and ilmenite (FeTiO3). To obtain rutile, which is partic-
ularly good for making metallic titanium, further processing

With the exception of the noble metals (which do not repre- typically involves electrostatic separations. Then, to extract
sent a major fraction of implant metals), metals exist in the titanium metal from the rutile, one method involves treating
Earth's crust in mineral form and are chemically combined the ore with chlorine to make titanium tetrachloride liquid,
with other elements, as in the case of metal oxides. These which in turn is treated with magnesium or sodium to produce
mineral deposits (ore) must be located and mined, and then chlorides of the latter metals and bulk titanium "sponge" ac-
separated and enriched to provide ore suitable for further pro- cording to the Kroll process. At this stage, the titanium sponge
cessing into pure metal. is not of controlled purity. Depending on the purity grade

With titanium, for example, certain mines in the southeast- desired in the final titanium product, it is necessary to refine
ern United States yield sands containing primarily common it further by using vacuum furnaces, remelting, and additional
quartz as well as mineral deposits of zircon, titanium, iron, steps. All of this can be critical in producing titanium with
and rare earths. The sandy mixture is concentrated by using the appropriate properties. The four grades of "commercially
water flow and gravity to separate out the metal-containing pure" (CP) titanium differ in oxygen content by only tenths
sands into titanium-containing compounds such as rutile of a percent, which in turn leads to significant differences in
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TABLE 1 Chemical Compositions of Stainless Steels Used for Implants

Material ASTMdesignation Common/trade names Composition (wt. %) Notes

Stainless steel F55 (bar, wire) AISI 316LVM 60-65 Fe F55, F56 specify 0.03 max for
F56 (sheet, strip) 316L 17.00-19.00 P, S.
F138 (bar, wire) 316L 12.00-14.00 F138, F139 specify 0.025 max
Fl39 (sheet, strip) 316L 2.00-3.00 for P and 0.010 max for S.

max 2.0 Mn LVM -= low vacuum melt.
max 0.5 Cu
max 0.03 C
max 0.1 N
max 0.025 P
max 0.75 Si
max 0.01 S

Stainless steei F745 Cast stainless steel 60—69 Fe
cast316L 17.00-19.00

11.00-14.00
2.00-3.00

max 0.06 C
max 2.0 Mn
max 0.045 P
max 1.00 Si
max 0.030 S

mechanical properties. The resulting raw metal product eventu- some metals at elevated temperatures, high-temperature pro-
ally emerges in some type of bulk form such as ingots for cesses may require vacuum conditions or inert atmospheres to
supply to manufacturers. prevent unwanted uptake of oxygen by the metal. For instance,

In the case of mukicomponent metallic implant alloys, the in the production of fine powders of ASTM F75 Co—Cr—Mo
raw metal product will have to be processed further. Processing alloy, molten metal is ejected through a small nozzle to produce
steps include remelting, the addition of alloying elements, and a fine spray of atomized droplets that solidify while cooling in
solidification to produce an alloy that meets certain chemical an inert argon atmosphere.
specifications. For example, to make ASTM (American Society For metallic implant materials in general, stock shapes are
for Testing and Materials) F138 316L stainless steel, iron is chemically and metallurgically tested to ensure that the chemi-
alloyed with specific amounts of carbon, silicon, nickel, and cal composition and microstructure of the metal meet industry
chromium. To make ASTM F75 or F90 alloy, cobalt is alloyed standards for surgical implants (ASTM Standards), as discussed
with specific amounts of chromium, molybdenum, carbon, later in this chapter,
nickel, and other elements. Table 1 lists the chemical composi-
tions of some metallic alloys for surgical implants.

Stock Metal Shapes to Preliminary and Final
Metal Devices

Raw Metal Product to Stock Metal Shapes
Typically, an implant manufacturer will buy stock material

A manufacturer further processes the bulk raw metal prod- and then fabricate it into preliminary and final forms. Specific
uct (metal or alloy) into "stock" shapes, such as bars, wire, steps depend on a number of factors, including the final geome-
sheet, rods, plates, tubes, and powders. These shapes are then try of the implant, the forming and machining properties of
sold to specialty companies (e.g., implant manufacturers) who the metal, the costs of alternative fabrication methods, and the
need stock metal that is closer to the actual final form of company doing the fabrication.
the implant. Fabrication methods include investment casting (the "lost

Bulk forms are turned into stock shapes by a variety of wax" process), conventional and computer-based machining
processes, including remelting and continuous casting, hot roll- (CAD/CAM), forging, powder metallurgical processes (hot iso-
ing, forging, and cold drawing through dies. Depending on the static pressing, or HIP), and a range of grinding and polishing
metal, there may also be heat-treating steps (heating and cool- steps. A variety of fabrication methods are required because
ing cycles) designed to facilitate further working or shaping of not all implant alloys can be feasibly or economically made in
the stock, relieve the effects of prior plastic deformation (e.g., the same way. For instance, cobalt-based alloys are extremely
annealing), or produce a specific microstructure and properties difficult to machine into the complicated shapes of some im-
in the stock material. Because of the chemical reactivity of plants and are therefore frequently shaped into implant forms
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Finally, metallic implant devices usually undergo a ser of
finishing steps. These vary with the metal and manufacturer,
but typically include chemical cleaning and passivation (i.e.,
rendering the metal inactive) in appropriate acid, or electrolyti-
cally controlled treatments to remove machining chips or impu-
rities that may have become embedded in the implant's surface.
As a rule, these steps are conducted according to good manufac-
turing practice (GMP) and ASTM specifications for cleaning
and finishing implants. In addition, these steps can be extremely
important to the overall biological performance of the implanr,

MICROSTRUCTURLS AND PROPERTIES Of
IMPLANT METALS

In order to understand the properties of each alloy system
in terms of microstructure and processing history, it is impor-

FIG. 2. Low-power v.ew of the interface between a porous coating and solid t&nt tQ knQW (1} fhe chemical and crystallographic identities
substrate in the AS1M ¥75 Co—Cr-Mo alloy system. Note the nature or the , . . . . . . / • > % i • i
necks joining the beads to one another and to the substrate. Metallography of the Phases Present ln the microstructure; (2) their relative
cross section cut perpendicular to the interface; lightly etched to show the micro- amounts, distribution, and orientation; and (3) their effects on
structure. (Photo courtesy of Smith & Nephew Richards, Inc. Memphis, TN.) properties. In this chapter, the mechanical properties of metals

used in implant devices will be emphasized. Although other
properties, such as surface properties, must also be considered,

, . - , i. ^ , i these are covered in Chapter 1.3. The following discussion ofby investment casting or powder metallurgy. On the other . , „ . . . . . ,r . . , ,° . . . ,
i i • • • i • i t-rc \ j L c • implant alloys is divided into the stainless steeis, cobalt-basedhand, titanium is relatively difficult to cast and therefore is ., . . . . . „
, , i_ • j i_ U • • ^ 11 - j j alloys, and titanium-based alloys,frequently machined even though it is not generally considered '
to be an easily machinable metal.

Another aspect of fabrication, which is actually an end-
product surface treatment, involves the application of macro-
or microporous coatings on implants. This has become popular
in recent years as a means to facilitate fixation of implants in
bone. The porous coatings can take various forms and require
different fabrication technologies. In turn, this part of the pro-
cessing history will contribute to metallurgical properties of
the final implant device. In the case of alloy beads or "fiber
metal" coatings, the manufacturer will apply the coating mate-
rial over specific regions of the implant surface (e.g., on the
proximal portion of the femoral stem), and then attach the
coating to the substrate by a process such as sintering. Gener-
ally, sintering involves heating the construct to about one-half
or more of the alloy's melting temperature to enable diffusive
mechanisms to form necks that join the beads to one another
and to the implant's surface (Fig. 2).

An alternative surface treatment to sintering is plasma or
flame spraying a metal onto an implant's surface. A hot, high-
velocity gas plasma is charged with a metallic powder and
directed at appropriate regions of an implant surface. The
powder particles fully or partially melt and then fall onto the
substrate surface, where they solidify rapidly to form a rough
coating (Fig. 3).

Other surface treatments are also available, including ion
implantation (to produce better surface properties) and nitrid-
ing. In nitriding, a high-energy beam of nitrogen ions is directed
at the implant under vacuum. Nitrogen atoms penetrate the
surface and come to rest at sites in the substrate. Depending
on the allov, this process can produce enhanced properties. nr » c . . . , , . . .

, r r i i f MJ» J. Scanning electron micrograph or a titanium plasma spray coating
These treatments are commonly used to increase surface hard- on an oral implant (Photo courtesy of A Schroeder, E. Van der Zypen, H.
neSS and wear properties. Stich, and F. Sutter, Int. }. Oral Maxilhfacial Surgery 9:15, 1981.)
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Stainless Steels ty = t,+ kd~m, (2)

Composition where ty and t, are the yield and friction stress, respectively; d
--,n ., . , . , , -i i i r • is the grain diameter; k is a constant associated with propaga-
Whtle several types or stainless steels are available for im- . ?, , . . , , . j • •. /nr . . ,f . , . ..,,. tion of deformation across gram boundaries; and mis approxi-

piant use (Table 1), in practice the most common is 316L , A . „ , . . . , „ , , . , . , ,
, A c~™ * T-I T o TMioY j T -n.- i i - i u A m no/ mately 0.5. From this equation it follows that higher yieldASTM F138, F139 , grade 2. This steel has less than 0.030% , , . ,, i - i n - j-. . , , . ..... , . stresses may be achieved by a metal with a smaller grain diame-
(wt. %) carbon in order to reduce the possibility of tn vivo > n i_ i • u - i A i j • r. _.. , , T , , . . , . . f\ „ , . , ter a, all other things being equal. A key determinant of gram
corrosion. The L in the designation 316L denotes its low . . L . , . . , ,, , ., t - j - r •

i T-t -, i ^i i i • j i • //-o size is manufacturing history, including details on solidification
carbon content. The 316L alloy is predominantly iron (60- . . . , , , ,. , , „.

. _ „ , , , , , ., . c i • ,-t 4 - « r n v \ j conditions, cold-work, annealing cycles, and recrystalhzation.
65%) alloyed with ma or amounts ot chromium (17—19%) and . , , , i r tiisi • t. , ' „ „ „ . „ , , , . , . Another notable microstructurai feature of 316L is plastic
nickel (12-14%), plus minor amounts or nitrogen, manganese, , , . . , . ,„. ... —, , . , .,

. . , / i -.- i it deformation within grains (rig. 4b). The metal is ordinarily
molybdenum, phosphorous, silicon, a n d sulfur. , . -A0/ T J I J U u i j r

' • i /• i n • j j - - • i i i, used in a 30% cold-worked state because cold-worked metal
T h e rationale t o r t h e alloying additions involves t h e metal s , i i i - j - u i - -i j i -, 11 n T*\ i r • i- 1 • has a markedly increased yield, ultimate tensile, and fatiguesurface and bulk microstructure. 1 he key function or chromium , , . , , , ._, , , -,, _, , rr. . . . , . . .. strength relative to the annealed state (Fable 2). The trade-off

is t o permit t h e development o r a corrosion-resistant steel b y - j J J - I - L j- - i i _ -, i n /• • i /^ ^ ^ T T 1S decreased ductility, but ordinarily this is not a maior concern
forming a strongly adherent surrace oxide (Cr2O^). However, . . , ,
. i - i • i i • j i - I - i c • • m implant products.t h e downside is that chromium tends t o stabilize t h e terntic * -r \ j - j - 1 1 j r.„.-,„ , , , , . > , i • i • 1 1 i 'n specific orthopedic devices such as bone screws made or

(BCC, body-centered cubic) phase, which is weaker than the T,XT i i • t. •
. . .1,,-,,-, ,- i i • \ i » * i i i i 316L, texture may also be apparent m the microstructure.

austemtic (FCC, face-centered cubic) phase. Molybdenum and T- /- j • • r i r J - T -... , , .,. _ . . , lexture means a preferred orientation of deformed grams. For
silicon are also terrtte stabilizers. 1 o counter this tendency to , . , r . , , , j • •
, , . • i , • j j i i - i - i • • i example, stainless steel bone screws show elongated grains in
form fernte, nickel is added to stabilize the austemtic phase. ,, , . . , ,, , , , r , ,

_, • . c , , i metallographic sections taken parallel to the long axis or the
The most important reason tor the low carbon content ° r. „, . r ,. . . . , , , ,

. . T, , , , , , . .r screws (Fig. 5). This finding is consistent with cold drawing
relates to corrosion. It the carbon content of the steel sigmh- . ., , , , . . . . , °t. i r t r t- in/ i •• 11 c c • or a similar cold-working operation in the manufacture otcantly exceeds 0.03%, there is increased danger of formation , , . , L - i n t ' j i

, , . . , ^' „. . °. . . the bar stock from which screws are usually machined. In
ot carbides such as Cr2aC6. 1 hese tend to precipitate at grain ,, . . . . ,. . . , .
. , . , i i - i f i i - metallographic sections taken perpendicular t o t h e screw s long
boundaries when the carbon concentration and thermal history • L • • • i * r
, . , , , i i • • r i • j I T axls5 the grains appear more equiaxial. A summary ot represen-have been favorable to the kinetics ot carbide growth. In turn, . . . , , .. ̂ T . , . . , , .
. . . . . . . . . . . .. - i j tative mechanical properties ot 3i6L stainless is provided in

this carbide precipitation depletes the adjacent gram boundary T Kl 7
regions of chromium, which has the effect of diminishing for-
mation of the protective chromium-based oxide Cr2O3. Steels
in which such carbides have formed are called "sensitized" Cobalt-Based AIIOVS
and are prone to fail through corrosion-assisted fractures that
originate at the sensitized (weakened) grain boundaries. Composition

.... . . _ . Cobalt-based alloys include Haynes-Stellite 21 and 25
Microstructure and mechanical Properties / A C - ™ * r-7c j con * - i ,̂ c A ̂  r \* ur (AS1M F75 and F90, respectively), forged Co—Cr—Mo alloy

Under ASTM specifications, the desirable form of 316L is (ASTM F799), nd multiphase (MP) alloy MP35N (ASTM
single-phase austenite (FCC). There should be no free ferritic F562). The F75 and F799 alloys are virtually identical in com-
(BCC) or carbide phases in the microstructure. Also, the steel position (Table 3), each being about 58—69% Co and 26—30%
should be free of inclusions such as sulfide stringers. The latter Cr. The key difference is their processing history, which is
can arise primarily from unclean steel-making practices and discussed later. The other two alloys, F90 and F562, have
predispose the steel to pitting-type corrosion at the metal- slightly less Co and Cr, but more Ni in the case of F562, and
inclusion interfaces. more tungsten in the case of F90.

The recommended grain size for 316L is ASTM #6 or finer.
The ASTM grain size number n is defined by the formula: Mlcrostructures and Properties

XT _ 2*7-1 / i \ ASTM F75 The main attribute of this alloy is corrosion
resistance in chloride environments, which is related to its bulk

where N is the number of grains counted in 1 in.2 at 100 x composition and the surface oxide (nominally Cr2C»3). This
magnification (0.0645 mm2 actual area), n = 6 means a grain all°y has a long history in the aerospace and biomedical im-
size of about 100 ju-m or less. Furthermore, the grain size should plant industries.
be relatively uniform throughout (Fig. 4a). The emphasis on ™en F75 is cast into shaPe by investment casting, the alloy
a fine gram size is explained by a Hall-Petch-type1 relationship is melted at 1350-1450°C and then poured or driven into
between mechanical yield stress and grain diameter: ceramic molds of the desired shape (e.g., femoral stems for

artificial hips, oral implants, dental partial bridgework). The
molds are made by fabricating a wax pattern to near-final
dimensions and then coating (or investing) the pattern with a

>Hall and Fetch were the researchers who first observed this relationship in SPCClal ceramic- A ceramic mold remains after the wax is
experiments on metallic systems. For more information, see E. O. Hall (1951). burned. Then molten metal is poured into the mold. Once the
Proc. Phys. Soc. 64B: 747; N. j. Fetch (1953). /. iron Steel inst. 173:25. metal has solidified into the shape of the mold, the ceramic
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FIG. 4. (A) Typical microstructure of cold-worked 316L stainless steel, ASTM F138, in a transverse section taken through
a spinal distraction rod. (B) Detail of grains in cold-worked 316L stainless steel showing evidence of plastic deformation. (Photo
courtesy of Zmimer USA, Warsaw, IN.)
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TABLE 2 Typical Mechanical Properties of Implant Metals'3

Fatigue
Young's Yield Tensile endurance limit
modulus strength strength {at 107 cycles, R = — 1)

Material ASTM designation Condition (GPa) (MPa) (MPa) (MPa)

Stainless steel F745 Annealed 190 221 483 221-280
F55, F56, F138, F139 Annealed 190 331 586 241-276

30% Cold worked 190 792 930 310-448
Cold forged 190 1213 1351 820

Co-Cr alloys F75 As-cast/annealed 210 448-517 655-889 207-310
P/MHIP6 253 841 1277 725-950

F799 Hot forged 210 896-1200 1399-1586 600-896
F90 Annealed 210 448-648 951-1220 Not available

44% Cold worked 210 1606 1896 586
F562 Hot forged 232 965-1000 1206 500

Cold worked, aged 232 1500 1795 689-793
(axial tension

R = 0.05, 30 Hz)

Ti alloys F67 30% Cold-worked Grade 4 110 485 760 300
F136 Forged annealed 116 896 965 620

Forged, heat treated 116 1034 1103 620-689

aData collected from references noted at the end of this chapter, especially Table 1 in Davidson and Georgette (1986).
foP/M HIP = Powder metallurgy product, hot-isostatically pressed.

FIG. 5. Evidence of textured grain structure in 316L stainless steel ASTM F138, as seen in a longitudinal
section through a cold-worked bone screw. The long axis of the screw is indicated by the arrow.
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TABLE 3 Chemical Compositions of Co-Based Alloys for Implants

ASTM Composition
Material designation Common/trade names (wt %) Notes

Co-Cr-Mo F75 Vitallium 58.9-69.5 Co Vitaliium is a trademark of
Haynes-Stellite 21 27.0-30.0 Cr Howmedica, Inc.
Protasul-2 5.0-7.0 Mo Haynes-Stellite 21 {HS 21) is
Micrograin-Zimaloy max 1.0 Mn a trademark of Cabot Corp.

max 1.0 Si Protasul-2 is a trademark of
max 1.0 Ni SuSzer AG, Switzerland,
max 0.75 Fe Zimaloy is a trademark of
max 0.35 C Zimmer USA.

Co-Cr-Mo F799 Forged Co-Cr-Mo 58-59 Co FHS means "forged high
Thermomechanical Co—Cr-Mo 26.0—30.0 Cr strength" and is a trade-
FHS 5.0-7.00 Mo mark of Howmedica, Inc.

max 1.00 Mn
max 1.00 Si
max 1.00 Ni
max 1.5 Fe
max 0.35 C
max 0.25 N

Co-Cr-W-Ni F90 Haynes-Stellite 25 45.5-56.2 Co Haynes-Stellite 25 (HS25) is
Wrought Co-Cr 19.0-21.0 Cr a trademark of Cabot Corp.

14.0-16.0 W
9.0-11.0 Ni

max 3.00 Fe
1.00-2.00 Mn
0.05-0.15 C
max 0.04 P
max 0.40 Si
max 0.03 S

Co-Ni-Cr-Mo-Ti F562 MP 35 N 29-38.8 Co MP35 N is a trademark of
Biophase 33.0-37.0 Ni SPS Technologies, Inc.
Protasul-10 19.0-21.0 Cr Biophase is a trademark of

9.0-10.5 Mo Richards Medical Co.
max 1.0 Ti Protasul-10 is a trademark
max 0.15 Si of Sulzer AG, Switzerland
max 0.010 S
max 1.0 Fe
max 0.15 Mn

mold is cracked away and processing continues toward the with respect to the rest of the microstructure. (This is also an
final device. Depending on the exact casting details, this process unfavorable situation if a porous coating will subsequently be
can produce at least three microstructural features that can applied by sintering.) Subsequent solution-anneal heat treat-
strongly influence implant properties. ments in 1225°C for 1 hr can help alleviate this situation.

First, as-cast F75 alloy (Figs. 6 and 7a) typically consists Second, the solidification during the casting process not
of a Co-rich matrix (alpha phase) plus interdendritic and grain- only results in dendrite formation, but also in a relatively large
boundary carbides (primarily M^Cg, where M represents Co, grain size. This is generally undesirable because it decreases
Cr, or Mo). There can also be interdendritic Co and Mo-rich the yield strength via a Hall—Fetch-type relationship between
sigma intermetallic, and Co-based gamma phases. Overall, the yield strength and grain diameter (see the section on stainless
relative amounts of the alpha and carbide phases should be steel). The dendritic growth patterns and large grain diameter
approximately 85% and 15%, respectively, but owing to non- (about 4 mm) can be easily seen in Fig. 7a, which shows a hip
equilibrium cooling, a "cored" microstructure can develop. In stem manufactured by investment casting.
this situation, the interdendritic regions become solute (Cr, Third, casting defects may arise. Figure 7b shows an inclu-
Mo, C) rich and contain carbides, while the dendrites become sion in the middle of a femoral hip stem. The inclusion was
Cr depleted and richer in Co. This is an unfavorable electro- a particle of the ceramic mold (investment) material, which
chemical situation, with the Cr-depleted regions being anodic presumably broke off and became entrapped within the interior
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FIG. 6. Microstructure of as-cast Co—Cr—Mo ASTM ¥75 alloy, showing a large grain size plus grain
boundary and matrix carbides. (Photo courtesy of Zimmer USA, Warsaw, IN.)

of the mold while the metal was solidifying. This contributed MPa, but it decreases to about 150 MPa after porous coating
to a fatigue fracture of the implant device in vivo, most likely treatments. The reason for this probably relates to further
because of stress concentrations and fatigue crack sites associ- phase changes in the nonequilibrium cored microstructure in
ated with the ceramic inclusion. For similar reasons, it is also the original cast F75 alloy. However, a modified sintering treat-
desirable to avoid macro- and microporosity arising from metal ment can return the fatigue strength back up to about 200
shrinkage upon solidification of castings. MPa (Table 2). Beyond these metallurgical issues, a related

To avoid these problems with cast F75, powder metallurgi- concern with porous-coated devices is the potential for de-
cal methods have been used to improve the alloy's microstruc- creased fatigue performance as a result of stress concentrations
ture and mechanical properties. For example, in hot isostatic where particles are joined with the substrate (Fig. 2).
pressing, a fine powder of the F75 alloy is compacted and
sintered together under appropriate pressure and temperature *CT-»* r-,nn ^-1 • • \ • n j-/- j r~,r n i

. . . / , inmtn i i™o/~>r i i \ i ^ r j ASTM F799 This is basically a modified F75 alloy that
conditions (about 100 MPa at 1100 C for 1 hr) and then forged , , , . „ ', , , , . . ,

c , , T-,, • i - /r- a\ \. has been mechanically processed by hot forging (at about
to final shape. Ihe typical microstructure (Fig. 8) shows a nn^o^ e • •, • • » . . .

, „ • • / L o \ i v - i 800 C) after casting. It is sometimes known as thermomecham-
much smaller gram size (about 8 /im) than the as-cast material. , „ ' ,., ,P , , . . .. . . ..,,
. . ,. T i n n i i • i • i • • cal Co—Cr—Mo alloy and has a composition slightly differentAgain, according to a Hall—retch-type relationship, this micro- , . „„,,., „__ _, . r « i i

i. 11 i • i - t j 11 i - . from ASTM F75. The microstructure reveals a more workedstructure gives the alloy higher yield, and better ultimate and . . „__ 4 . , . , ,
t • • 1 1 n / T - L I I S / - n gram structure than as-cast F 7 5 a n d a hexagonal close-packed
fatigue properties than the as-cast alloy (Table 2). Generally TTT^™ i i t i • j ? t • f, . ,i . , . , , rTTri „_! (HCP) phase that forms via a shear-induced transformation or
speaking, the improved properties of the HIP versus cast F75 ' _ r . TT^r, 1 1 i - • 1-1 i i - t

i r L u L £ • • j c j- - L - L tCC matrix to HCP platelets; this is not unlike that which
result from both the finer gram size and a finer distribution of . lk;rri-,rxT , kc~r^,rcs^ T-I t • - u j

, . , 1 - 1 1 i j • cc n occurs in MP35N (see AS1M F562). The fatigue, yield, and
carbides, which has a hardening effect as well. . . ., , , , . „ . ' ' • , ' .

f , , - ? . , j r~e ,, , ultimate tensile strengths of this alloy are approximately twice
In porous-coated prosthetic devices based on F75 alloy, the , ( °_ , . ~)\

.11 i i t t i • f tnose tor as-cast r/s {iaoie 2,}.
microstructure will depend on both the prior manufacturing
history of the beads and substrate metal, and the sintering
process used to join the beads together and to the underlying ASTM F90 This alloy, also known as Haynes Stellite 25
bulk substrate. With Co—Cr—Mo alloys, for instance, sintering (HS-25), is a Co—Cr—W—Ni alloy. Tungsten and nickel are
can be difficult, requiring temperatures near the melting point added to improve machinability and fabrication properties. In
(1225°C). Unfortunately, these high temperatures can decrease the annealed state, its mechanical properties approximate those
the fatigue strength of the substrate alloy. For example, cast- of F75 alloy, but when cold worked to 44%, the properties
solution-treated F75 has a fatigue strength of about 200—250 more than double (Table 2).
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FIG. 7. (A) Macrophoto of a metallographically polished and etched cross section of a cast Co-Cr—Mo ASTM F75 femoral
hip stern, showing dendritic structure and large grain size. (B) Macrophoto of the fracture surface of the same Co-Cr—Mo
ASTM. F75 hip stem as in (A), Arrow indicates large inclusion within the central region of the cross section. Fracture of this
hip stem occurred in vivo.

ASTM FS62 Known as MP35N, this alloy is primarily aging treatment at 430—650°C. This produces Co3Mo precipi-
Co (29—38.8%) and Ni (33—37%), with significant amounts tates on the HCP platelets. Hence, the alloy is multiphasic and
of Cr and Mo. The "MP" in the name refers to the multiple derives strength from the combination of a cold-worked matrix
phases in its rnicrostructure. The alloy can be processed by phase, solid solution strengthening, and precipitation harden-
thermal treatments and cold working to produce a controlled ing. The resulting mechanical properties make the family of
rnicrostructure and a high-strength alloy, as explained later. MP35N alloys among the strongest available for implant appli-

To start with, pure solid cobalt is (under equilibrium condi- cations,
tions) FCC above 419°C and HCP below 419°C. However,
the solid-state transformation from FCC to HCP is sluggish
and occurs by a martensitic-type shear reaction in which the
HCP phase forms with its basal planes {0001} parallel to the Titanium-Based Alloys
close-packed {111} planes in FCC. The ease of this transforma-
tion is affected by the stability of the FCC phase, which in turn "
is affected by both plastic deformation and alloying additions. CP titanium (ASTM F67) and extra-low interstitial (ELI)

When cobalt is alloyed to make MP35N, the processing Ti—6A1-4V alloy (ASTM F136) are the two most common
includes 50% cold work, which increases the driving force for titanium-based implant biomaterials. The F67 CP Ti is
the transformation of retained FCC to the HCP phase. The 98.9—99.6% titanium (Table 4). Oxygen content of CP Ti
HCP emerges as fine platelets within FCC grains. Because the affects its yield and fatigue strength significantly. For example,
FCC grains are small (0.01-0.1 /xm, Fig. 9) and the HCP at 0.18% oxygen (grade 1), the yield strength is about 170
platelets further impede dislocation motion, the resulting struc- MPa, while at 0.40% (grade 4), the yield strength increases to
ture is significantly strengthened (Table 2). It can be strength- about 485 MPa. Similarly, at 0.085 wt.% oxygen (slightly
ened even further (as in the case of Richards Biophase) by an purer than grade 1) the fatigue limit (107 cycles) is about 88.2
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FIG. 8. Microstructure of the Co—Cr— Mo ASTM F75 alloy made via hot isostatic pressing (HIP),
showing the much smaller grain size relative to that in Fig. 6. (Photo courtesy of Zimtner USA,
Warsaw, IN.)

MPa, while at 0.27 wt.% oxygen (slightly purer than grade 2) Microstructure and Properties
the fatigue limit (107 cycles) is about 216 MPa. AC-TAJE^T c i *.- i i

wr L -r- X - A I / I W C T I 11 u • j- - j IT - A I JT- \r ASTMF67 For relatively pure titanium implants, as exem-
With Ti-6Al-4V ELI alloy, the individual Ti-Al and Ti-V i - c j u *j * i - i * • i • «. ... ,. i /•/ r i 11 • i i - . - plihed by many current dental implants, typical microstructures

phase diagrams suggest the effects ot the alloying additions in . , , , , /Tj^nx i/ • -a r - u / ^ n o / \r. 11 Ti • 1 1 ,rr^™ i i - i - 1 - 1 are single-phase alpha (HCP), showing evidence or mild (30%)
the ternary alloy. Al is an alpha (HCP) phase stabilizer while , , , , . ,. . , i1A ,, CA /t?.... , /«/-J>\ L L.-P TL /AI ^xr 11 j r cold work and gram diameters in the range of 10-150/xm (Fig.
V is a beta (BCC) phase stabilizer. The 6A1-4V alloy used for . A. , ,. £ ~, . , , . ,

. . , , , „ , . r i • i 10), depending on manutactunng. The nominal mechanical
implants is an alpha-beta alloy, the properties or which vary . 7. , . ~ ,, ~ , . . , , /f^ ^ XTX. , . r / ' r r / properties are listed in Table 2. Interstitial elements (O, C, N)
with prior treatments. . . . , , £.. .., ,. , , , , ,r in titanium and the 6Al—4V alloy strengthen the metal through

interstitial solid solution strengthening mechanisms, with nitro-
gen having approximately twice the hardening effect (per atom)
of either carbon or oxygen.

There is increasing interest in the chemical and physical
nature of the oxide on the surface of titanium and its 6A1—4V
alloy. The nominal composition of the oxide is TiO2. The
oxide provides corrosion resistance and may also contribute
to the biological performance of titanium at molecular and
tissue levels, as suggested in the literature on osseointegrated
oral and maxillofacial implants by Branemark and co-workers
in Sweden (Kasemo and Lausmaa, 1988).

ASTM F136 This is an alpha-beta alloy, the microstruc-
ture of which depends upon heat treating and mechanical work-
ing. If the alloy is heated into the beta phase field (e.g., above
1000°C, the region where only BCC beta is thermodynamically
stable) and then cooled slowly to room temperature, a two-
phase Widmanstatten structure is produced (Fig. 11). The HCP
alpha phase (which is rich in Al and depleted in V) precipitates

FIG. 9. Microstmcture of Co-based MP35N, ASTM F562, Biophase. (Photo out as plates or needles having a specific crystallographic orien-
courtesy of Smith & Nephew Richards, inc., Memphis, TN.) tation within grains of the beta (BCC) matrix.
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TABLE 4 Chemical Compositions of Ti-Based Alloys for Implants

ASTM
Material designation Common/trade names Composition (wt %) Notes

Pure Ti ¥67 CP Ti Balance Ti CP Ti comes in four grades
max 0.10 C according to oxygen content—
max 0.5 Fe only Grade 4 is listed.
max 0.0125-0.015 H
max 0.05 N
max 0.40 O

T1-6A1-4V F136 Ti-6Al-4V 88.3-90.8 Ti
5.5-6.5 A!
3.5-4.5 V

max 0.08 C
0.0125 H

max 0.25 Fe
max 0.05 N
max 0.13 O

Alternatively, if cooling from the beta phase field is very in Ti—6A1—4V alloy lead to about the same yield and ultimate
fast (as in oil quenching), a "basketweave" microstructure will tensile strengths, but the rnill-annealed condition is superior
develop, owing to martensitic or bainitic (nondiffusional, in high-cycle fatigue (Table 2), which is a significant consider-
shear) solid-state transformations. Most commonly, the F136 ation.
alloy is heated and worked at temperatures near but not exceed- Like the Co-based alloys, the above microstructural aspects
ing the beta transus, and then annealed to give a microstructure for the Ti systems need to be considered when evaluating the
of fine-grained alpha with beta as isolated particles at grain structure-property relationships of porous-coated or plasma-
boundaries (mill annealed, Fig. 12). sprayed implants. Again, there is the technical problem of

Interestingly, all three of the above-noted microstructures successfully attaching some type of coating onto the metal

FIG. 10. Microstructure of moderately cold-worked commercial purity titanium, ASTM F67, used in
an oral implant.
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FIG. I I . Widmanstatten structure in cast Ti-Al—4V, ASTM F136. Note prior beta grains (three large grains are
shown in the photo) and platelet alpha structure within grains. (Photo courtesy of Zimmer USA, Warsaw, IN.)

FIG. 12. Microstructure of wrought and mill-annealed Ti-6Al—4V, showing small grains of alpha
(light) and beta (dark). (Photo courtesy of Zimmer USA, Warsaw, IN.)
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substrate while maintaining adequate properties of both coat- from vital and health statistics, no. 191. National Center for Health
ing and substrate. For example, optimizing the fatigue proper- Statistics, Hyattsville, MD.
ties of Ti-6Al-4V porous-coated implants, becomes an inter- pilliar> R- M-> and Weatherly, G. C. (1984). Developments in implant
disciplinary problem involving not only metallurgy but also . L

allof- C*C ̂ ical Reviews in ^compatibility 1(4): 371-403
,F 7 . , c

 & , : &7 Richards Medical Company (1985). Medical Metals. Richards Medical
surface properties and fracture mechanics. „ _ ... . ' - ' _ . , , ., ,. ,„ .. , .r r Company Publication No. 3922, Richards Medical Co., Memphis,

TN. [Note: This company is now known as Smith & Nephew
Richards, Inc.]

Zimmer USA (1984a). Fatigue and Porous Coated Implants. Zimmer
fftMfl IiniMf* BEMABIfC Technical Monograph, Zimmer USA, Warsaw, IN.
CUNL.LUUINU KUWAKK3 Zimmer USA (1984b). Metal Forming Techniques in Orthopaedics.

Zimmer Technical Monograph, Zimmer USA, Warsaw, IN.
It should be evident that metallurgical principles guide our Zimmer USA (1984c). Physical and Mechanical Properties of Ortho-

understanding of structure-property relationships in metallic paedic Alloys. Zimmer Technical Monograph, Zimmer USA, War-
implants, just as they would in the study of any metallic device. saw> IN.
While this chapter's emphasis has been on mechanical proper- Zimmer USA (1984d). Physical Metallurgy of Titanium Alloy. Zimmer
ties (for the sake of specificity), other properties, in particular Technical Monograph, Zimmer USA, Warsaw, IN.

surface properties, are receiving increasing attention in relation
to biological performance of implants.

Another point to remember is that the intrinsic material
properties of metallic implants are not the sole determinant of
implant performance and success. Existing implant metals and
alloys have all been used in both successful and unsuccessful -% •% Pol YMFB^
implant designs. The reasons for failures can include faulty or

c t • i - i j • j , Susan A. Visser, Robert W. Hergenrotber,inappropriate use or the implant, surgical error, and inadequate °
mechanical design of the implant. Therefore, debates about ' "
which implant metal is "superior" often miss the point; implant
design is a true multifaceted design problem in which the selec- Polymers are long-chain molecules that consist of a number
tion of materials is only a part—albeit an important part—of of sma11 repeating units. The repeat units or "mers" differ from
the total problem. tne smaM molecules which were used in the original synthesis

procedures, the monomers, in the loss of unsaturation or the
elimination of a small molecule such as water or HC1 during
polymerization. The exact difference between the monomer

BiblloifTAphv anc^ tne mer umt depends on the mode of polymerization, as
discussed later.

American Society for Testing and Materials (1978). ASTM Standards The wide variety of polymers includes such natural materials
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PubL, Park Ridge, NJ, pp. 66-91. The task of the biomedical engineer is to select a biomaterial
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versity of California at Los Angeles. short-chain counterparts. Thus, in order to choose a polymer
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medical device implants in the United States, 1988. Advance data a distribution of molecular weights. To compare the molecular
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weights of two different batches of polymer, it is useful to
define an average molecular weight. Two statistically useful
definitions of molecular weight are the number average and
weight average molecular weights. The number average molec-
ular weight (Mn) is the first moment of the molecular weight
distribution and is an average over the number of molecules.
The weight average molecular weight (Mw) is the second mo-
ment of the molecular weight distribution and is an average
over the weight of each polymer chain. Equations 1 and 2
define the two averages:

where N, is the number of moles of species i, and M, is the
molecular weight of species /.

The ratio of Mw to Mn is known as the polydispersity index
and is used as a measure of the breadth of the molecular weight
distribution. Typical commercial polymers have polydispersity
indices of 1.5-50, although polymers with polydispersity indi-
ces of less than 1.1 can be synthesized with special techniques.
A molecular weight distribution for a typical polymer is shown
in Fig. 1.

Linear polymers used for biomedical applications generally
have Mn in the range of 25,000 to 100,000 and Mw from
50,000 to 300,000. Higher or lower molecular weights may
be necessary, depending on the ability of the polymer chains
to exhibit secondary interactions such as hydrogen bonding.
The secondary interactions can give polymers additional
strength. In general, increasing molecular weight corresponds
to increasing physical properties; however, since melt viscosity
also increases with molecular weight, processibility will de-
crease and an upper limit of useful molecular weights is usu-
ally reached.

SYNTHESIS

Methods of polymer preparation fall into two categories:
addition polymerization (chain reaction) and condensation po-

FIG. 2. Polymer arrangements. (From F. Rodriguez, Principles of Polymer
Systems, Hemisphere Publ., 1982, p. 21, with permission.)

lymerization (stepwise growth). In addition polymerization,
unsaturated monomers react through the stages of initiation,
propagation, and termination to give the final polymer product.
The initiators can be free radicals, cations, anions, or stereospe-
cific catalysts. The initiator opens the double bond of the mono-
mer, presenting another "initiation" site on the opposite side
of the monomer bond for continuing growth. Rapid chain
growth ensues during the propagation step until the reaction
is terminated by reaction with another radical, a solvent mole-
cule, another polymer, an initiator, or an added chain trans-
fer agent.

Condensation polymerization is completely analogous to
condensation reactions of low-molecular-weight molecules.
Two monomers react to form a covalent bond, usually with
elimination of a small molecule such as water, hydrochloric
acid, rnethanol, or carbon dioxide. The reaction continues until
almost all of one type of reactant is used up.

The choice of polymerization method strongly affects the
polymer obtained. In free radical polymerization, a type of
addition polymerization, the molecular weights of the polymer
chains are difficult to control with precision. Added chain
transfer agents are used to control the average molecular
weights, but molecular weight distributions are usually broad.
In addition, chain transfer reactions with other polymer mole-
cules in the batch can produce undesirable branched products
(Fig. 2) that affect the ultimate properties of the polymeric
material. In contrast, molecular architecture can be controlled
very precisely in anionic polymerization. Regular linear chains
with polydispersity indices of close to unity can be obtained.

Polymers produced by addition polymerization can be ho-
mopolymers—polymers containing only one type of repeat
unit—or copolymers of two or more types of repeat units.
Depending on the reaction conditions and the reactivity of each
monomer type, the copolymers can be random, alternating, or
block copolymers, as illustrated in Fig. 3. Random copolymers
exhibit properties that approximate the weighted average of
the two types of monomer units, whereas block copolymersFIG. 1. Typical molecular weight distribution of a polymer.
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Homopolymer -A-A—A-A~A-A—A- Crystalllnity

Random copolymer — A — B ~ B — A — B — A — B — Polymers can be either amorphous or semicrystalline. They
can never be completely crystalline owing to lattice defects

Alternating copolymer -A-B-A-B-A-B-A- that form disordered, amorphous regions. The tendency of a
_ . . , i » » * n « « polymer to crystallize is enhanced by the small side groups and
Block copolymer -A-A-A-A-B-B-B- \ 7 7 7

 n . ,6 *:r ' chain regularity. Ihe presence or crystallites in the polymer
FIG. 3. Possible monomer arrangements in polymer materials. usually leads to enhanced mechanical properties, unique ther-

mal behavior, and increased fatigue strength. These properties
make semicrystalline polymers (often referred to simply as
crystalline polymers) desirable materials for biomedicai appli-
cations.

tend to phase separate into a monorner-A-rich phase and a
monomer-B-rich phase, displaying properties unique to each AfeC/Mfl/ca/ Properties
of the homopolymers.

Condensation polymerization can also result in copolymer The tensile properties of polymers can be characterized by
formation. The properties of the condensation copolymer de- their deformation behavior (stress-strain response (Fig. 6).
pend on three factors: the type of monomer units; the molecular Amorphous, rubbery polymers are soft and reversibly extensi-
weight of the polymer product, which can be controlled by ble. The freedom of motion of the polymer chain is retained at
the ratio of one reactant to another and by the time of polymer- a local level while a network structure resulting from chemical
ization; and the distribution of the molecular weight of the cross-links and chain entanglements prevents large-scale move-
copolymer chains. The use of bifunctional monomers gives rise ment or flow. Thus, rubbery polymers tend to exhibit a lower
to linear polymers, while multifunctional monomers may be modulus, or stiffness, and extensibilities of several hundred
used to form covalently cross-linked networks. percent. Rubbery materials may also exhibit an increase of

Postpolymerization cross-linking of addition or condensa- stress prior to breakage as a result of strain-induced crystalliza-
tion polymers is also possible. Natural rubber, for example, tion assisted by molecular orientation in the direction of stress,
consists mostly of linear molecules that can be cross-linked to Glassy and semicrystalline polymers have higher moduli and
a loose network with 1—3% sulfur (vulcanization) or to a hard lower extensibilities.
rubber with 40-50% sulfur (Fig. 2). In addition, physical, The ultimate mechanical properties of polymers at large
rather than chemical, cross-linking of polymers can be achieved deformations are important in selecting particular polymers
in the presence of microscrystalline regions or through incorpo- for biomedicai applications. The ultimate strength of polymers
ration of ionic groups in the polymer (Fig. 4). is the stress at or near failure. For most materials, failure is

catastrophic (complete breakage). However, for some semi-
crystalline materials, the failure point may be defined by the
stress point where large inelastic deformation starts (yielding).
The toughness of a polymer is related to the energy absorbed

THE SOLID STATE at failure and is proportional to the area under the stress-
strain curve.

Tacticity The fatigue behavior of polymers is also important in evalu-
ating materials for applications where dynamic strain is ap-

Polymers are long-chain molecules and as such, are capable plied for examplC) poiymers that are used in tbe artificial heart

of assuming many conformations through rotation of valence must bg able tQ withstand many des of pulsating motion

bonds. The extended chain or planar zig-zag conformation of before failure Samples ̂  ar£ subjected to r ted cycles of

polypropy ene is shown m Fig. 5 This figure illustrates the stfess and releasC) a$ in a flexi ^ (break) after a C£rtam

concept of tactioty Tacticity refers to the arrangement of number of dcs> Jhe number of cydes tQ Mure decreases as

substituents (methyl groups in the case of polypropylene) thfi ^ stres$ jevd ig ^creased, as shown in H 7 (see

around theextended polymer chain Chainsin which alsubstit- alsQ chapter 64} For gome materia]s5 a minimum stress exists

uents are located on the same s.de of the zigzag plane are bdow whkh fai[ure does ̂  occur -n a measurable number

isotactic, while syndiotactic chains have substituents alternat- c j
ing from side to side. In the atactic arrangement, the substituent
groups appear at random on either side of the extended

chain backbone. Jhemul Properties
Atactic polymers usually cannot crystallize, and an amor-

phous polymer results. Isotactic and syndiotactic polymers may In the liquid or melt state, a noncrystalline polymer pos-
crystallize if conditions are favorable. Crystalline polymers also sesses enough thermal energy for long segments of each poly-
possess a higher level of structure characterized by folded chain mer to move randomly (Brownian motion). As the melt is
lamellar growth that results in the formation of spherulites. cooled, the temperature is eventually reached at which all long-
These structures can be visualized in a polarized light micro- range segmental motions cease. This is the glass transition
scope. temperature (Tg), and it varies from polymer to polymer. Poly-
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mers used below their Tg tend to be hard and glassy, while
polymers used above their Tg are rubbery. Polymers with any
crystaUinity will also exhibit a melting temperaure (Tm) owing
to melting of the crystalline phase. Thermal transitions in poly-
mers can be measured by differential scanning calorimetry
(DSC), as discussed in the section on characterization tech-
niques.

The viscoelastic responses of polymers can also be used to
classify their thermal behavior. The modulus versus tempera-
ture curves shown in Fig. 8 illustrate behaviors typical of linear
amorphous, cross-linked, and sernicrystaliine polymers. The
response curves are characterized by a glassy modulus below Tg

of approximately 3 x 109 Pa. For linear amorphous polymers,
increasing temperature induces the onset of the glass transition
region where, in a 5—10°C temperature span, the modulus
drops by three orders of magnitude, and the polymer is trans-
formed from a stiff glass to a leathery material. The relatively

FIG. 4. (A) Hydrogen bonding in nylon 6,6 molecules in a triclinic unit cell: cr-form. (From L. Mandelkern, An Introduction
to Macromolecules, Springer-Verlag, 1983, p. 43, with permission.) (B) Ionic aggregation giving rise to physical cross-links
in ionomers.

fIG« 5. Schematic of stereoisomers of polypropylene. (From F. Rodriguez
Principles of Polymer Systems, Hemisphere Publ., 1982, p. 22, with permission.) FIG. 6. Tensile properties of polymers.
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FIG. 7. Fatigue properties of polymers. Elution time (minutes)

FIG. 9. A typical trace from a gel permeation chromatography run for a
polyftetramethylene oxide)/toluene diisocyanate-based polyurethane. The re-
sponse of the ultraviolet detector is directly proportional to the amount of

. , . _, . . , . . . polymer eluted at each time point.
constant modulus region above / g is the rubbery plateau region
where long-range segmental motion is occurring but thermal
energy is insufficient to overcome entanglement interactions
that inhibit flow. This is the target region for many biomedical
applications. Finally, at high enough temperatures, the polymer polymers cannot be melt processed. Instead, these materials
begins to flow, and a sharp decrease in modulus is seen over are prOcessed as reactive liquids or high-molecular-weight
a narrow temperature range. amorphous gums that are cross-linked during molding to give

Crystalline polymers exhibit the same general features in fae desired product
modulus versus temperature curves as amorphous polymers;
however, crystalline polymers possess a higher plateau modulus
owing to the reinforcing effect of the crystallites. Crystalline Copotymers
polymers tend to be tough, ductile plastics whose properties
are sensitive to processing history. When heated above their In contrast to the thermal behavior of homopolymers dis-
flow point, they can be melt processed and will become rigid cussed earlier, copolymers can exhibit a number of additional
again upon cooling. thermal transitions. If the copolymer is random, it will exhibit

Chemically cross-linked polymers exhibit modulus versus a Tg that approximates the weighted average of the Tgs of the
temperature behavior analogous to that of linear amorphous two homopolymers. Block copolymers of sufficient size and
polymers until the flow regime is approached. Unlike linear incompatible block types will exhibit Tgs characteristic of each
polymers, chemically cross-linked polymers do not display flow homopolymer but slightly shifted owing to incomplete phase
behavior; the cross links inhibit flow at all temperatures below separation,
the degradation temperature. Thus, chemically cross-linked

FIG. 8. Dynamic mechanical behavior of polymers.
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Fig. 10. A semipermeable membrane is placed between two
chambers. Only solvent molecules flow freely through the mem-
brane. Pure solvent is placed in one chamber, and a dilute
polymer solution of known concentration is placed in the other
chamber. The lowering of the activity of the solvent in solution
with respect to that of the pure solvent is compensated by
applying a pressure IT on the solution. TT is the osmotic pressure
and is related to Mn by:

where c is the concentration of the polymer in solution, R is
the gas constant, T is temperature, and A2 and A3 are virial
coefficients relating to pairwise and triplet interactions of the
molecules in solution. In general, a number of polymer solu-
tions of decreasing concentration are prepared, and the osmotic
pressure is extrapolated to zero:

A plot of TT!C versus c then gives as its intercept the number
average molecular weight.

A number of other techniques, including vapor pressure
osmometry, ebulliometry, cryoscopy, and end-group analysis
can be used to determine the Mn of polymers up to molecular
weights of about 40,000.

Light-scattering techniques are used to determine Mw. In
dilute solution, the scattering of light is directly proportional
to the number of molecules. The scattered intensity i0 observed
at a distance r and an angle 8 from the incident beam I0 is
characterized by Rayleigh's ratio Rf f :

The Rayleigh ratio is related to Mw by:

FIG. 1 0. The principle of operation of a membrane osmometer.

A number of solutions of varying concentrations are measured,
and the data are extrapolated to zero concentration to deter-
mine Mw.

Determination of Structure

Infrared (IR) spectroscopy is often used to characterize the
chemical structure of polymers. Infrared spectra are obtained
by passing infrared radiation through the sample of interest
and observing the wavelength of the absorption peaks. These
peaks are caused by the absorption of the radiation and its
conversion into specific motions, such as C—H stretching. The
infrared spectrum of a polyurethane is shown in Fig. 11, with
a few of the bands of interest marked.

Nuclear magnetic resonance (NMR), in which the magnetic
spin energy levels of nuclei of spin 1/2 or greater are probed,
may also be used to analyze chemical composition. NMR is
also used in a number of more specialized applications relating
to local motions of polymer molecules.

Wide-angle X-ray scattering (WAXS) techniques are useful
for probing the local structure of a semi crystalline polymeric
solid. Under appropriate conditions, crystalline materials dif-
fract X-rays, giving rise to spots or rings. According to Bragg's
law, these can be interpreted as interplanar spacings. The inter-
planar spacings can be used without further manipulation or
the data can be fit to a model such as a disordered helix or an
extended chain. The crystalline chain conformation and atomic
placements can then be accurately inferred.

Small-angle X-ray scattering (SAXS) is used in determining
the structure of many multiphase materials. This technique
requires an electron density difference to be present between
two components in the solid and has been widely applied to
morphological studies of copolymers and ionomers. It can
probe features of 10—1000 A in size. With appropriate model-
ing of the data, SAXS can give detailed structural information
unavailable with other techniques.

Electron microscopy of thin sections of a polymeric solid can
also give direct morphological data on a polymer of interest,
assuming that (1) the polymer possesses sufficient electron den-
sity contrast or can be appropriately stained without changing
the morphology and (2) the structures of interest are suffi-
ciently large.

Mechanical and Thermal Property Studies

In stress-strain or tensile testing, a dog bone-shaped polymer
sample is subjected to a constant elongation, or strain, rate,
and the force required to maintain the constant elongation
rate is monitored. As discussed earlier, tensile testing gives
information about modulus, yield point, and ultimate strength
of the sample of interest.

Dynamic mechanical analysis (DMA) provides information
about the small deformation behavior of polymers. Samples
are subjected to cyclic deformation at a fixed frequency in the
range of 1—1000 Hz. The stress response is measured while the
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FIG. I I . Infrared spectrum of a poly(tetramethylene oxide)/toluene diisocyanate-based polyurethane.

cyclic strain is applied and the temperature is slowly increased
(typically at 2—3°/min). If the strain is a sinusoidal function
of time given by:

e(<u) = e0 sin(<ut), (7)

where s is the time-dependent strain, s0 is the strain amplitude,
co is the frequency of oscillation, and t is time, the resulting
stress can be expressed by:

o-(tu) =o-0sin(o»t + S), (8)

where cr is the time-dependent stress, cr0 is the amplitude of
stress response, and 8 is the phase angle between stress and
strain. For Hookean solids, the stress and strain are completely
in phase (8 = 0), while for purely viscous liquids, the stress
response lags by 90°. Real materials demonstrate viscoelastic
behavior where 8 has a value between 0° and 90°.

A typical plot of tan 8 versus temperature will display max-
ima at Tg and at lower temperatures where small-scale motions
(secondary relaxations) can occur. Additional peaks above Tg,
corresponding to motions in the crystalline phase and melting,
are seen in semicrystalline materials. DMA is a sensitive tool
for characterizing polymers of similar chemical composition or
for detecting the presence of moderate quantities of additives.

Differential scanning calorimetry is another method for
probing thermal transitions of polymers. A sample cell and a
reference cell are supplied energy at varying rates so that the
temperatures of the two cells remain equal. The temperature
is increased, typically at a rate of 10—20°/mm over the range
of interest, and the energy input required to maintain equality
of temperature in the two cells is recorded. Plots of energy
supplied versus average temperature allow determination of

Tg, crystallization temperature (Tc), and Tm. Tg is taken as the
temperature at which one half the change in heat capacity,
AQ?, has occurred. The Tc and Tm are easily identified, as
shown in Fig. 12. The areas under the peaks can be quantita-
tively related to enthalpic changes.

Surface Characterization

Surface characteristics of polymers for biomedical applica-
tions are critically important. The surface composition is inevi-

F1G. 12. Differential scanning calorimetry thermogram of a semicrystal-
line polymer.
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Ear & ear parts: acrylic, polyethylene, silicone, poly(vinyt chloride) (PVC)
Dentures: acrylic, ultrahigh molecular weight polyethylene (UHMWPE), epoxy
Facial prosthesis: acrylic, PVC, polyurethane (PUR)
Trachea! tubes: acrylic, silicone, nylon
Heart & heart components: polyester, silicone, PVC
Heart pacemaker: polyethylene, acetal
Lung, kidney & liver parts: polyester, polyaldehyde, PVC
Esophagus segments: polyethylene, polypropylene (PP), PVC
Blood vessels: PVC, polyester
Biodegradable sutures: PUR
Gastrointestinal segments: silicones, PVC, nylon
Finger joints: silicone, UHMWPE
Bones & joints: acrylic, nylon, silicone, PUR, PP, UHMWPE
Knee joints: polyethylene

FIG. 13. Common clinical applications and types of polymers used in medicine.
(From D. V. Rosato, in Biocompatible Polymers, Metals, and Composites, M. Szycher,
ed., Technomic Publ., 1983, p. 1022, with permission.)

tably different from the bulk, and the surface of the material Poly(methyl methacrylate) (PMMA) is a hydrophobic, lin-
is generally all that is contacted by the body. The main surface ear chain polymer that is glassy at room temperature and may
characterization techniques for polymers are X-ray photoelec- be more easily recognized by such trade names as Lucite or
tron spectroscopy (XPS), contact angle measurements, attenu- Plexiglas. It has very good light transmittance, toughness, and
ated total reflectance Fourier transform infrared (ATR-FTIR) stability, making it a good material for intraocular lenses and
spectroscopy, and scanning electron microscopy (SEM). The hard contact lenses.
techniques are discussed in detail in Chapter 1.3. Soft contact lenses are made from the same family of poly-

mers, with the addition of a —CH2OH group to the methyl
methacrylate side group, resulting in 2-hydroxyethyl methacry-
late (HEMA). The additional methylol group causes the poly-

CLASSES Of POLYMERS USED IN MEDICINE mer to be hydrophilic. For soft contact lenses the poly(HEMA)
is slightly cross-linked with ethylene glycol dimetnyacrylate
(EGDM) to prevent the polymer from dissolving when it is

Many types of polymers are used for biomedical purposes. hydrated (Rodriguez, 1982). Fully hydrated, it is a swollen
Figure 13 illustrates the variety of clinical applications for hydrogel. This class of polymers is discussed in more detail in
polymeric biomaterials. This section discusses some of the poly- Chanter 2 4

mers used in medicine. Polyethylene (PE) is used in its high-density form in biomedi-
cal applications because low-density material cannot withstand
sterilization temperatures. It is used in tubing for drains and

Homooolvmers catheters, and in very high-molecular-weight form as the ace-
tabular component in artificial hips. The material has good

Homopolymers are composed of a single type of monomer. toughness, resistance to fats and oils, and a relatively low cost.
Figure 14 shows the repeat units of many of the homopolymers Polypropylene (PP) is closely related to PE and has high
used in medicine. rigidity, good chemical resistance, and good tensile strength.
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FIG. 14. Homopolyniers used in medicine.
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FIG. 1 5. Copolymers and their base monomers used in medicine.

Its stress cracking resistance is superior to that of PE, and it carbonate, a clear, tough material. Its high impact strength
is used for many of the same applications as PE. dictates its use as lenses for eyeglasses and safety glasses, and

Poly(tetrafluoroethylene) (PTFE), also known as Teflon, has housings for oxygenators and heart-lung bypass machine,
the same structure as PE, except that the hydrogen in PE is Nylon is the name given by Du Pont to a family of polyam-
replaced by fluorine. PTFE is a very stable polymer, both ther- ides. Nylons are formed by the reaction of diamines with diba-
mally and chemically, and as a result it is very difficult to sic acids or by the ring opening polymerization of lactams.
process. It is very hydrophobic and has excellent lubricity. In Nylons are used in surgical sutures,
microporous (Gore-Tex) form, it is used in vascular grafts.

Poly(vinyl chloride) (PVC) is used mainly in tubing in bio-
medical applications. Typical tubing uses include blood trans- CoDOtvtlters
fusion, feeding, and dialysis. Pure PVC is a hard, brittle mate-
rial, but with the addition of plasticizers, it can be made flexible Copolymers are another important class of biomedical ma-
and soft. PVC can pose problems for long-term applications terials. Fig. 15 shows two different copolymers used in medi-
because the plasticizers can be extracted by the body. While cine. Poly(glycolide lactide) (PGL) is a random copolymer used
these plasticizers have low toxicities, their loss makes the PVC in resorbable surgical sutures. PGL polymerization occurs via
less flexible. a ring-opening reaction of a glycolide and a lactide, as illus-

Poly(dimethyl siloxane) (PDMS) is an extremely versatile trated in Fig. 15. The presence of ester linkages in the polymer
polymer. It is unique in that it has a silicon-oxygen backbone backbone allows gradual hydrolytic degradation (resorption).
instead of a carbon backbone. Its properties are less tempera- In contrast to the natural resorbable suture material poly(gly-
ture sensitive than other rubbers because of its lower Tg. PDMS colic acid), or catgut, a homopolymer, the PGL copolymer
is used in catheter and drainage tubing, in insulation for pace- retains more of its strength over the first 14 days after implanta-
maker leads, and as a component in some vascular graft sys- tion (Chu, 1983).
terns. It is used in membrane oxygenators because of its high A copolymer of tetrafluoroethylene and hexafluoropropy-
oxygen perrnability. Because of its excellent flexibility and sta- lene (FEP) is used in many applications similar to those of
bility, it is also used in a variety of prostheses such as finger PTFE. FEP has a crystalline melting point near 265°C compared
joints, blood vessels, heart valves, breast implants, outer ears, with 327°C for PTFE. This enhances the processibility of FEP
and chin and nose implants (Rosato, 1983). compared with PTFE while maintaining the excellent chemical

Polymerization of bisphenol A and phosgene produces poly- inertness and low friction characteristic of PTFE.
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Poiyurethanes are block copolymers containing "hard" and van der Waals interactions between chains (Peppas, 1987),
"soft" blocks. The "hard" blocks, having Tgs above room Hydrogels have received significant attention, especially in the
temperature and acting as glassy or semicrystalline reinforcing past 30 years, because of their exceptional promise in hiomedi-
blocks, are composed of a diisocyanate and a chain extender, cal applications. The classic book by Andrade (1976) offers
The diisocyanates most commonly used are 2,4-toluene diiso- some of the best work that was available prior to 1975. The
cyanate (TD1) and methylene di(4-phenyl isocyanate) (MDI), more recent book by Peppas (1987) addresses the preparation,
with MDI being used in most biomaterials. The chain extenders structure, and characterization of hydrogeis. In this chapter,
are usually shorter aliphatic glycol or diamine materials with we concentrate on some features of the preparation of hydro-
2-6 carbon atoms. The "soft" blocks in polyurethanes are gels, as well as characteristics of their structure and chemical
typically polyether or polyester polyols whose Tgs are much and physical properties,
less than room temperature, allowing them to give a rubbery
character to the materials. Polyether polyols are more com-
monly used for implantable devices because they are stable to
hydrolysis. The polyol molecular weights tend to be on the CLASSIFICATION AND BASIC STRUCTURE
order of 1000 to 2000.

Polyurethanes are tough elastomers with good fatigue and T T . . . . .r . , . . ..
i i j - T~L j • i i j Hydrogeis may be classified in several ways, depending onblood-corttaining properties. I hey are used in pacemaker lead . . ' . , ' . . . . , . ,

, . , c , . , ,, , their method of preparation, ionic charge, or physical structureinsulation, vascular grafts, heart assist balloon pumps, and , _, , , \ i /• • i
.r . i i LI j j features. Based on the method of preparation, they are (1)artificial heart bladders. . . . . . . ... , r r ' / ; .

homopolymer hydrogeis, (2) copolymer hydrogeis, (3) multi-
polymer hydrogeis, and (4) interpenetrating polymeric hydro-

BiblloeraDhv ge\$. Homopolymer hydrogeis are cross-linked networks of
one type of hydrophilic monomer unit, whereas copolymer

Billmeyer, F. W., Jr. (1984). Textbook of Polymer Science, 3rd ed. hydrogeis are produced by cross-linking of two comonomer
Wiley-Interscience, New York. units, one of which must be hydrophilic. Multipolymer hydro-

Bovey, F. A., and Winslow, F. H. (1979). Macromolecules: An Intro- gels are produced from three or more comonomers reacting
duction to Polymer Science. Academic Press, Orlando, FL. together. Finally, interpenetrating polymeric hydrogeis are pro-

Chu,C.C.(1983).Surveyofciimcallyimportantwoundclosurebioma- duced b swdli fl fir§t n£twork m a monomer and reactl

terials, in Biocompatible Polymers, Metals, and Composites, M. , , r , . , . ,
P , j -r i • n LI r n* ATT rt-> t"6 latter to form a second intermeshmg network structure.Szycher, ed. lechnomic Publ., Lancaster, PA, pp. 477-523. « i . • • • i 11 f i i •/- i

Hory.PJ. (1953). Prtm^teo^Pofy^awmsfry. Cornell University Based °n theu" 1OI11C char8es> Mrogels may be classified
Press London. (Ratner and Hoffman, 1976) as (1) neutral hydrogeis, (2) an-

Lelah, M. D., and Cooper, S. L. (1986). Polyurethanes in Medicine. ionic hydrogeis, (3) cationic hydrogeis, and (4) ampholytic
CRC Press, Boca Raton, FL. hydrogeis. Based on physical structural features of the system,

Mandelkerti, L. (1983). An Introduction to Macromolecules. Springer- they can be classified as (1) amorphous hydrogeis, (2) semicrys-
Verlag, New York. talline hydrogeis, and (3) hydrogen-bonded structures. In

Rodriguez, F.(l 982). Principles of Polymer Systems, 2nd ed.McGraw- amorphous hydrogeis, the macromolecular chains are ran-
Hill, New York. dornly arranged, whereas semicrystalline hydrogeis are charac-

Rosato, D. V. (1983). Polymers, processes and properties of medical tedzed by deme regions of ordered macromolecular chains
plastics: including markets and applications, m Biocompatible (crystallites). Often, hydrogen bonds may be responsible for
Polymers, Metals, and Composites, M. Szycher, ed. Technomic the three-dimensional structure formed.
PubL, Lancaster, PA , pp . 1019-1067. c. r i . - r u j i i k ^ - j i »

„ n o 1 ^ 1 -- ^ r / i Q o o N n ; ^i Structural evaluation of hydrogeis reveals that ideal net-
Seymour, R . B., a n d Carraker, C . f c . J r . (1988). Polymer Chemistry: , , 1 1 j r - i i . - j i

. ' j . _ , j ,., i rv 11 XT v r works are only rarely observed, rigure la shows an ideal mac-An Introduction, 2nd ed. Marcel Dekker, New York. , , ' , ,, , ,. ° . .. , . ,
c r T u /IOQS\ j t j *• * T>L • i D i c romolecular network (hydrogel) indicating tetratunctionalSperling, L. H. (1986). Introduction to Physical Polymer Science. .. . ,. . ^ v J. &. / , ° , T T

Wiley-Interscience New York cross-links (junctions) produced by covalent bonds. However,
Stokes, K., and Chem. B. (1984). Environmental stress cracking in the Possibility exists of multifunctional junctions (Fig. Ib) or

implanted polyether polyurethanes, in Polyurethanes in Biomedical physical molecular entanglements (Fig. 1 c) playing the role of
Engineering, H. Planck, G. Engbers, and I. Syre, eds. Elsevier, Am- semipermanent junctions. Hydrogeis with molecular defects
sterdam. are always possible. Figures Id and le indicate two such effects:

unreacted functionalities with partial entanglements (Fig. Id)
and chain loops (Fig. le). Neither of these effects contributes
to the mechanical or physical properties of a polymer network.

The terms "junction" and "cross-link" (an open circle sym-
bol in Fig. Id) indicate the connection points of several chains.

•% m mm This junction may be ideally a carbon atom, but it is usually
£,•** FlYPKCKjlLb a smaii chemical bridge [e.g., an acetal bridge in the case of

Nikolaos A. Peppas poly(vinyl alcohol)] of molecular weight much smaller than
that of the cross-linked polymer chains. In other situations, a

Hydrogeis are water-swollen, cross-linked polymeric struc- junction may be an association of macromolecular chains
tures produced by the simple reaction of one or more monomers caused by van der Waals forces, as in the case of the glycopro-
or by association bonds such as hydrogen bonds and strong teinic network structure of natural mucus, or an aggregate
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FIG. 1. (A) Ideal macromolecular network of a hydrogel. (B) Network with multifunctional junctions. (C) Physical entangle-
ments in a hydrogel. (D) Unreacted functionality in a hydrogel. (E) Chain loops in a hydrogel.
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FIG. 2. (A) Swelling of a network prepared by cross-linking in dry state. (B) Swelling of a network prepared by cross-linking
in solution.

formed by hydrogen bonds, as in the case of aged microgels thermodynaniic quantities related to that mixing process
formed in polymer solutions. (Flory, 1953).

Finally, the structure may include effective junctions that This thermodynaniic swelling force is counterbalanced by
can be either simple, physical entanglements of permanent or the retractive force of the cross-linked structure. The latter is
semipermanent nature, or ordered chains forming crystallites. usually described by the Flory rubber elasticity theory and its
Thus, the junctions should never be considered as a "volumeless variations (Flory, 1953). Equilibrium is attained in a particular
point," the usual depiction applied when developing structural solvent at a particular temperature when the two forces become
models for analysis of the cross-linked structure of hydrogels equal. The volume degree of swelling, Q (i.e., the ratio of the
(Flory, 1953). actual volume of a sample in the swollen state divided by its

volume in the dry state) can then be determined.
Several researchers working with hydrogels, especially for

rKtr/VKAIIvJlN biomedical applications, prefer to use other parameters to de-
fine the equilibrium swelling behavior. For example, Yasuda

Hydrogels are prepared by swelling cross-linked structures et al. (1969) propagated the use of the so-called hydration
in water or biological fluids containing large amounts of water. ratio, H, which has been accepted by those researchers who
In many situations, the water may be present during the initial use hydrogels for contact lenses. Another definition is that of
formation of the cross-linked structure. There are many meth- the weight degree of swelling, q, which is the ratio of the weight
ods of preparing cross-linked hydrogels, such as irradiative of the swollen sample over that of the dry sample (Flory, 1953).
cross-linking and chemical reactions. In general, highly swollen hydrogels are those of cellulose

Radiation reactions (Chapiro, 1962) utilize electron beams, derivatives, poly(vinyl alcohol), poly(N-vinyl 2-pyrrolidone)
gamma-rays, X-rays, or ultraviolet light to excite a polymer (PNVP), and polyethylene glycol), among others. Moderately
and produce a cross-linked structure. Chemical cross-linking and poorly swollen hydrogels are those of poly(hydroxyethyi
requires the use of at least one difunctional, small-molecular- methacrylate) (PHEMA) and many of its derivatives. Of course,
weight, cross-linking agent. This agent usually links two longer one may copolymerize a basic hydrophilic monomer with other
molecular weight chains through its di- or multifunctional more or less hydrophilic monomers to achieve desired swell -
groups. The second method is a copolymerization—cross-link- ing properties.
ing reaction between one or more abundant monomers and Such processes have led to a wide range of swellable hydro-
one multifunctional monomer that is present in very small gels, as Gregonis et al. (1976), Peppas (1987), and others have
quantities. A third variation of these techniques involves using pointed out. Knowledge of the swelling characteristics of a
a combination of monomer and linear polymeric chains that polymer is of utmost importance in biomedical and pharmaceu-
are cross-linked by means of an interlinking agent, as in the tical applications since the equilibrium degree of swelling in-
production of polyurethanes. fluences (1) the solute diffusion coefficient through these hydro-

gels, (2) the surface properties and surface mobility, (3) the
CIA/EI i iiuf BEUAi/irfcD optical properties, especially in relation to contact lens applica-
SWELLING BEHAVIOR tionS5 and (4) thg mechamcal prOperties.

An integral part of the physical behavior of hydrogels is
their swelling behavior in water, since upon preparation they
must be brought in contact with water to yield the final, sol- DETERMINATION Of STRUCTURAL
vated network structure. Figure 2 shows one of the two possible CHARACTERISTICS
processes of swelling. A dry, hydrophilic cross-linked network
is placed in water. Then, the macromolecular chains interact The parameter that describes the basic structure of the hy-
with the solvent molecules owing to the relatively good thermo- drogel is the molecular weight between cross-links, Mc, as
dynamic compatibility. Thus, the network expands to the sol- shown in Figure la. This parameter defines the average molecu-
vated state. The Flory-Huggins theory can be used to calculate lar size between two consecutive junctions regardless of the
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nature of those junctions. Additional parameters of importance
in structural analysis of hydrogels are the cross-linking density,
px, which is defined by Eq. 1, and the effective number of
cross-links, i>,, per original chain (Eq. 2).

In these equations, v is the specific volume of the polymer (i.e.,
the reciprocal of the amorphous density of the polymer), and
Mn is the initial molecular weight of the uncross-linked
polymer.

PROPERTIES Of SOME BIOMEDICALLY AND
PHARMACEUTICALLY IMPORTANT HYDROGELS

The multitude of hydrogels available leaves numerous
choices for polymeric formulations. The best approach for
developing a hydrogel with the desired characteristics is to
correlate the macromolecular structures of the polymers avail-
able with the swelling and mechanical characteristics desired.

The most widely used hydrogel is water-swollen, cross-
linked PHEMA, which was introduced as a biological material
by Wichterle and Lim (1960). The PHEMA structure permits
a water content similar to living tissue. The hydrogel is inert to
normal biological processes, shows resistance to degradation, is
permeable to metabolites, is not absorbed by the body, with-
stands heat sterilization without damage, and can be prepared
in a variety of shapes and forms.

The swelling, mechanical, diffusional, and biomedicai char-
acteristics of PHEMA gels have been studied extensively. The
properties of these hydrogels are dependent upon their method
of preparation, polymer volume fraction, degree of cross-link-
ing, temperature, and swelling agent.

Other hydrogels of biomedicai interest include polyacryl-
amides. Tanaka (1979) has done extensive studies on the
abrupt swelling and deswelling of partially hydrolyzed acryl-
amide gels with changes in swelling agent composition, curing
time, degree of cross-linking, degree of hydrolysis, and temper-
ature. These studies have shown that the ionic groups produced
in an acrylamide gel upon hydrolysis give the gel a structure
that shows a discrete transition in equilibrium swollen volume
with environmental changes.

Discontinuous swelling in partially hydrolyzed polyacryl-
amide gels has been studied by Gehrke et al. (1986). They have
utilized polyacrylamide gels in gel extraction processes as a
method of concentrating dilute aqueous solutions. The solution
to be concentrated is added to a small, unswollen gel particle.
These gels then swell in water, often up to six times their
original weight. The concentrated solution is then withdrawn
from around the gel. Acid is added to shrink the gel and release
the water; the gel particles are removed and treated with base;
and the process is repeated. These gels may be used repeatedly
for the same extraction process.

Besides HEMA and acrylamides, N-vinyl-2-pyrrolidone

(NVP), methacrylic acid (MAA), methyl methacrylate (MMA),
and maleic anhydride (MAH) have all been proven useful as
monomers for hydrogels in biomedicai applications. For in-
stance, PNVP is used in soft contact lenses. Small amounts of
MAA as a comonomer have been shown to dramatically in-
crease the swelling of PHEMA polymers. Owing to the hydro-
phobic nature of MMA, copolymers of MMA and HEMA
have a lower degree of swelling then pure PHEMA (Brannon-
Peppas and Peppas, 1991). All of these materials have potential
use in advanced technology applications, including biomedicai
separations, and biomedicai and pharmaceutical devices.

APPLICATIONS

The physical properties of hydrogels make them attractive
for a variety of biomedicai and pharmaceutical applications.
Their biocompatibility allows them to be considered for medi-
cal applications, whereas their hydrophilicity can impart desir-
able release characteristics to controlled and sustained re-
lease formulations.

Hydrogels exhibit properties that make them desirable can-
didates for biocompatible and blood-compatible biomaterials
(Merrill et al., 1987). Nonionic hydrogels for blood contact
applications have been prepared from poly(vinyl alcohol), poly-
acrylamides, PNVP, PHEMA, and poly(ethylene oxide). Hepa-
rinized polymer hydrogels also show promise as materials for
blood-compatible applications (Sefton, 1987).

One of the earliest biomedicai applications of hydrogels
was in contact lenses (Tighe 1976; Peppas and Yang, 1981)
because of their relatively good mechanical stability, favorable
refractive index, and high oxygen permeability.

Other applications of hydrogels include (Peppas, 1987) arti-
ficial tendon materials, wound-healing bioadhesives, artificial
kidney membranes, articular cartilage, artificial skin, maxillo-
facial and sexual organ reconstruction materials, and vocal
cord replacement materials.

Pharmaceutical hydrogel applications have become very
popular in recent years. Pharmaceutical hydrogel systems can
be classified into various types. The category of equilibrium-
swollen hydrogels includes matrices that have a drug incorpo-
rated in them and are swollen to equilibrium. The category of
solvent-activated, matrix-type, controlled-release devices com-
prises two important types of systems: swellabie and swelling-
controlled devices. In general, a system prepared by incorporat-
ing a drug into a hydrophilic, glassy polymer can be swollen
when brought in contact with water or a simulant of biological
fluids. This swelling process may or may not be the controlling
mechanism for diffusional release, depending on the magnitude
of the macromolecular relaxation of the polymer.

In swelling-controlled release systems, the bioactive agent
is dispersed into the polymer to form nonporous films, disks,
or spheres. Upon contact with an aqueous dissolution medium,
a distinct front (interface) is observed that corresponds to the
water penetration front into the polymer and separates the
glassy from the rubbery (gel-like) state of the material. Under
these conditions, the macromolecular relaxations of the poly-
mer influence the diffusion mechanism of the drug through
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the rubbery state. This water uptake can lead to considerable Ratner, B. D., and Hoffman, A. S. (1976). Synthetic hydrogels
swelling of the polymer with a thickness that depends on time. for biomedical applications, in Hydrogels for Medical and
The swelling process proceeds toward equilibrium at a rate Related Applications, J. D. Andrade, ACS Symposium Series,
determined by the water activity in the system and the structure Amencan Chermcal Society, Washington, DC, Vol. 31, pp.

of the polymer. If the polymer is cross-linked or of sufficiently M y g HeParmized hydrogels. m Hydrogels in Medtane
high molecular weight (so that chain entanglements can mam- and Pharmac% N. A peppaSj ed CRC Press> Boca Raton5 FL? VoL

tain structural integrity), the equilibrium state is a water-swol- 3^ 17-52.
len gel. The equilibrium water content of such hydrogels can Tanaka, T. (1979). Phase transitions in gels and a single polymer.
vary up to more than 90%. If the dry hydrogel contains a Polymer 20: 1404-1412.
water-soluble drug, the drug is essentially immobile in the Tighe, B. J. (1976). The design of polymers for contact lens applica-
glassy matrix, but begins to diffuse out as the polymer swells tions. Brit. Polym. J. 8: 71-90.
with water. Drug release thus depends on two simultaneous Wichterle, O., and Lira, D. (1960). Hydrophilic gels for biological use.
rate processes: water migration into the device and drug diffu- Nature 185: 11 / -118.

^ i . i . M i c - _ «. ^ i Yasuda, H., Peterlin, A., Colton, C. K., Smith, K. A., and Merrill,sion outward through the swollen gel. Since some water uptake ' . ' 0. ' ' ... ' ' ' . ,' , . '
, , i j L i J L - - - I I L E. W. (1969). Permeability of solutes through hydrated polymermust occur before the drug can be released, the initial burst , ' _, . , , , , , °, , . . /,. ,

. . . . . , , . membranes. 111. 1 neoretical background tor the selectivity or dial-
effect frequently observed in matrix devices is moderated, al- ysis membranes- MakromoL chemte 126: 177-186.
though it may still be present. 1he continued swelling of the Yoshio5 N Hirohito, N., and Matsuhiko, M. (1986). Properties
matrix causes the drug to diffuse increasingly easily, ameliorat- Of swelling and shrinking. /. Chem. Eng. Japan 19: 274-
ing the slow tailing off of the release curve. The net effect of 280.
the swelling process is to prolong and linearize the release
curve. Additional discussion of controlled release systems for
drug delivery can be found in Chapter 7.8. 2.5 BlORESORBABLE AND

Details of these experimental techniques have been pre- Rir«;i»r%rfciiM c MATCDIAIC
sented by Korsmeyer and Peppas (1981) for poly(vinyl alchol) BIOERODIBLE MATERIALS
systems, and by Peppas (1981) for PHEMA systems and Joachim Kohn and Robert Langer

their copolymers.
TYPES OF IMPLANTS
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able implants: the temporary scaffold, the temporary barrier, ery systems is probably the most widely investigated applica-
the drug delivery device, and the multifunctional implant. tion of degradable polymers. One can expect that the future

acceptance of implantable drug delivery devices by physicians
and patients alike will depend on the availability of degradable

ine Temporary Sea/fold systems that do not have to be explanted surgically.

The use of a temporary scaffold can be envisioned in those In *n attempt to shorten the regulatory process, Poly(lactic
circumstances where the natural tissue bed has been weakened acid>and poly(glycohc acid) are often considered first, although
by disease, injury, or surgery and requires some artificial sup- a wlde ran8e of °*« polymers have been explored. Several
port. A healing wound, a broken bone, or a damaged blood implanted, controlled-release formulations based on degrad-
vessel are examples of such situations. Sutures, bone fixation able polymers are undergoing advanced clinical trials. Particu-
devkes (e.g., bone nails, screws, or plates), and vascular grafts larly noteworthy is an intracranial polyanhydride device used
would be examples of the corresponding support devices. In for administering a chemotherapeutic agent to patients suffer-
all of these instances, the degradable implant would provide mg from ghoblastoma multiformae, a usually lethal form of
temporary, mechanical support until the natural tissue healed brain cancer,
and regained its strength. In order for a temporary scaffold to
work properly, a gradual stress transfer should occur: as the
natural tissue heals, the degradable implant should gradually Multifunctional Devices
weaken. T h e need t o adjust t h e degradation rate o f t h e tempo- „ . , , . . 1 1

r, , , , , ,. , , ,. . Over the past tew years, there has been a trend towardrary scaffold to the healing of the surrounding tissue represents . . , , . . ', ' , , , j 11 , .
f , • i n • i j • r increasingly sophisticated applications for degradable biomate-one of the major challenges in the design of a temporary . . I T ,, , ,. . . . , . . ,

,, , , rials. Usually these applications envision the combination of
« " , , r i i £ several functions within the same device (hence the nameCurrently, sutures represent the most successful example of „ . ., . , , . „, , . , . fft , , . , . , j- • T-I multifunctional devices ) and require the design of custom-a temporary scaffold-type implant in human medicine. The . • i • i /• i • i

r i • i J L ? j r i / i i - made materials with a narrow range or predetermined proper-first synthetic, degradable sutures were made of polyiglycohc . „ . , .. .... f,.
r, i 1 1 i -i

• J \ / W > A \ j u - i i - i j u j r\ ties, tor example, the availability of biodegradable bone nailsacid) (PGA) and became available under the trade name Dexon .. , ,- • /• , , 1 , 1 - • u
• -ir™ T-L j L c • c j j ui and bone screws made or ultrahigh-strength poly(lactic acid)in 1970. This represented the first routine use of a degradable . ..... , , - . , ? - ,

, . . i- • i i - • /c j 7- u • opens the possibility of combining the mechanical supportpolymer in a maior clinical application (rrazza and Schmitt, ,r . f. . ! .„ . P.. , . . ,rr.
.n4i\ r i £ n/^A j i /i *• - j \ /m A \ function with a site-specific drug delivery function: A biode-1971). Later copolymers of PGA and poly (lactic acid) (PLA) , .. . .. . r . .. . & .. ' . . .

, , , ~Y . , , , ,T. , £ , gradable bone nail that holds the fractured bone in place can
were developed. The widely used Vicryl suture, for example, . . i • i i i <- i • i

Ort iA i m / ^ A / T i T A • * A j • * _L i ^ simultaneously stimulate the growth of new bone tissue at theis a 90:10 copolymer of PGA/PLA, introduced into the market , .7 . . . 6. . , ,
m~,A c j r i j- /nr\c\ u -i fracture site by slowly releasing bone growth factors (e.g.,in 1974. Sutures made of polydioxanone (PDS) became avail- . . J . ' . & , r . , 2

u i • i r r • j c • ino- i T • i • L bone morphogemc protein or transforming growth factor-p)able in t h e United States in 1981. I n spite of extensive research . , - 1 1 -
f, , , . , i j , 1 i throughout its degradation process,

efforts in many laboratories, no other degradable polymers are T,.° . , . , , , , , . ,
, , • -c ^u c i • c Likewise, biodegradable stents tor implantation into coro-currently used to any significant extent in the formulation or . . . . ^. r . . .

, , i - nary arteries are being investigated. I he stents are designed to
mechanically prevent the collapse and restenosis (reblocking)
of arteries that have been opened by balloon angioplasty, Ulti-

The Temporary Barrier mately, the stents could deliver an anti-inflammatory or anti-
thrombogenic agent directly to the site of vascular injury.

The major medical application of a temporary barrier is in Again, it might be possible to combine a mechanical support
adhesion prevention. Surgical adhesions between two tissue function with site-specific drug delivery,
sections are caused by clotting of blood in the extravascular
tissue space, which is followed by inflammation and fibrosis.
If this natural healing process occurs between surfaces that
were not meant to bond together, the resulting adhesion can DEFINITIONS
cause pain, functional impairment, and problems during subse-
quent surgery. Adhesions are a common problem after cardiac, Currently four different terms (biodegradation, bioerosion,
spinal, and tendon surgery. A temporary barrier could take bioabsorption, and bioresorption) are being used to indicate
the form of a thin polymeric film or a meshlike device that that a given material Qf devke will eventually disappear after

would be placed between adhesion-prone tissues at the time bemg introduced into a living organism. However, when re-
of surgery. Artificial skin for the treatment of burns and other yiewing Ae literature) no clear distinctions in the meaning of
skin lesions is another widely investigated application for tern- these ff)ur terms are eyident Likewise) the meaning of the

porary barrier-type devices. prefix t<bio>, ig not wdl established5 leading to the often inter.

changeable use of the terms "degradation" and "biodegrada-
The Drug Delivery Device tion," or "erosion" and "bioerosion." Although efforts have

been made to establish generally applicable and widely ac-
Since implantable drug delivery devices are by necessity cepted definitions for all aspects of biomaterials research (Wil-

temporary devices, the development of implantable drug deliv- liams, 1987), there is still significant confusion even between
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experienced researchers in the field as to the correct terminol- a very small fraction of those polymers. An even smaller num-
ogy for various degradation processes. her of synthetic, degradable polymers has so far been approved

[n the context of this chapter, we follow the usage suggested by the U.S. Food and Drug Administration (FDA) for use in
by the Consensus Conference of the European Society for Bio- clinical studies involving humans, and only three synthetic,
materials (Williams, 1987} and refer to "biodegradation" only degradable polymers (PLA, PGA, and PDS) are used routinely
when we wish to emphasize that a biological agent (enzyme or for a narrow range of applications in human medicine,
microbe) is a dominant component in the degradation process. Recent research has led to a number of well-established
Consequently, the degradation of poly(lactic acid) to lactic investigational polymers that may find practical applications
acid should not be described as "biodegradation" since this as degradable implants within the next decade. Representative
degradation process is caused by hydrolytic cleavage of the examples of these polymers are described in the following
polymer backbone, with little or no evidence for the active paragraphs. In addition, structural formulas (Fig. 1) and irn-
participation of enzymes. In correspondence with Heller's sug- portant mechanical properties (Table 2} are provided. It is
gestion (Heller, 1987), we define a "bioerodible polymer" as interesting that a large proportion of the currently investigated,
a water-insoluble polymer that is converted under physiological degradable polymers are polyesters. It remains to be seen
conditions into water-soluble material(s) without regard to the whether some of the alternative backbone structures such as
specific mechanism involved in the erosion process. "Bioero- polyanhydrides, polyphosphazenes, polyphosphonates, poly-
sion" includes therefore both physical processes (such as disso- amides, or polyiminocarbonates will be able to challenge the
lution) and chemical processes (such as backbone cleavage). dominant position of the polyesters in the future.
Here the prefix "bio" indicates that the erosion occurs under
physiological conditons, as opposed to other erosion processes,
caused, for example, by high temperature, strong acids or bases, Potyhydroxybuiyrate (PHR),
IN light or weather conditions. The terms "bioresorption" Potyhydroxyvalente (PHV), anil Copotymers
and "bioabsorption" are used interchangeably and often imply _, . , ... . ,., , , ,

» i i • i j • j j u These polymers are examples or bioerodible polyesters thatthat the polymer or its degradation products are removed by , . r, ' . . __._ . . .
„ , . . , , . , . , • , . , . are derived from microorganisms. PHB and its copolymerscellular activity (e.g., phagocytosis) in a biological environ- . , ,nn. ., . . ° , . . , • n

-T-, ' L a j L with up to 30% or 3-hydroxyvaleric acid are now commerciallyment. Ihese terms are somewhat superfluous and have not .. , . . , , „. , ~TTr, , ^r^r
i i i i c j available under the trade name Biopol. PHB and PHV arebeen clearly defined.

intracellular storage polymers that provide a reserve of carbon
and energy. The polymers can be degraded by soil bacteria
but are relatively stable in ambient conditions. The rate of

CURRENTLY AVAILABLE DEGRADABLE POLYMERS degradation can be controlled by varying the copolymer com-
position. In vivo, PHB degrades to D-3-hydroxybutyric acid,

From the beginning of the material sciences, the develop- which is a normai constituent of human blood. The low toxicity
ment of highly stable materials has been a major research of PHB ma? be at least Partly due to thls fact-
challenge. Today, many polymers are available that are virtu- PHB homopolymer is very crystalline and brittle while the
ally nondestructible in biological systems, e.g., Teflon, Kevlar, copolymers of PHB with hydroxyvalenc acid are less crystal-
or poly(ether~ether ketone). On the other hand, the develop- lme' more flexible and more readil,y Possible. The polymers
ment of degradable biomaterials 1S a relatively new area of have been considered in several komedical applications such
research. The variety of available, degradable biomaterials is as controlled drug release, sutures, and artificial skin, as well
still too limited to cover a wide enough range of diverse material as industrial applications such as paramedical disposables,
properties. Thus, the design and synthesis of new, degradable
biomaterials is an important research challenge.

Degradable materials must fulfill more stringent require- OiycapfOiacro e
ments in terms of their biocompatibility than nondegradable Polycaprolactone became available commercially following
materials. In addition to the potential problem of toxic contam- efforts at Union Carbide to identify synthetic polymers that
inants leaching from the implant (residual monomers, stabiliz- coujd be degraded by microorganisms. It is a semicrystalline
ers, polymerizaton initiators, emulsifiers, etc.), one must also polymer. The high solubility of polycaprolactone, its low melt-
consider the potential toxicity of the degradation products ing point (59_64°C) and exceptional ability to form blends
and subsequent metabolites. The practical consequence of this has stimulated research on its application as a biornaterial.
consideration is that only a limited number of nontoxic, mono- Polycaprolactone degrades at a slower pace than PLA and can
meric starting materials have been successfully used to prepare therefore be used in drug delivery devices that remain active
degradable biomaterials. for over a year. The release characteristics of polycaprolactone

Over the past decade, dozens of hydrolytically unstable have been investigated in detail by Put and his co-workers,
polymers have been suggested as degradable biomaterials; The Capronor system, a 1-year implantable contraceptive de-
however, in most cases no attempts have been made to develop vice (Pitt, 1990), has undergone Phase I and Phase II clinical
these new materials for specific medical applications. Thus, trials in the United States and may become commercially avail-
detailed toxicological studies in vivo, investigations of degrada- able in Europe in the near future. The toxicology of polycapro-
tion rate and mechanism, and careful evaluations of the physi- lactone has been extensively studied as part of the evaluation
comechanical properties have so far been published for only of Capronor. Based on a large number of tests, e-caprolactone
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Poly(SA-HDA anhydride)

FIG. 1. Chemical structures of the degradable polymers listed in Table 2.

and polycaprolactone are currently regarded as nontoxic and eral years. Thus aliphatic-aromatic copolymers, having inter-
tissue-compatible materials. In Europe, polycaprolactone is al- mediate rates of degradation are usually employed,
ready in clinical use as a degradable staple (for wound closure), Polyanhydrides are among the most reactive and hydrolyti-
and it stands to reason that polycaprolactone, or blends and cally unstable polymers currently used as biomaterials. The
copolymers containing polycaprolactone, will find additional high chemical reactivity is both an advantage and a limitation
medical applications in the future. of polyanhydrides. Because of their high rate of degradation,

many polyanhydrides degrade by surface erosion without the
need to incorporate various catalysts or excipients into the

Polvanhvdrides device formulation. On the other hand, polyanhydrides will
react with drugs containing free amino groups or other nucleo-

Polyanhydrides were explored as possible substitutes for philic functionalities, especially during high-temperature pro-
polyesters in textile applications but ultimately failed owing cessing. The potential reactivity of the polymer matrix toward
to their pronounced hydrolytic instability (Conix, 1958). It nucleophiles limits the types of drugs that can be successfully
was this property that prompted Langer and his co-workers incorporated into a polyanhydride matrix by melt process-
to explore polyanhydrides as degradable implant materials ing techniques.
{Domb et at., 1988). Aliphatic polyanhydrides degrade within A comprehensive evaluation of their toxicity showed that,
days whereas some aromatic polyanhydrides degrade over sev- in general, the polyanhydrides possess excellent in vivo biocorn-
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TABLE 2 Mechanical Properties of Some Degradable Polymers3

Polymer

Poiy(glycolic acid) (MW: 50,000)

Poly (lactic acids)
L-PLA (MW: 50,000)
L-PLA (MW: 100,000)
L-PLA (MW: 300,000)
D.L-PLA (MW: 20,000)
D,L-PLA (MW: 107,000)
D.L-PLA (MW: 550,000)

PolyO-hydroxybutyrate) (MW: 422,000)

Poly(e-caproiactone) (MW: 44,000)

Polyanhydrides6

Poly(SA-HDA anhydride) (MW.- 142,000)

Poly(ortho esters)c

DETOSU : t-CDM : 1,6-HD (MW: 99,700)

Polyiminocarbonates'*
Poly(BPA iminocarbonate) (MW: 105,000)
Poly(DTH irainocarbonate) (MW: 103,000)

Glass
transition

(°C)

35

54
58
59
50
51
53

1

-62

n/a

55

69
55

Melting
temperature

fOf~^\( C)

210

170
159
178
—
__

—

171

57

49

—

__

—

Tensile
strength
(MPa)

n/a

28
50
48
n/a
29
35

36

16

4

20

50
40

Tensile
modulus

(MPa)

n/a

1200
2700
3000
n/a

1900
2400

2500

400

45

820

2150
1630

Flexural
modulus

(MPa)

n/a

1400
3000
3250
n/a

1950
2350

2850

500

n/a

950

2400
n/a

Elongation

Yield
(%}

n/a

3.7
2.6
1.8

n/a
4.0
3.5

2.2

7,0

14

4.1

3.5
3.5

Break
(O/ \
( to]

n/a

6.0
3.3
2.0

n/a
6,0
5.0

2.5

80

85

220

4.0
7.0

"Based on data published by Engelberg and Kohn (1991). n/a = not available, (—) = not applicable.
feA 1:1 copolymer of sebacic acid (SA) and hexadecanedioic acid (HDA) was selected as a specific example.
CA 100: 35 :65 copolymer of 3,9-bis(ethylidene 2,4,8,10-tetraoxaspiro[5,5] undecane) (DETOSU), fraws-cyclohexane dimethanol (t-CDM) and

1,6-hexanediol (1,6-HD) was selected as a specific example.
rfBPA: Bisphenol A; DTH: desaminotyrosyl-tyrosine hexyl ester. For detailed structures, see Fig. 1.

patibility (Laurencinef a/., 1990). The most immediate applica- use of poly(ortho esters) for various drug delivery applications,
tions are in drug delivery. Drug-loaded devices are best pre- Since the ortho ester link is far more stable in base than in
pared by compression molding or microencapsulation. A wide acid, Heller and his co-workers controlled the rate of polymer
variety of drugs and proteins, including insulin, bovine growth degradation by incorporating acidic or basic excipients into
factors, angiogenesis inhibitors (e.g., heparin and cortisone), the polymer matrix.
and enzymes (e.g., alkaline phosphatase and /3-galactosidase) There are two major types of poly(ortho esters): Initially,
have been incorporated into polyanhydride matrices and their Choi and Heller prepared the polymers by the transesterifica-
in vitro and in vivo release characteristics have been evaluated tion of 2,2'-dimethoxyfuran with a diol (Cho and Heller,
(Chasin et al., 1990). One particularly important application 1978). The next generation of poly{ortho esters) was based on
is in the delivery of bis-chloroethylnitrosourea (BCNU) to the an acid-catalyzed addition reaction of diols with diketeneace-
brain for the treatment of glioblastoma multiformae, a univer- tals. The properties of the polymers can be controlled to a
sally fatal brain cancer. For this application, polyanhydrides large extent by the choice of the diols used in the synthesis,
derived frombis-p-(carboxyphenoxy propane) and sebacic acid For example, the glass transition temperature of poly (ortho
have been approved by the FDA for Phase III clinical trials in esters) containing frans-cyclohexanedimethanol can be reduced
a remarkably short time (Chasin et al., 1990). from about 100°C to below 20°C by replacing trans-cydohex-

anedimethanol with 1,6-hexanediol.

Poly(Ortho Esters)

This is a family of synthetic, degradable polymers that have PoMAmlno Adds) Mid
been under development for a number of years (Heller et al.., "Pseiido"~Polv{Amltio Acids)
1990). Devices made of poly (ortho esters) can be formulated
in such a way that the device undergoes surface erosion. Since Since proteins are composed of amino acids, it was an obvi-
surface eroding, slablike devices tend to release drugs embed- ous idea to explore the possible use of poly (amino acids) in
ded within the polymer at a constant rate, poly(ortho esters) biomedical applications (Anderson et al., 1985). Poly(amino
appear to be particularly useful for controlled-release drug acids) were regarded as promising candidates since the amino
delivery applications. For example, poly(ortho esters) have acid side chains offer sites for the attachment of drugs, cross-
been used for the controlled delivery of cyclobenzaprine and linking agents, or pendent groups that can be used to modify
steroids and a significant number of publications describe the the physicomechanical properties of the polymer. In addition,
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poly(amino acids) usually show a low level of systemic toxicity, bioerodible polymers. In view of their importance in the field
owing to their degradation to naturally occurring amino acids. of biomaterials, their properties and applications are described

Poly(amino acids) have been investigated as suture materi- in more detail.
als, as artificial skin substitutes, and as drug delivery systems. Poly(glycolic acid) (PGA) is the simplest linear, aliphatic
Various drugs have been attached to the side chains of polyester (Fig. 1). Since PGA is highly crystalline, it has a high
poly(amino acids) usually by a spacer unit that distances the melting point and low solubility in organic solvents. PGA was
drug from the backbone. Poly(amino acid)-drug combinations used in the development of the first totally synthetic, absorbable
investigated include poly(L-lysine) with methotrexate and peps- suture. PGA sutures have been commercially available under
tatin (Campbell et al., 1980), and poly(glutamic acid) with the trade name Dexon since 1970. A practical limitation of
adriamycin and norethindrone (van Heeswijk et al., 1985). Dexon sutures is that they tend to lose their mechanical strength

Despite their apparent potential as biomaterials, poly (amino rapidly, typically over a period of 2 to 4 weeks after implanta-
acids) have actually found few practical applications. Most tion. PGA was also used in the design of internal bone fixation
are highly insoluble and nonprocessible materials. Since devices (bone pins). These pins have become commercially
poly(amino acids) have a pronounced tendency to swell in available under the trade name Biofix.
aqueous media, it can be difficult to predict drug release rates. In order to adapt the materials properties of PGA to a wider
Furthermore, the antigenicity of polymers containing three or range of possible applications, copolymers of PGA with the
more amino acids excludes their use in biomedical applica- more hydrophobic poly(lactic acid) (PLA) were intensively in-
tions (Anderson et al., 1985). Owing to these difficulties, only vestigated (Gilding and Reed, 1981). The hydrophobicity of
a few poly(amino acids), usually derivatives of poly(glutamic PLA limits the water uptake of thin films to about 2% and
acid) carrying various pendent chains at the y-carboxylic acid reduces the rate of backbone hydrolysis compared with PGA.
group, are being investigated as implant materials. Copolymers of glycolic acid and lactic acid have been developed

In an attempt to circumvent the problems associated as alternative sutures (trade names Vicryl and Polyglactin 910).
with conventional poly(amino acids), backbone-modified It is noteworthy that there is no linear relationship between
"pseudo"-poiy(amino acids) were introduced in 1984 (Kohn the ratio of glycolic acid to lactic acid and the physicomechani-
and Langer, 1984). The first "pseudo"-poly(amino acids) inves- cal properties of the corresponding copolymers. Whereas PGA
tigated were a polyester from N-protected tazns-4-hydroxy- is highly crystalline, crystallinity is rapidly lost in copolymers
L-proline, and a poly(iminocarbonate) derived from tyrosine of glycolic acid and lactic acid. These morphological changes
dipeptide (Kohn and Langer, 1987). Recent studies indicate lead to an increase in the rates of hydration and hydrolysis,
that the backbone modification of poly (amino acids) may be Thus, 50:50 copolymers degrade more rapidly than either
a generally applicable approach for improving the physico- PGA or PLA.
mechanical properties of conventional poly (amino acids). For Since lactic acid is a chiral molecule, it exists in two stereo-
example, tyrosine-derived polycarbonates are high-strength isomeric forms which give rise to four morphologically distinct
materials that may be useful in the formulation of degradable polymers: the two stereoregular polymers, D-PLA and L-PLA,
orthopedic implants (Ertel and Kohn, 1994). and the racemic form D,L-PLA. A fourth morphological form,

meso-PLA, can be obtained from D,L lactide but is rarely used

f> H/ 1 4va m Practice-
* ^ ™ The polymers derived from the optically active D and L

These materials are used as bioadhesives and have also been monomers are semicrystalline materials, while the optically
intensively investigated as potential drug delivery matrices; inactive D,L-PLA is always amorphous. Generally, L-PLA is
however, the general tendency of polycyanoacrylates to induce more frequently employed than D-PLA, since the hydrolysis of
a significant inflammatory response at the implantation site L-PLA yields L( + ) lactic acid, which is the naturally occurring
has discouraged their use as degradable implant materials. stereoisomer of lactic acid.

The differences in the crystallinity of D,L-PLA and L-PLA
have important practical ramifications: Since D,L-PLA is an

Potyphosphazenes amorphous polymer, it is usually considered for such applica-
nt. •• c • i u u T U tions as drug delivery, where it is important to have a homoge-Ihis is a group or inorganic polymers whose backbone ,. . , , . , . . . . ,

i • i u u j TU T u neous dispersion of the active species within a monophasicconsists or nitrogen—phosphorus bonds. I hese polymers have „ , , . , , r . „. ^T . f
, t . t . , , £ j - j - 1 i- matrix. On the other hand, the sermcrystamne L-PLA is pre-unusual material properties a n d have round industrial applica- , , . . . . 1 1 - 1 , . , • ,

TU • t _ ,. i i j •• i i . rerred in applications where high mechanical strength andtions. Their use for controlled drug delivery has been mvesti- , rr . , , *̂  . . ,. , .
d (All k 19901 toughness are required, such as sutures and orthopedic devices.

' Bone pins based on high-molecular-weight L-PLA are being
developed by several companies and may become commercially

POLYCLA01C ACID) AND POLY(CLYCOLIC ACID): availabk m the United States

EXAMPLES FOR WIDELY INVESTIGATED,
BIOERODIBLE POLYMERS PHYSICAL MECHANISMS OF BIOEROSION

Poly(glycoiic acid) and poly(lactic acid) are currently the Within the context of this chapter, we limit our discussion
most widely investigated, and most commonly used synthetic, to the case of a solid, polymeric implant. The transformation
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of such an implant into water-soluble material(s) is best de- MECHANISMS Of CHEMICAL DEGRADATION
scribed by the term "bioerosion." The bioerosion process of
a solid, polymeric implant is associated with macroscopic Although bioerosion can be caused by the solubilization of
changes in the appearance of the device; changes in the physico- an intact poiymer, chemical degradation of the polymer is
mechanical properties of the polymeric material; physical pro- usually the underlying cause for the bioerosion of a solid,
cesses such as swelling, deformation, or structural disintegra- polymeric device. Several distinct types of chemical degradation
tion; weight loss and the eventual loss of function. mechanisms have been identified (Fig. 2) (Rosen et aL, 1988).

All of these phenomena represent distinct and often indepen- Chemical reactions can lead to cleavage of cross-links between
dent aspects of the complex bioerosion behavior of a specific water-soluble polymer chains (mechanism I), to cleavage of
polymeric device. It is important to note that the bioerosion polymer side chains resulting in the formation of polar or
of a solid device is not necessarily due to the chemical cleavage charged groups (mechanism II), or to the cleavage of the poly-
of the polymer backbone, or the chemical cleavage of cross- mer backbone (mechanism III). Obviously, combinations of
links or side chains. Rather, simple solubilizaton of the intact these mechanisms are possible: for instance, a cross-lined poly-
polymer, for instance, as a result of changes in pH, may also mer may first be partiany solubilized by the cleavage of cross-
lead to the erosion of a solid device. links (mechamsm I), followed by the cleavage of the backbone

Two distinct modes of bioerosion have been described in itself (mechanism III).
the literature (Heller, 1987). In bulk erosion, the rate of water Since the chemical cleavage reactions described here can be
penetration into the solid device exceeds the rate at which mediated by water or by biological agents such as enzymes and
the polymer is transformed into water-soluble materials}. microorganisms, it is possible to distinguish between hydrolytic
Consequently, the uptake of water is followed by an erosion degradation and biodegradation, respectively. It has often been
process that occurs throughout the entire volume of the stated that the avaiiability of water is virtually constant in all
solid device. Owing to the rapid penetration of water into soft tissues and varies little from patient to patient. On the
the matrix of hydrophilic polymers, most of the currently other hand? the kvels of enzyniatlc activity raay vary widely

available polymers will give rise to bulk eroding devices. In not omy from patient to padent but atso among different tissue

a typical bulk erosion process, cracks and crevices will form sites in the same patient Thus polymers that undergo hydro-
throughout the device, which may rapidly crumble into lytic cieavage tend to have more predictable in vivo erosion
pieces. A good illustration for a typical bulk erosion process rates than poiymers whose degradation is mediated predomi-
is the disintegration of a sugar cube that has been placed nantly by enzymes. The latter polymers tend to be generally
into water. Depending on the specific application, the often less usefu| as degradable medical implants,
uncontrollable tendency of bulk eroding devices to crumble
into little pieces can be a disadvantage.

Alternatively, in surface erosion, the rate at which water
penetrates into the polymeric device is slower than the rate of
transformation of the polymer into water-soluble material(s). FACTORS THAT INFLUENCE THE RATE
In this case, the transformation of the polymer into water- OF BIOEROSION
soluble material(s) is limited to the outer surface of the solid
device. The device will therefore become thinner with time, Although the solubilization of intact polymer as well as
while maintaining its structural integrity throughout much of several distinct mechanisms of chemical degradation have been
the erosion process. In order to observe surface erosion, the recognized as possible causes for the observed bioerosion of a
polymer must be hydrophobic enough to impede the rapid solid, polymeric implant, virtually all currently available im-
imbibition of water into the interior of the device. In addition, plant materials (Table 2) erode as a result of the hydrolytic
the rate at which the polymer is transformed into water-soluble cleavage of the polymer backbone (mechanism III in Fig. 2).
material(s) has to be reasonably fast. Under these conditions, We therefore limit the following discussion to solid devices
scanning electron microscopic evaluation of surface eroding that bioerode as a result of the hydrolytic cleavage of the
devices has sometimes shown a sharp border between the erod- polymer backbone.
ing surface layer and the intact polymer in the core of the In this case, the main factors that determine the overall rate
device (Mathiowitz et at., 1990). of the erosion process are the chemical stability of the polymer

Surface eroding devices have so far been obtained only from backbone; the hydrophobicity of the monomer; the morphol-
a small number of polymers containing hydrolytically highly ogy of the polymer; the initial molecular weight of the polymer;
reactive bonds in the backbone. A possible exception to this the fabrication process; the presence of catalysts, additives, or
general rule is enzymatic surface erosion. Reportedly, the in- plasticizers; and the geometry of the implanted device,
ability of enzymes to penetrate into the interior of a solid, The susceptibility of the polymer backbone toward hydro-
polymeric device may result in an enzyme-mediated surface lytic cleavage is probably the most fundamental parameter,
erosion mechanism. Enzymatic surface erosion has so far been Generally speaking, anhydride bonds tend to hydrolyze faster
observed only in the case of a polymeric device made of than ester bonds, which in turn hydrolyze faster than amide
cross-linked polycaprolactone (Pitt et al., 1984) Currently, po- bonds. Thus, polyanhydrides will tend to degrade faster than
iyanhydrides and po!y(ortho esters) are the best-known exam- polyesters, which in turn will have a higher tendency to bio-
pies of polymers that can be fabricated into surface eroding de- erode than poly amides. Based on the known susceptibility of
vices. the polymer backbone structure toward hydrolysis, it is possi-
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FIG. 2. Mechanisms of chemical degradation. Mechanism 1 involves the cleavage of degradable cross-links
between water-soluble polymer chains. Mechanism II involves the cleavage or chemical transformation of polymer
side chains, resulting in the formation of charged or polar groups. The presence of charged or polar groups leads
then to the solubilization of the intact polymer chain. Mechanism III involves the cleavage of unstable links in the
polymer backbone, followed by solubilization of the low-molecular-weight fragments.

ble to predict the tendency of any given polymer to undergo bi- wise, devices made of poly(glycolic acid) erode faster than
oerosion. identical devices made of the more hydrophobic poly(lactic

However, the actual erosion rate of a solid polymer cannot acid), although the ester bonds have about the same chemical
be predicted on the basis of the polymer backbone structure reactivity toward water in both polymers,
alone. The observed erosion rate is strongly dependent on the The observed bioerosion rate is further influenced by the
ability of water molecules to penetrate into the polymeric ma- morphology of the polymer. Polymers can be classified as either
trix. The hydrophobicity of the polymer, which is a function of semicrystalline or amorphous. At body temperature (37°C),
the structure of the monomeric starting materials, can therefore amorphous polymers with Tg above 37°C will be in a glassy
have an overwhelming influence on the observed bioerosion state, while polymers with Tg below 37°C will be in a rubbery
rate. For instance, the erosion rate of polyanhydrides can be state. In this discussion it is therefore necessary to consider
slowed by about three orders of magnitude when the hydro- three distinct morphological states: crystalline, amorphous-
philic sebacic acid is replaced by hydrophobic bis(carboxy phe- glassy, and amorphous-rubbery.
noxy)propane as the monomeric starting material (Fig. 2). Like- In the crystalline state, the polymer chains are most densely



72 2 CLASSES OF MATERIALS USED IN MEDICINE

packed and offer the highest resistance to the penetration of at a dose of 2 to 3 Mrad can result in significant backbone
water into the polymer matrix. Consequently, the rate of back- degradation. Since the aliphatic polyesters PLA, PGA, and PDS
bone hydrolysis tends to be higher in the amorphous regions are particularly sensitive to radiation damage, these materials
of a semicrystalline polymer than in the crystalline regions. are usually sterilized by exposure to ethylene oxide and not
This phenomenon is of particular importance to the erosion by -/-irradiation. Unfortunately, the use of the highly toxic
of poly(glycolic acid) sutures whose degree of crystallinity is ethylene oxide gas is a serious safety hazard.
about 50%. After sterilization, degradable implants are usually pack-

Another good illustration of the influence of polymer mor- aged in air-tight, aluminum-backed, plastic foil pouches. In
phology on the rate of bioerosion is provided by a comparison some cases, refrigeration may be required to prevent degrada-
of poly(L-!actic acid) and poly(o,L-lactic acid): although these tion of the backbone during storage.
two polymers have chemically identical backbone structures
and an identical degree of hydrophobicity, devices made of
poly(L-lactic acid) tend to degrade much slower than identical
devices made of poly(D,L-lactic acid). The bioerosion of Bibliography
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2.6 CERAMICS, GLASSES, AND
GLASS-CERAMICS

Larry L. Hench

Ceramics, glasses, and glass-ceramics include a broad range
of inorganic/nonmetallic compositions. In the medical indus-
try, these materials have been essential for eyeglasses, diagnos-
tic instruments, chemical ware, thermometers, tissue culture
flasks, and fiber optics for endoscopy. Insoluble porous glasses
have been used as carriers for enzymes, antibodies, and anti-
gens, offering the advantages of resistance to microbial attack,
pH changes, solvent conditions, temperature, and packing un-
der high pressure required for rapid flow (Hench and
Ethridge, 1982).

Ceramics are also widely used in dentistry as restorative
materials such as in gold-porcelain crowns, glass-filled ionomer
cements, and dentures. These dental ceramics are discussed by
Phillips (1991).

This chapter focuses on ceramics, glasses, and glass-ceram-
ics used as implants. Although dozens of compositions have
been explored in the past, relatively few have achieved clinical
success. This chapter examines differences in processing and
structure, describes the chemical and microstructural basis for
their differences in physical properties, and relates properties
and tissue response to particular clinical applications. For a
historical review of these biomaterials, see Hulbert etal. (1987).

TYPES OF BlOCERAMICS-TfSSUE ATTACHMENT

It is essential to recognize that no one material is suitable
for all biomaterial applications. As a class of biomaterials,
ceramics, glasses, and glass-ceramics are generally used to re-
pair or replace skeletal hard connective tissues. Their success
depends upon achieving a stable attachment to connective
tissue.

TABLE 1 Types of Implant—Tissue Response

If the material is toxic, the surrounding tissue dies.

If the material is nontoxic and biologically inactive (nearly inert), a
fibrous tissue of variable thickness forms.

If the material is nontoxic and biologically active (bioactive), an interfa-
cial bond forms.

If the material is nontoxic and dissolves, the surrounding tissue re-
places it.

The mechanism of tissue attachment is directly related to
the type of tissue response at the implant—tissue interface. No
material implanted in living tissue is inert because all materials
elicit a response from living tissues. There are four types of
tissue response (Table 1) and four different means of attaching
prostheses to the skeletal system (Table 2).

A comparison of the relative chemical activity of the differ-
ent types of bioceramics, glasses, and glass-ceramics is shown
in Fig. 1. The relative reactivity shown in Fig. 1,A correlates
very closely with the rate of formation of an interfacial bond
of ceramic, glass, or glass-ceramic implants with bone (Fig.
1,B). Figure 1,B is discussed in more detail in the section on
bioactive glasses and glass-ceramics in this chapter.

The relative level of reactivity of an implant influences the
thickness of the interfacial zone or layer between the material
and tissue. Analyses of implant material failures during the
past 20 years generally show failure originating at the biomate-
rial—tissue interface. When biomaterials are nearly inert (type
1 in Table 2 and Fig. 1) and the interface is not chemically or
biologically bonded, there is relative movement and progressive
development of a fibrous capsule in soft and hard tissues. The
presence of movement at the biomaterial—tissue interface even-
tually leads to deterioration in function of the implant or the
tissue at the interface, or both. The thickness of the nonadher-

FIG. 1 • Bioactivity spectra for various bioceramic implants: (A) relative rate
of bioreactivity, (B) time dependence of formation of bone bonding at an im-
plant interface.
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TABLE 2 Types of Bioceramic—Tissue Attachment and Their Classification

Type of attachment Example

1. Dense, nonporous, nearly inert ceramics attach by bone growth into surface irregularities by A12O3 (single crystal and polycrystalline)
cementing the device into the tissues or by press-fitting into a defect {termed "morphological fix-
ation"),

2. For porous inert implants, bone ingrowth occurs that mechanically attaches the bone to the A12O3 (polycrystalline)
material (termed "biological fixation"). Hydroxyapatite-coated porous metals

3. Dense, nonporous surface-reactive ceramics, glasses, and glass-ceramics attach directly by Bioactive glasses
chemical bonding with the bone (termed "bioactive fixation"). Bioactive glass-ceramics

Hydroxyapatite

4. Dense, nonporous (or porous) resorbable ceramics are designed to be slowly replaced by bone. Calcium sulfate (plaster of paris)
Tricalcium phosphate
Calcium-phosphate salts

ent capsule varies, depending upon both material (Fig. 2) and
extent of relative motion.

The fibrous tissue at the interface of dense A12O3 (alumina)
implants is very thin. Consequently, as discussed later, if alu-
mina devices are implanted with a very tight mechanical fit and
are loaded primarily in compression, they are very successful. In
contrast, if a type 1 nearly inert implant is loaded so that
interfacial movement can occur, the fibrous capsule can become
several hundred micrometers thick, and the implant can loosen
very quickly.

The mechanism behind the use of nearly inert microporous
materials (type 2 in Table 2 and Fig. 1) is the ingrowth of
tissue into pores on the surface or throughout the implant.
The increased interfacial area between the implant and the
tissues results in an increased resistance to movement of the
device in the tissue. The interface is established by the living
tissue in the pores. Consequently, this method of attachment is
often termed "biological fixation." It is capable of withstanding
more complex stress states than type 1 implants with "morpho-
logical fixation." The limitation with type 2 porous implants,
however, is that for the tissue to remain viable and healthy, it
is necessary for the pores to be greater than 50 to 150 /um

(Fig. 2). The large interfacial area required for the porosity is
due to the need to provide a blood supply to the ingrown
connective tissue (vascular tissue does not appear in pore sizes
less than 100 /Am). Also, if micromovement occurs at the inter-
face of a porous implant and tissue is damaged, the blood
supply may be cut off, the tissues will die, inflammation will
ensue, and the interfacial stability will be destroyed. When the
material is a porous metal, the large increase in surface area
can provide a focus for corrosion of the implant and loss of
metal ions into the tissues. This can be mediated by using a
bioactive ceramic material such as hydroxyapatite (HA) as a
coating on the metal. The fraction of large porosity in any
material also degrades the strength of the material proportional
to the volume fraction of porosity. Consequently, this approach
to solving interfacial stability works best when materials are
used as coatings or as unloaded space fillers in tissues.

Resorbable biomaterials (type 4 in Table 2 and Fig. 1) are
designed to degrade gradually over a period of time and be
replaced by the natural host tissue. This leads to a very thin
or nonexistent interfacial thickness (Fig. 2). This is the optimal
biomaterial solution, if the requirements of strength and short-
term performance can be met, since natural tissues can repair
and replace themselves throughout life. Thus, resorbable bio-
materials are based on biological principles of repair that have
evolved over millions of years. Complications in the develop-
ment of resorbable bioceramics are (1) maintenance of strength
and the stability of the interface during the degradation period
and replacement by the natural host tissue, and (2) matching
resorption rates to the repair rates of body tissues (Fig. 1,A)
(e.g., some materials dissolve too rapidly and some too slowly).
Because large quantities of material may be replaced, it is also
essential that a resorbable biomaterial consist only of metaboli-
cally acceptable substances. This criterion imposes consider-
able limitations on the compositional design of resorbable bio-
materials. Successful examples of resorbable polymers include
poly(lactic acid) and poly(glycolic acid) used for sutures, which
are metabolized to CO2 and H2O and therefore are able to
function for an appropriate time and then dissolve and disap-
pear (see Chapters 2, 6, and 7 for other examples). Porous
or particulate calcium phosphate ceramic materials such as
tricalcium phosphate (TCP), have proved successful for resorb-

FIG. 2. Comparison of interfacial thickness (/u.m) of reaction layer of bioac-
tive implants of fibrous tissue of inactive bioceramics in bone.
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TABLE 3 Bioceramic Material The primary methods of processing ceramics, glasses, and
Characteristics and Properties glass-ceramics are summarized in Fig, 3. These methods yield

— five categories of microstructures:
Composition

1. Glass
icrostructure 2_ cast or plasma-sprayed polycrystalline ceramic
Number ot phases _ T . . , , - j / • -c t\
n c , 3. Liquid-phase sintered (vitrmed) ceramic
Percentage or phases 7• i • •
Distribution of phases 4- Solid-state sintered ceramic
Size of phases 5- Polycrystalline glass-ceramic

Connectivity of phases Differences in the microstructures of the five categories are
Phase State primarily a result of the different thermal processing steps

Crystal structure required to produce them. Alumina and calcium phosphate
Defect structure bioceramics are made by fabricating the product from fine-
Amorphous structure - i , I - J T - i J - J L ._. r grained particulate solids, ror example, a desired shape mayPore structure o r r > r j

be obtained by mixing the particulates with water and an
surface organic binder, then pressing them in a mold. This is termed

a ness "forming." The formed piece is called green ware. Subse-
Hmsh . , • • . i / •C oosition quently, the temperature is raised to evaporate the water (i.e.,
Second phase drying) and the binder is burned out, resulting in bisque ware.
Porosity At a very much higher temperature, the part is densified during

rr firing. After cooling to ambient temperature, one or more fin-
^ ishing steps may be applied, such as polishing. Porous ceramics

are produced by adding a second phase that decomposes prior
to densification, leaving behind holes or pores (Schors and
Holmes, 1993), or transforming natural porous organisms,

able hard tissue replacements when low loads are applied to such as coralj to porous HA by hydrothermal processing (Roy
the material and Linnehan, 1974).

Another approach to solving problems of interfacial attach- The interrelation between micro-structure and thermal pro-
ment is the use of bioactive materials (type 3 in Table 2 and cessing of vanous bioceramics is shown in Fig. 3, which is a
Fig. D.Bioactivematerialsaremtermediatebetweenresorbable binary phase diagram consisting of a network-forming oxide
and bioinert. A bioactive material is one that elicits a specific such as Sio2 (silica)? and some arbitrary network modifier
biological response at the interface of the material, resulting oxide (MO) such as CaO when a powdered mixture of MO
in the formation of a bond between the tissues and the material. and SiOa is heated to the meking temperature Tm, the entire
This concept has now been expanded to include a large number mass wili become Uquid (L) The liquid wil} become homoge-
of bioactive materials with a wide range of rates of bonding neous when hdd at this temperature for a sufficient length of
and thicknesses of interfacial bonding layers (Figs. 1 and 2). time w^ the Hquid is cast (paths 1B? 2, 5), forming the
They include bioactive glasses such as Bioglass; bioactive glass- shape of the object during the castingj ekher a glass or a

ceramics such as Ceravital, A-W glass-ceramic, or machinable polycrystalline microstructure will result. Plasma spray coating
glass-ceramics; dense HA such as Durapatite or Calcitite; and folbws path IA However, a network-forming oxide is not
bioactive composites such as HA-polyethylene, HA-Bioglass, necessary to produce plasma-sprayed coatings such as hydroxy-
Palavital, and stainless steel fiber-reinforced Bioglass. All of apatites, which are polycrystalline (Lacefield, 1993).
these materials form an interfacial bond with adjacent tissue. If the startmg composition contains a sufficient quantity of
However, the time dependence of bonding, the strength of network former (SiO2), and the casting rate is sufficiently slow,
bond, the mechanism of bonding, and the thickness of the a glass wil, resuh (path 1B) The viscosity of ̂  raeit increases

bonding zone differ for the various materials. greatly as it 1S cooled? untii at approximately T!, the glass
It is important to recognize that relatively small changes in transition point, the material is transformed into a solid,

the composition of a biomatenal can dramatically affect lf either Of these conditions is not met, a polycrystalline
whether it is bioinert, resorbable, or bioactive. These composi- microstructure will result. The crystals begin growing at TL
tional effects on surface reactions are discussed in the section and compiete growth at TZ< The final material consists of the
on bioactive glasses and glass-ceramics. equilibrium crystalline phases predicted by the phase diagram.

This type of cast object is not often used commercially because

rHABArceicrir* ANH PunrKtiNr the large shrinka§e cavity and lar§e Srains produced during
v,muu*i.iE,Mi9in^ «ww rK%M.C99irau cooling make the material weak and subject to environmen-

OF BIOCERAMICS tal attack
If the MO and SiO2 powders are first formed into the shape

The types of implants listed in Table 2 are made using of the desired object and fired at a temperature T3, a liquid-
different processing methods. The characteristics and proper- phase sintered structure will result (path 3), Before firing, the
ties of the materials, summarized in Table 3, differ greatly, composition will contain approximately 10—40% porosity,
depending upon the processing method used. depending upon the forming process used. A liquid will be
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formed first at grain boundaries at the eutectic temperature, is slower than that of liquid-phase sintering because material
T2. The liquid will penetrate between the grains, filling the transport is slower in a solid than in a liquid. However, it is
pores, and will draw the grains together by capillary attraction. possible to solid-state sinter individual component materials
These effects decrease the volume of the powdered compact. such as pure oxides since liquid development is not necessary.
Since the mass remains unchanged and is only rearranged, an Consequently, when high purity and uniform fine-grained mi-
increased density results. Should the compact be heated for a crostructures are required (e.g., for bioceramics) solid-state
sufficient length of time, the liquid content can be predicted sintering is essential.
from the phase diagram. However, in most ceramic processes, The fifth class of microstructures is called glass-ceramics
liquid formation does not usually proceed to equilibrium owing because the object starts as a glass and ends up as a polycrystal-
to the slowness of the reaction and the expense of long-term line ceramic. This is accomplished by first quenching a melt
heat treatments. to form the glass object. The glass is transformed into a glass-

The microstructure resulting from liquid-phase sintering, ceramic in two steps. First, the glass is heat treated at a tempera-
or vitrification as it is commonly called, will consist of small ture range of 500—700°C (path 5a) to produce a large concen-
grains from the original powder compact surrounded by a tration of nuclei from which crystals can grow. When sufficient
liquid phase. As the compact is cooled from T3 to T2, the liquid nuclei are present to ensure that a fine-grained structure will
phase will crystallize into a fine-grained matrix surrounding be obtained, the temperature of the object is raised to a range
the original grains. If the liquid contains a sufficient concentra- of 600—900°C, which promotes crystal growth (path 5b).
tion of network formers, it can be quenched into a glassy Crystals grow from the nuclei until they impinge and up to
matrix surrounding the original grains. 100% crystallization is achieved. The resulting microstructure

A powder compact can be densified without the presence is nonporous and contains fine-grained, randomly oriented
of a liquid phase by a process called solid-state sintering. This crystals that may or may not correspond to the equilibrium
is the process usually used for manufacturing alumina and crystal phases predicted by the phase diagram. There may also
dense HA bioceramics. Under the driving force of surface en- be a residual glassy matrix, depending on the duration of the
ergy gradients, atoms diffuse to areas of contact between parti- ceraming heat treatment. When phase separation occurs (com-
cles. The material may be transported by either grain boundary position B in Fig. 3), a nonporous, phase-separated, glass-in-
diffusion, volume diffusion, creep, or any combination of these, glass microstructure can be produced. Crystallization of phase-
depending upon the temperature or material involved. Because separated glasses results in very complex microstructures.
long-range migration of atoms is necessary, sintering tempera- Glass-ceramics can also be made by pressing powders and a
tures are usually in excess of one-half of the melting point of grain boundary glassy phase (Kokubo, 1993). For additional
the material: T> TL/2 (path 4). details on the processing of ceramics, see Reed (1988) or Onoda

The atoms move so as to fill up the pores and open channels and Hench (1978), and for processing of glass-ceramics, see
between the grains of the powder. As the pores and open McMillan (1979).
channels are closed during the heat treatment, the crystals
become tightly bonded together, and the density, strength, and
fatigue resistance of the object improve greatly. The microstruc-
ture of a material that is prepared by sintering consists of NEARLY INERT CRYSTALLINE CERAMICS
crystals bonded together by ionic-covalent bonds with a very
small amount of remaining porosity. High-density, high-purity (>99.5%) alumina is used in

The relative rate of densification during solid-state sintering load-bearing hip prostheses and dental implants because of

FIG. 3. Relation of thermal processing schedules of various bioceramics to equilibrium phase di-
agram.
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TABLE 4 Physical Characteristics of A12O3 Bioceramics

High alumina ISO standard
ceramics 6474

Alumina content >99.8 ==99.50
(% by weight)

Density (g/cnf5) >3.93 >3.90

Average grain size (/am) 3—6 <7

Ra (/xm)a 0.02

Hardness 2300 >2000
(Vickers hardness number, VHN)

Compressive strength (MPa) 4500

Bending strength (MPa) 550 400
(after testing in Ringer's solution)

Young's modulus (GPa) 380

Fraeture toughness 5—6
(KtC) (MPa12)

Slow crack growth 10—52

"Surface roughness value.

its excellent corrosion resistance, good biocompatibility, high
wear resistance, and high strength (Christel et al., 1988; Hul-
bert, 1993; Hulbert et al., 1987; Miller etal., 1996). Although
some dental implants are single-crystal sapphires (McKinney
and Lemons, 1985), most A12O3 devices are very fine-grained
polycrystalline a-A!2O3 produced by pressing and sintering at
T = 1600-1700°C. A very small amount of MgO (<0.5%)
is used to aid sintering and limit grain growth during sintering.

Strength, fatigue resistance, and fracture toughness of poly-
crystalline a-A!2O3 are a function of grain size and percentage
of sintering aid (i.e., purity). A12O3 with an average grain size
of <4 yarn and >99.7% purity exhibits good flexural strength
and excellent compressive strength. These and other physical
properties are summarized in Table 4, along with the Interna-
tional Standards Organization (ISO) requirements for alumina
implants. Extensive testing has shown that alumina implants
that meet or exceed ISO standards have excellent resistance to
dynamic and impact fatigue and also resist subcritical crack
growth (Dorre and Dawihl, 1980). An increase in average grain
size to >7 fjim can decrease mechanical properties by about
20%. High concentrations of sintering aids must be avoided
because they remain in the grain boundaries and degrade fa-
tigue resistance.

Methods exist for lifetime predictions and statistical design
of proof tests for load-bearing ceramics. Applications of these
techniques show that load limits for specific prostheses can be
set for an A12O3 device based upon the flexural strength of the
material and its use environment (Ritter et al., 1979). Load-
bearing lifetimes of 30 years at 12,000 N loads have been
predicted (Christel et a/., 1988). Results from aging and fatigue
studies show that it is essential that A12O3 implants be produced
at the highest possible standards of quality assurance, especially

if they are to be used as orthopedic prostheses in younger pa-
tients.

Alumina has been used in orthopedic surgery for nearly 20
years (Miller et al., 1996). Its use has been motivated largely
by two factors: (1) its excellent type 1 biocompatibility and
very thin capsule formation (Fig. 2), which permits cementless
fixation of prostheses; and its exceptionally low coefficients of
friction and wear rates

The superb tribiologic properties (friction and wear) of alu-
mina occur only when the grains are very small (<4 fjun) and
have a very narrow size distribution. These conditions lead to
very low surface roughness values (Ra ~i 0.02 /xm, Table 4).
If large grains are present, they can pull out and lead to very
rapid wear of bearing surfaces owing to local dry friction.

Alumina on load-bearing, wearing surfaces, such as in hip
prostheses, must have a very high degree of sphericity, which
is produced by grinding and polishing the two mating surfaces
together. For example, the alumina ball and socket in a hip
prosthesis are polished together and used as a pair. The long-
term coefficient of friction of an alumina-alumina joint de-
creases with time and approaches the values of a normal joint.
This leads to wear on alumina-articulating surfaces being
nearly 10 times lower than metal—polyethylene surfaces
(Fig. 4).

Low wear rates have led to widespread use in Europe of
alumina noncemented cups press-fitted into the acetabulum of
the hip. The cups are stabilized by the growth of bone into
grooves or around pegs. The mating femoral ball surface is
also made of alumina, which is bonded to a metallic stem.
Long-term results in general are good, especially for younger
patients. However, Christel et al. (1988) caution that stress
shielding, owing to the high elastic modulus of alumina, may
be responsible for cancellous bone atrophy and loosening of
the acetabular cup in old patients with senile osteoporosis or
rheumatoid arthritis. Consequently, it is essential that the age
of the patient, nature of the disease of the joint, and biome-
chanics of the repair be considered carefully before any prosthe-
sis is used, including alumina ceramics.

Zirconia (ZrO2) is also used as the articulating ball in total
hip prostheses. The potential advantages of zirconia in load-
bearing prostheses are its lower modulus of elasticity and higher
strength (Hench and Wilson, 1993). There are insufficient data
to determine whether these properties will result in higher
clinical success rates over long times (>15 years).

FIG. 4. Time dependence of coefficient of friction and wear of alumina-
alumina vs. metal—polyethylene hip joint (in vitro testing).
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Other clinical applications of alumina prostheses reviewed Clinical results for non-load-bearing implants are good (Schors
by Hulbert etal. (1987) include knee prostheses; bone screws; and Holmes, 1993),
alveolar ridge and maxillofacial reconstruction; ossicular bone
substitutes; keratoprostheses (corneal replacements); segmen-
tal bone replacements; and blade, screw, and post dental im- BIOACTIVE GLASSES AND GLASS CERAMICS
plants.

Certain compositions of glasses, ceramics, glass-ceramics,
and composites have been shown to bond to bone (Hench and
Ethridge, 1982; Gross et al, 1988; Yamamuro et al, 1990;

POROUS CERAMICS Hench, 1991; Hench and Wilson, 1993). These materials have
become known as bioactive ceramics. Some even more special-

The potential advantage offered by a porous ceramic im- ized compositions of bioactive glasses will bond to soft tissues
plant (type 2, Table 2, Figs. 1 and 2) is its inertness combined as well as bone (Wilson et al., 1981). A common characteristic
with the mechanical stability of the highly convoluted interface of bioactive glasses and bioactive ceramics is a time-dependent,
that develops when bone grows into the pores of the ceramic. kinetic modification of the surface that occurs upon implanta-
The mechanical requirements of prostheses, however, severely tion. The surface forms a biologically active carbonated HA
restrict the use of low-strength porous ceramics to nonload- layer that provides the bonding interface with tissues,
bearing applications. Studies reviewed by Hench and Ethridge Materials that are bioactive develop an adherent interface
(1982), Hulbert et al. (1987), and Schors and Holmes (1993) with tissues that resist substantial mechanical forces. In many
have shown that when load-bearing is not a primary require- cases, the interfacial strength of adhesion is equivalent to or
ment, porous ceramics can provide a functional implant. When greater than the cohesive strength of the implant material or
pore sizes exceed 100 /«n, bone will grow within the intercon- the tissue bonded to the bioactive implant,
necting pore channels near the surface and maintain its vascu- Bonding to bone was first demonstrated for a compositional
larity and long-term viability. In this manner, the implant serves range of bioactive glasses that contained SiO2, Na2O, CaO,
as a structural bridge or scaffold for bone formation. and P2O5 in specific proportions (Hench et al., 1972) (Table

The microstructures of certain corals make an almost ideal 5). There are three key compositional features to these bioactive
material for obtaining structures with highly controlled pore glasses that distinguish them from traditional soda—lime—silica
sizes. White and co-workers (White and Schors, 1986) devel- glasses: (1) less than 60 mol% SiO2, (2) high Na2O and CaO
oped the replamineform process to duplicate the porous micro- content, and (3) a high CaO/P2O5 ratio. These features make
structure of corals that have a high degree of uniform pore the surface highly reactive when it is exposed to an aqueous
size and interconnection. The first step is to machine the coral medium.
with proper microstructure into the desired shape. The most Many bioactive silica glasses are based upon the formula
promising coral genus, Forties, has pores with a size range called 45S5, signifying 45 wt. % SiO2(S = the network former)
of 140—160 /jtm, with all the pores interconnected. Another and 5 :1 ratio of CaO to P2O5. Glasses with lower ratios of
interesting coral genus, Goniopora, has a larger pore size, CaO to P2O5 do not bond to bone. However, substitutions in
ranging from 200 to 1000 /u,m. The machined coral shape is the 45S5 formula of 5-15 wt. % B2O3 for SiO2 or 12.5 wt.%
fired to drive off CO2 from the limestone (CaCO3), forming CaF2 for CaO or heat treating the bioactive glass compositions
CaO while maintaining the microstructure of the original coral. to form glass-ceramics have no measurable effect on the ability
The CaO structure serves as an investment material for forming of the material to form a bone bond. However, adding as
the porous material. After the desired material is cast into the little as 3 wt. % A12O3 to the 45S5 formula prevents bonding
pores, the CaO is easily removed by dissolving in dilute HC1. to bone.
The primary advantages of the replamineform process are that The compositional dependence of bone and soft tissue bond-
the pore size and microstructure are uniform and controlled, ing on the Na2O-CaO—P2O5—SiO2 glasses is illustrated in
and there is complete interconnection of the pores. Replamine- Fig. 5. All the glasses in Fig. 5 contain a constant 6 wt. % of
form porous materials of a-Al2O3, TiO2, calcium phosphates, PI^S- Compositions in the middle of the diagram (region A)
polyurethane, silicone rubber, poly(methyl methacrylate) form a bond with bone. Consequently, region A is termed
(PMMA), and Co—Cr alloys have been used as bone implants, the bioactive bone-bonding boundary. Silicate glasses within
with the calcium phosphates being the most acceptable. Porous region B (e.g., window or bottle glass, or microscope slides)
hydroxyapatite is also made from coral by using hydrothermal behave as nearly inert materials and elicit a fibrous capsule
processing to transform CaCO3 to HA (Schors and Holmes, at the implant-tissue interface. Glasses within region C are
1993; Roy and Linnehan, 1974). resorbable and disappear within 10 to 30 days of implantation.

Porous materials are weaker than the equivalent bulk form Glasses within region D are not technically practical and there-
in proportion to the percentage of porosity, so that as the fore have not been tested as implants.
porosity increases, the strength of the material decreases rap- The collagenous constituent of soft tissues can strongly ad-
idly. Much surface area is also exposed, so that the effects of here to the bioactive silicate glasses that lie within the dashed
the environment on decreasing the strength become much more line region in Fig. 5. The interfacial thicknesses of the hard
important than tor dense, nonporous materials. The aging of tissue—bioactive glasses are shown in Fig. 2 for several composi-
porous ceramics, with their subsequent decrease in strength, tions. The thickness decreases as the bone-bonding boundary
requires bone ingrowth to stabilize the structure of the implant. is approached.
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TABLE 5 Composition of Bioactive Glasses and Glass-Ceramics (in Weight Percent)

45S5 45S5F 45S5.4F 40S5B5 52S4.6 55S4.3 KGC KGS KGy213
Bioglass Bioglass Bioglass Bioglass Bioglass Bioglass Ceravital Ceravital Ceravital A-W GC MB GC

SiO2 45 45 45 40 52 55 46.2 46 38 34.2 19-52

P2OS 6 6 6 6 6 6 16.3 4-24

CaO 24,5 12.25 14.7 24.5 21 19.5 20.2 33 31 44.9 9-3

Ca(PO3}2 25.5 16 13.5

CaF, 12.25 9.8 0.5

MgO 2.9 4.6 5-15

MgF2

Na2O 24.5 24,5 24.5 24.5 21 19.5 4.8 5 4 3-5

K2O 0.4 3-5

A12O3 7 12-33

B203 5

Ta2Oj/TiO2 6.5

Structure Glass Glass Glass Glass Glass Glass- Glass- Glass- Glass-
Ceramic Ceramic Ceramic Ceramic

Reference Hench Hench Hench Hench Hench Hench Gross Gross Nakamura Hohland
et al. et at, et al. et al. et al. et al. et at. et al. et al. and Vogel
(1972) (1972) (1972) (1972) (1972) (1972) (1988) (1988) (1985) (1993)

Gross etaL (1988) and Gross and Strunz (1985) have shown
that a range of low-alkali (0 to 5 wt.%) bioactive silica glass-
ceramics (Ceravital) also bond to bone. They found that small
additions of A12O3, Ta2O5, TiO2, Sb2O3, or ZrO2 inhibit bone
bonding (Table 5, Fig. 1). A two-phase silica—phosphate glass-
ceramic composed of apatite [Ca10(PO4)6(OHiF2)] and wollas-
tonite [CaO • SiO2] crystals and a residual silica glassy matrix,
termed A-W glass-ceramic (A-WGC) (Nakamura et al., 1985;
Yamamuro etaL, 1990; Kokubo, 1993), also bonds with bone.
The addition of A12O3 or TiO2 to the A-W glass-ceramic also
inhibits bone bonding, whereas incorporation of a second phos-
phate phase, B-whitlockite (3CaO • P2O5), does not.

Another multiphase bioactive phosphosilicate containing

FIG. 5. Compositional dependence (in wt. %) of bone bonding and soft
tissue bonding of bioactive glasses and glass-ceramics. AH compositions in region
A have a constant 6 wt. % of P2OS. A-W glass ceramic has higher P2O5 content
(see Table 5 for details). IB, Index of bioactivity.

phlogopite (Na,K) Mg3[AlSi3O10]F2 and apatite crystals bonds
to bone even though Al is present in the composition {Hohland
and Vogel, 1993). However, the A13+ ions are incorporated
within the crystal phase and do not alter the surface reaction
kinetics of the material. The compositions of these various
bioactive glasses and glass-ceramics are compared in Table 5.

The surface chemistry of bioactive glass and glass-ceramic
implants is best understood in terms of six possible types of
surface reactions (Hench and Clark, 1978). A high silica glass
may react with its environment by developing only a surface
hydration layer. This is called a type I response (Fig. 6). Vitreous
silica (SiO2) and some inert glasses at the apex of region B
(Fig. 5) behave in this manner when exposed to a physiologi-
cal environment.

When sufficient SiO2 is present in the glass network, the
surface layer that forms from alkali-proton exchange can re-
polymerize into a dense SiO2-rich film that protects the glass
from further attack. This type II surface (Fig. 6) is characteristic
of most commercial silicate glasses, and their biological re-
sponse of fibrous capsule formation is typical of many within
region B in Fig. 5.

At the other extreme of the reactivity range, a silicate glass
or crystal may undergo rapid, selective ion exchange of alkali
ions, with protons or hydronium ions leaving a thick but highly
porous and nonprotective SiO2-rich film on the surface (a type
IV surface) (Fig. 6). Under static or slow flow conditions, the
local pH becomes sufficiently alkaline (pH >9) that the surface
silica layer is dissolved at a high rate, leading to uniform bulk
network or stoichiometric dissolution (a type V surface). Both
type IV and V surfaces fall into region C of Fig. 5.

Type IIIA surfaces are characteristic of bioactive silicates
(Fig. 6). A dual protective film rich in CaO and P2O5 forms
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FIG. 6. Types of silicate glass interfaces with aqueous or physiological solutions.

on top of the alkali-depleted SiO2-rich film. When multivalent
cations such as A13+, Fe3+, and Ti4+ are present in the glass
or solution, multiple layers form on the glass as the saturation
of each cationic complex is exceeded, resulting in a type IIIB
surface (Fig. 6), which does not bond to tissue.

A general equation describes the overall rate of change of
glass surfaces and gives rise to the interfacial reaction profiles
shown in Fig. 6. The reaction rate (R) depends on at least four
terms (for a single-phase glass). For glass-ceramics, which have
several phases in their microstructures, each phase will have
a characteristic reaction rate, Rj,

The first term describes the rate of alkali extraction from the
glass and is called a stage 1 reaction. A type II nonbonding
glass surface (region B in Fig. 6) is primarily undergoing stage
1 attack. Stage 1, the initial or primary stage of attack, is a
process that involves an exchange between alkali ions from
the glass and hydrogen ions from the solution, during which
the remaining constituents of the glass are not altered. During
stage 1, the rate of alkali extraction from the glass is parabolic
(t1/2) in character.

The second term describes the rate of interfacial network
dissolution that is associated with a stage 2 reaction. A type
IV surface is a resorbable glass (region C in Fig. 5) and is

experiencing a combination of stage 1 and stage 2 reactions.
A type V surface is dominated by a stage 2 reaction. Stage 2,
the second stage of attack, is a process by which the silica
structure breaks down and the glass totally dissolves at the
interface. Stage 2 kinetics are linear (t1-0).

A glass surface with a dual protective film is designated
type IIIA (Fig. 6). The thickness of the secondary films can
vary considerably—from as little as 0.01 /xm for A12O3—SiO2-
rich layers on inactive glasses, to as much as 30 /urn for CaO—
P2O5-rich layers on bioactive glasses.

A type III surface forms as a result of the repolymerization
of SiO2 on the glass surface by the condensation of the silanols
(Si—OH) formed from the stage 1 reaction. For example:

Stage 3 protects the glass surface. The SiO2 polymerization
reaction contributes to the enrichment of surface SiO2 that is
characteristic of types II, III, and IV surface profiles (Fig. 6).
It is described by the third term in Eq. 1. This reaction is
interface controlled with a time dependence of +k3t

l-°. The
interfacial thickness of the most reactive bioactive glasses
shown in Fig. 2 is largely due to this reaction.

The fourth term in Eq. 1, +k4t
y (stage 4), describes the

precipitation reactions that result in the multiple films charac-
teristic of type III glasses. When only one secondary film forms,
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the surface is type III A, When several additional films form,
the surface is type IIIB,

In stage 4, an amorphous calcium phosphate film precipi-
tates on the silica-rich layer and is followed by crystallization
to form carbonated HA crystals. The calcium and phosphate
ions in the glass or glass-ceramic provide the nucleation sites for
crystallization. Carbonate anions (COf") substitute for OH" in
the apatite crystal structure to form a carbonate hydroxyapatite
similar to that found in living bone. Incorporation of CaF2 in
the glass results in incorporation of fluoride ions in the apatite
crystal lattice. Crystallization of carbonate HA occurs around
collagen fibrils present at the implant interface and results in
interfaciai bonding.

In order for the material to be bioactive and form an interfa-
ciai bond, the kinetics of reaction in Eq. 1, and especially the
rate of stage 4, must match the rate of biomineralization that
normally occurs in vivo. If the rates in Eq. 1 are too rapid, the
implant is resorbable, and if the rates are too slow, the implant
is not bioactive.

By changing the compositionally controlled reaction kinet-
ics (Eq. 1), the rates of formation of hard tissue at an implant
interface can be altered, as shown in Fig. 1. Thus, the level of
bioactivity of a material can be related to the time for more
than 50% of the interface to be bonded (*o.5bb) [e»g-5 JB index
of bioactivity; = (100/£05bb)] (Hench, 1988). It is necessary to
impose a 50% bonding criterion for an /B since the interface
between an implant and bone is irregular (Gross et al., 1988).
The initial concentration of macrophages, osteoblasts, chon-
droblasts, and fibroblasts varies as a function of the fit of the
implant and the condition of the bony defect (see Chapters 3
and 4). Consequently, all bioactive implants require an incuba-
tion period before bone proliferates and bonds. The length of
this incubation period varies widely, depending on the compo-
sition of the implant.

The compositional dependence of JB indicates that there
are iso/B contours within the bioactivity boundary, as
shown in Fig. 5 (Hench, 1988). The change of 7B with the
SiO2/(Na2O + CaO) ratio is very large as the bioactivity
boundary is approached. The addition of multivalent ions to
a bioactive glass or glass-ceramic shrinks the iso/B contours,
which will contract to zero as the percentage of A12O3, Ta2O5,
ZrO2, or other multivalent cations increases in the material.
Consequently, the iso7B boundary shown in Fig. 5 indicates the
contamination limit for bioactive glasses and glass-ceramics. If
the composition of a starting implant is near the JB boundary,
it may take only a few parts per million of multivalent cations
to shrink the /B boundary to zero and eliminate bioactivity.
Also, the sensitivity of fit of a bioactive implant and length of
time of immobilization postoperatively depends on the /B value
and closeness to the 7B = 0 boundary. Implants near the 7B

boundary require more precise surgical fit and longer fixation
times before they can bear loads. In contrast, increasing the
surface area of a bioactive implant by using them in particulate
form for bone augmentation expands the bioactive boundary.
Small (<200 /im) bioactive glass granules behave as a partially
resorbable implant and stimulate new bone formation
(Hench, 1994).

Bioactive implants with intermediate 7B values do not de-
velop a stable soft tissue bond; instead, the fibrous interface
progressively mineralizes to form bone. Consequently, there

FIG. 7. Time dependence of interfaciai bond strength of various fixation
systems in bone. (After Hench, 1987.)

appears to be a critical iso/B boundary beyond which bioactiv-
ity is restricted to stable bone bonding. Inside the critical iso/B
boundary, the bioactivity includes both stable bone and soft
tissue bonding, depending on the progenitor stem cells in con-
tact with the implant. This soft tissue—critical iso/B limit is
shown by the dashed contour in Fig. 5.

The thickness of the bonding zone between a bioactive
implant and bone is proportional to its /B (compare Fig. 1 with
Fig. 2). The failure strength of a bioactively fixed bond appears
to be inversely dependent on the thickness of the bonding zone.
For example, 45S5 Bioglass with a very high 7B develops a gel
bonding layer of 200 ^tm, which has a relatively low shear
strength. In contrast, A-W glass-ceramic, with an intermediate
7B value, has a bonding interface in the range of 10—20 ju,m and
a very high resistance to shear. Thus, the interfaciai bonding
strength appears to be optimum for 7B values of —4. However,
it is important to recognize that the interfaciai area for bonding
is time dependent, as shown in Fig. 1. Therefore, interfaciai
strength is time dependent and is a function of such morpholog-
ical factors as the change in interfaciai area with time, progres-
sive mineralization of the interfaciai tissues, and resulting in-
crease of elastic modulus of the interfaciai bond, as well as
shear strength per unit of bonded area. A comparison of the
increase in interfaciai bond strength of bioactive fixation of
implants bonded to bone with other types of fixation is given
in Fig. 7 (Hench, 1987).

Clinical applications of bioactive glasses and glass-ceramics
are reviewed by Gross et al. (1988), Yamamuro et al. (1990),
Hench and Wilson (1993) (Table 6). The 8-year history of
successful use of Ceravital glass-ceramics in middle ear surgery
(Reck et al., 1988) is especially encouraging, as is the 10 year
use of A-W glass-ceramic in vertebral surgery (Yamamuro et
al., 1990) and 10 year use of 45S5 Bioglass in endosseous ridge
maintenance (Stanley et al., 1996) and middle ear replacement
and 6 year success in repair of periodontal defects (Hench and
Wilson, 1996; Wilson et al. 1994).

CALCIUM PHOSPHATE CERAMICS

Calcium phosphate-based bioceramics have been used in
medicine and dentistry for nearly 20 years (Hulbert et al.,
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TABLE 6 Present Uses of Bioceramics 4 Ca3(PO4)2 (solid) + 2H2O -> Ca10(PO4)6(OH) (surface)
-—. . + 2 Ca2+ + 2 HPO^. v }

Orthopedic load-bearing Coatings for tissue ingrowth
applications (Cardiovascular, orthopedic, Thus, the solubility of a TCP surface approaches the solubility

A12O, dental and maxillofacial of HA and decreases the pH of the solution, which further
prosthetics) increases the solubility of TCP and enhances resorption. The

A12O3 presence of micropores in the sintered material can increase
Coatings for chemical bonding Temporary bone space fillers the solubility of these phases.

(Orthopedic, dental and Tricalcium phosphate Sintering of calcium phosphate ceramics usually occurs in
maxillofacial prosthetics) Calcium and phosphate salts the range of 1000-1500°C following compaction of the pow-

HA der into a desired shape. The phases formed at high temperature
Bioactive glasses depend not only on temperature but also on the partial pressure
Bioactive glass- o£ water jn ̂  sintering atmosphere. This is because with water

present HA can be formed and is a stable phase up to 1360°C,
Dental implants Periodontal pocket obliteration as shown in thg phase equilibrium diagram for CaO and P2O5

Alz°3 HA with 500 mm Hg partial pressure of water (Fig. 8). Without
HA HA-PLA composite r ^ n j ^ n if ui u v * '
„- - , -r • j- L u water, D4P and C3P are the stable phases.
Bioactive glasses 1 nsodmm phosphate . t i .. • ,- T T * • - 1 1

Calcium and phosphate salts The temperature range of stability of HA increases with the
Bioactive glasses partial pressure of water, as does the rate of phase transitions

,, , . , . »* ii r • i of C3P or C4P to HA. Because of kinetics barriers that affectAlveolar ridge augmentations Maxilloracial reconstruction J ? . i t i -
. i Q A i Q u A the rates of formation of the stable calcium phosphate phases,
j_j^ HA-PLA composite '* *s °^en difficult to predict the volume fraction of high-
HA-autogenous bone com- Bioactive glasses temperature phases that are formed during sintering and their

posite relative stability when cooled to room temperature.
HA-PLA composite Starting powders can be made by mixing in an aqueous
Bioactive glasses solution the appropriate molar ratios of calcium nitrate and

Otolaryngological Percutaneous access devices ammonium phosphate, which yield a precipitate of stoichio-
A12O3 Bioactive glasses metric HA. The Ca2+, PO4~, and OH" ions can be replaced
HA Bioactive composites by other ions during processing or in physiological surround-
Bioacove glasses ings- for example: fluorapatite, Calo(PO4)6(OH)2_x with O <
Bioactive glass-ceramics x < 2; and carbonate apatite, Ca,0(PO4)6(OH)2-2Jc(CO3)a. or

Artifical tendon and ligament Orthopedic fixation devices Ca]0_x.+y(PO4)6_x(OH)2 _.,._. 2)), where O < x < 2 and O < y <
PLA-carbon fiber composite PLA-carbon fibers \x can be formed. Fluorapatite is found in dental enamel, and

PLA-calcmm/phosphorous- carbonate hydroxyapatite is present in bone. For a discussion
base glass fibers of fhe structure of these complex crystals, see Le Geros (1988).

"" ~ " ____________——__—__—___________ jjie mecnanjcai behavior of calcium phosphate ceramics

strongly influences their application as implants. Tensile and

1987; de Groot, 1983, 1988; de Groot et al., 1990; Jarcho,
1981 ;Le Geros, 1988; Le Geros and Le Geros, 1993). Applica-
tions include dental implants, periodontal treatment, alveolar
ridge augmentation, orthopedics, maxiilofacial surgery, and
otolaryngology (Table 6). Different phases of calcium phos-
phate ceramics are used, depending upon whether a resorbable
or bioactive material is desired.

The stable phases of calcium phosphate ceramics depend
considerably upon temperature and the presence of water, ei-
ther during processing or in the use environment. At body
temperature, only two calcium phosphates are stable when in
contact with aqueous media such as body fluids. At pH < 4.2,
the stable phase is CaHPO4 • 2H2O (dicalcium phosphate
or hrushite, C2P), while at pH S: 4.2 the stable phase is
Ca10(PO4)6(OH)2 (HA). At higher temperatures, other phases
such as Ca3(PO4)2 (/8-tricalcium phosphate, C3P, or TCP) and
Ca4P2O9 (tetracalcium phosphate, C4P) are present. The unhy-
drated high-temperature calcium phosphate phases interact
with water or body fluids at 37°C to form HA. HA forms on
exposed surfaces of TCP by the following reaction:

FIG* 8» Phase equilibrium diagram of calcium phosphates in a water atmo-
sphere. Shaded area is processing range to yield HA-containing implants. (After
K. de Groot, Ann. New York Acad. Set. 523: 227, 1988.)
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compressive strength and fatigue resistance depend on the total 3. Biological factors, such as phagocytosis, which causes a
volume of porosity. Porosity can be in the form of micropores decrease in local pH concentrations (de Groot and Le
(<1 fim diameter, due to incomplete sintering) or macropores Geros, 1988).
(>10G fAm diameter, created to permit bone growth). The
dependence of compressive strength (trc) and total pore volume M calcium phosphate ceramics biodegrade to varying de-
/ V \ i« rWrihi-H in HP Grnot pt al (-\ 9901 hv- grees in the following order:

where Vp is in the range of 0-0.5.
Tensile strength depends greatly on the volume fraction of

microporosity (Vm):

The Weibull factor (ri) of HA implants is low in physiologi-
cal solutions (n — 12), which indicates low reliability under
tensile loads. Consequently, in clinical practice, calcium phos-
phate bioceramics should be used as (1) powders; (2) small,
unloaded implants such as in the middle ear; (3) with reinforc-
ing metal posts, as in dental implants; (4) coatings (e.g., com-
posites); or (5) low loaded porous implants where bone growth
acts as a reinforcing phase.

The bonding mechanism of dense HA implants appears to
be very different from that described above for bioactive
glasses. The bonding process for HA implants is described
by Jarcho (1981), A cellular bone matrix from differentiated
osteoblasts appears at the surface, producing a narrow amor-
phous electron-dense band only 3 to 5 /xm wide. Between this
area and the cells, collagen bundles are seen. Bone mineral
crystals have been identified in this amorphous area. As the
site matures, the bonding zone shrinks to a depth of only
0.05 to 0.2 jum (Fig. 2). The result is normal bone attached
through a thin epitaxial bonding layer to the bulk implant.
TEM image analysis of dense HA bone interfaces show an
almost perfect epitaxial alignment of some of the growing
bone crystallites with the apatite crystals in the implant. A
consequence of this ultrathin bonding zone is a very high
gradient in elastic modulus at the bonding interface between
HA and bone. This is one of the major differences between
the bioactive apatites and the bioactive glasses and glass-
ceramics. The implications of this difference for the implant
interfacial response to Wolff's law is discussed in Hench
and Ethridge (1982, Chap. 14).

RESORBABLL CALCIUM PHOSPHATES

Resorption or biodegradation of calcium phosphate ceram-
ics is caused by three factors:

1. Physiochernical dissolution, which depends on the solu-
bility product of the material and local pH of its environ-
ment. New surface phases may be formed, such as
amorphous calcium phosphate, dicalcium phosphate di-
hydrate, octacalcium phosphate, and anionic-substi-
tuted HA.

2. Physical disintegration into small particles as a result of
preferential chemical attack of grain boundaries.

The rate of biodegradation increases as:

1. Surface area increases (powders > porous solid >
dense solid)

2. Crystallinity decreases
3. Crystal perfection decreases
4. Crystal and grain size decrease
5. There are ionic substitutions of COf", Mg2+, and Sr2+

in HA

Factors that tend to decrease the rate of biodegradation include
(1) F~ substitution in HA, (2) Mg2^ substitution in /3-TCP, and
(3) lower /3-TCP/HA ratios in biphasic calcium phosphates.
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TABLE 1 General Properties of Certain Natural Polymers

Polymer Incidence Physiological function

A. Proteins
Silk Synthesized by arthropods Protective cocoon
Keratin Hair Thermal insulation
Collagen Connective tissues (tendon, Mechanical support

skin, etc.)
Gelatin Partly amorphous collagen (Industrial product)
Fibrinogen Blood Blood clotting
Elastin Neck ligament Mechanical support
Actin Muscle Contraction, motility
Myosin Muscle Contraction, motility

B. Polysaccharides
Cellulose (cotton) Plants Mechanical support
Amylose Plants Energy reservoir
Dextran Synthesized by bacteria Matrix for growth of organism
Chitin Insects, crustaceans Provides shape and form
Glycosaminoglycans Connective tissues Contributes to mechanical support

C. Polynucleotides
Deoxyribonucleic acids (DNA) Cell nucleus Direct protein biosynthesis
Ribonucleic acids (RNA) Cell nucleus Direct protein biosynthesis

far lower than that of proteins. The collagens are generally cally and physically degraded. In the latter case, the solubilized
weak immunogens relative to the majority of proteins. components are subsequently extracted and characterized by

Another disadvantage of proteins as biomaterials derives biochemical and physicochemical method. Of the various com-
from the fact that these polymers typically decompose or un- ponents of extracellular materials which have been used to
dergo pyrolytic modification at temperatures below their melt- fashion biomaterials, collagen is the one most frequently used,
ing point, thereby precluding the convenience of high-tempera- Almost inevitably, the physicochemical processes used to
ture thermoplastic processing methods, such as melt extrusion, extract the individual polymer from tissues, as well as subse-
during the manufacturing of the implant. However, processes quent deliberate modifications, alter the native structure, some-
for extruding these temperature-sensitive polymers at room times significantly. The following description emphasizes the
temperature have been developed. Another serious disadvan- features of the naturally occurring, or native, macromolecular
tage is the natural variability in structure of macromolecular structures. Certain modified forms of these polymers are
substances which are derived from animal sources. Each of also described,
these polymers appears as a chemically distinct entity not only
from one species to another (species specificity) but also from
one tissue to the next (tissue specificity). This testimonial to STRUCTURE OF NATIVE COLLAGEN
the elegance of the naturally evolved design of the mammalian
body becomes a problem for the manufacturer of implants, _ . . . „ . ,

, . , . „ - j I. • .1 •£• . Structural order in collagen, as m other proteins, occurs atwhich are typically required to adhere to rigid specifications . . . , , , , . . . , _v ,.
r . . . ^ , i • i ,. • several discrete levels of the structural hierarchy. The collagenfrom one batch to the next. Consequently, relatively stringent . . . , . . . 7 *.rfi „, i i j £ t. _ • , in the tissues of a vertebrate occurs in at least ten different
control methods must be used tor the raw material. , t t i i • i • • •? • r

,, , , . . . , . - i j forms, each or these being dominant in a specific tissue. Struc-
Most or the natural polymers in use as biomaterials today „ , ,, °, , , f . . „ . , , ,.

, . v ' „ . . ,„„,,, , turally, these collagens share the characteristic triple helix,
are constituents of the extracellular matrix (ECM) of connec- ^ variations among them are restricted to the length of the
tive tissues such as tendons, ligaments skin, blood vessels, and nonhelical fraction, the length of the helix itself, and the num-
bone. These tissues are deformable, fiber-reinforced composite ber and nature of carbohydrate attachments on the triple helix.
materials of superior architectural sophistication whose mam The couagen in skin, tendon, and bone is mostly type I collagen,
function in the adult animal appears to be the maintenance of Type n collagen is predominant in cartilage, while type III
organ shape as well as of the organism itself. In the relatively collagen is a major constituent of the blood vessel wall as well
crude description of these tissues as if they were man-made as being a minor contaminant of type I collagen in skin. In
composites, collagen and elastin fibers mechanically reinforce contrast to these collagens, all of which form fibrils with the
a "matrix" that primarily consists of protein-polysaccharides distinct collagen periodicity, type IV collagen, a constituent of
(proteoglycans) highly swollen in water. Extensive chemical the basement membrane which separates epithelial tissues from
bonding connects these macromolecules to each other, render- mesodermal tissues is largely nonhelical and does not form
ing these tissues insoluble and, therefore, impossible to charac- fibrils. We follow here the nomenclature which was proposed
terize with dilute solution methods unless the tissue is chemi- by W. Kauzmann (1959) to describe in a general way the



FIG. I. Collagen, like other proteins, is distinguished by several levels of structural order. (A) Primary structure—the
complete sequence of amino acids along each polypeptide chain. An example is the triple chain sequence of type I calf skin
collagen at the N-end of the molecule. Roughly 5% of a complete molecule is shown. No attempt has been made to indicate
the coiling of the chains. Amino acid residues participating in the triple helix are numbered, and the residue-to-residue spacing
(0.286 nm) is shown as a constant within the triple helical domain, but not outside it. Bold capitals indicate charged residues
which occur in groups (underlined) (Reprinted from J. A. Chapman and D. J. S. Hulmes, in Ultrastructure of the Connective
Tissue Matrix, A Ruggeri and P. M. Motta, eds., Martinus Nijhoff, 1984, Chap. 1, Fig. 1, p. 2, with permission.)
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structural order in proteins, and we specialize it to the case of The fourth-order or quaternary structure denotes the repeat-
type I collagen (Fig. I). ing supermolecular unit structure, comprising several mole-

The primary structure denotes the complete sequence of cules packed in a specific lattice, which constitutes the basic
amino acids along each of three polypeptide chains as well as element of the solid state (microfibril). Collagen molecules are
the location of interchain cross-links in relation to this se- packed in a quasi-hexagonal lattice at an interchain distance
quence. Approximately one-third of the residues are glycine of about 1.3 nm which shrinks considerably when the microfi-
and another quarter or so are proline or hydroxyproline. The bril is dehydrated. Adjacent molecules in the microfibril are
structure of the bifunctional interchain cross-link is the rela- approximately parallel to the fibril axis; they all point in the
tively complex condensation product of a reaction involving same direction along the fibril and are staggered regularly,
lysine and hydroxylysine residues; this reaction continues as giving rise to the well-known D-period of collagen, about 64
the organism matures, thereby rendering the collagens of older nm, which is visible in the electron microscope. Higher levels
animals more difficult to extract. of order, eventually leading to gross anatomical features which

The secondary structure is the local configuration of a poly- can be readily seen with the naked eye, have been proposed
peptide chain that results from satisfaction of stereochemical but there is no agreement on their definition,
angles and hydrogen-bonding potential of peptide residues. In
collagen, the abundance of glycine residues (Gly) plays a key
configurational role in the triplet Gly-X-Y, where X and Y
are frequently proline or hydroxyproline, respectively, the two PHYSICAL MODIFICATIONS Of THE NATIVE
arnino acids that direct the chain configuration locally by the STRUCTURE Of COLLAGEN
rigidity of their ring structures. On the other hand, the absence
of a side chain in glycine permits the close approach of polypep- Crystallinity in collagen can, according to Fig, 1, be detected
tide chains in the collagen triple helix. The tertiary structure at two discrete levels of structural order: the tertiary (triple
refers to the global configuration of the polypeptide chains; helix) (Fig. 1C) and the quaternary (lattice of triple helices) (Fig.
it represents the pattern according to which the secondary ID). Each of these levels of order corresponds, interestingly
structures are packed together within the complete macromole- enough, to a separate melting transformation. A solution of
cule and it constitutes the structural unit that can exist as a collagen triple helices is thus converted to the randomly coiled
physicochemically stable entity in solution, namely, the triple gelatin by heating above the helix-coil transition temperature,
helical collagen molecule. which is approximately 37°C for bovine collagen, or by exceed-

In type 1 collagen, two of the three polypeptide chains have ing a critical concentration of certain highly polarizable anions,
identical amino acid composition, consist of 1056 residues, e.g., bromide or thiocyanate, in the solution of collagen mole-
and are termed a 1(1) chains, while the third has a different cules. Infrared spectroscopic procedures, based on helical
composition; it consists of 1038 residues and is termed a2(I). marker bands in the mid- and far infrared, have been developed
The three polypeptide chains fold to produce a left-handed to assay the gelatin content of collagen in the solid or semisolid
helix while the three-chain supercoil is actually right-handed states in which collagen is commonly used as an implant. Since
with an estimated pitch of about 100 nm (30—40 residues). implanted gelatin is much more rapidly degradable than colla-
Tlie helical structure extends over 1014 of the residues in each gen, these assays are essential tools for quality control of colla-
of the three chains, leaving the remaining residues at the ends gen-based biomaterials. Frequently such biomaterials have
(telopeptides) in a nonhelical configuration. The residue spac- been processed under manufacturing conditions which may
ing is 0.286 nm and the length of the helical portion of the threaten the integrity of the triple helix,
molecule is, therefore, about 1014 x 0.286 or 290 nm. Collagen fibers also exhibit a characteristic banding pattern

(B) Secondary structure—the local configuration of a polypeptide chain. The triplet sequence Gly-Pro-Hyp illustrates elements
of collagen triple-helix stabilization. The numbers identify peptide backbone atoms. The conformation is determined by trans
peptide bonds (3-4, 6-7, and 9-1); fixed rotation angle of bond in proline ring (4-5); limited rotation of proline past the C=O
group (bond 5-6); interchain hydrogen bonds (dots) involving the NH hydrogen at position 1 and the C=O at position 6 in
adjacent chains; and the hydroxy group of hydroxyproline, possibly through water-bridged hydrogen bonds. (Reprinted from
K. A. Piez and A. H. Reddi, eds., Extracellular Matrix Biochemistry, Elsevier, 1984, Chap. 1, Fig. 1.6, p. 7, with permission.)
(C) Tertiary structure—the global configuration of polypeptide chains, representing the pattern according to which the secondary
structures are packed together within the unit substructure. A schematic view of the type I collagen molecule, a triple helix 300
nm long. (Reprinted from K. A. Piez and A. H. Reddi, eds., Extracellular Matrix Biochemistry, Elsevier, 1984, Chap. 1, Fig.
1.22, p. 29, with permission.) (D) Quaternary structure—the unit supermolecular structure. The most widely accepted unit is
one involving five collagen molecules (microfibril). Several microfibrils aggregate end to end and also laterally to form a collagen
fiber which exhibits a regular banding pattern in the electron microscope with a period of 65 nm. (Reprinted from M. E. Nimni,
ed., Collagen, Vol. !, Biochemistry. CRC Press, Boca Raton, 1988, Chap. 1, Fig. 10, p. 14, with permission.)
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with a period of 65 nm (quarternary structure). This pattern CHEMICAL MODIFICATION Of COLLAGEN
is lost reversibly when the pH of a suspension of collagen fibers
in acetic acid is lowered below 4.25 ± 0.30. Transmission The pnmary structure of collagen is made up of long se-
electron microscopy or small-angle X-ray diffraction can be quences of some 20 different ammo acids. Since each ammo
used to determine the fraction of fibrils which possess banding acicj has its own chemical identity, there are 20 types of pendant
as the pH of the system is altered. During this transformation, side groups, each with its own chemical reactivity, attached
which appears to be a first-order thermodynamic transition, to the polypeptide chain backbone. As examples, there are
the triple helical structure remains unchanged. Changes in pH carboxylic side groups (from glutamic acid and aspartic acid
can, therefore, be used to selectively abolish the quarternary residues), primary amino groups (lysine, hydroxylysine, and
structure while maintaining the tertiary structure intact. arginine residues), and hydroxylic groups (tyrosine and hy-

This experimental strategy has made it possible to show droxylysine). The collagen molecule is therefore subject to
that the well-known phenomenon of blood platelet aggregation modification by a large variety of chemical reagents. Such versa-
by collagen fibers (the reason for using collagen sponges as tility comes with a price: Even though the choice of reagents
hemostatic devices) is a specific property of the quarternary is large, it is imporant to ascertain that use of a given reagent
rather than the tertiary structure. Thus collagen which is has led to modification of a given fraction of the residues of
thromboresistant in vitro has been prepared by selectively a certain amino acid in the molecule. This is equivalent to
"melting out" the packing order of helices while preserving proof that a reaction has proceeded to a desired "yield." Fur-
the triple helices themselves. Figure 2 illustrates the banding thermore, proof that a given reagent has attacked only a specific
pattern of such collagen fibers. Notice that short segments of type of amino acid, rather than all amino acid residue types
banded fibrils persist even after very long treatment at low pH, carrying the same functional group, also requires chemical
occasionally interrupting long segments of nonbanded fibrils analysis.
(Fig. 2, inset). Historically, the chemical modification of collagen has been

The porosity of collagenous implants normally makes an practiced in the leather industry (since about 50% of the protem
indispensable contribution to its performance. A porous struc- content of cowhide is collagen) and in the photographic gelatin
ture provides an implant with two critical functions. First, pore industry. Today, the increasing use of collagen in biomaterials
channels are ports of entry for cells migrating from adjacent applications has provided renewed incentive for novel chemical
tissues into the bulk of the implant or for the capillary suction modification, primarily in two areas. First, implanted collagen
of blood from a hemorrhaging blood vessel nearby. Second, is subject to degradative attack by collagenases, and chemical
pores endow a solid with a frequently enormous specific surface cross-linking is a well-known means of decelerating the degra-
which is made available either for specific interactions with dation rate. Second, collagen extracted from an animal source
invading cells (e.g., collagen-glycosaminoglycan (CG) copoly- elicits production of antibodies (immunogenicity). Although it
rners which induce regeneration of skin in burned patients) or is widely accepted that collagen elicits synthesis of a far smaller
for interaction with coagulation factors in blood flowing into concentration of antibodies than other proteins (e.g., albumin),
the device (e.g., hemostatic sponges). treatment with specific reagents, including enzymatic treat-

Pores can be incorporated by first freezing a dilute suspen- ment, is occasionally used to reduce the immunogenicity of col-
sion of collagen fibers and then inducing sublimation of the lagen.
ice crystals by exposing the suspension to a low-temperature Collagen-based implants are normally degraded by colla-
vacuum. The resulting pore structure is a negative replica of genases, naturally occurring enzymes which attack the triple
the network of ice crystals (primarily dendrites). It follows that helical molecule at a specific location. Two characteristic prod-
control of the conditions for ice nucleation and growth can ucts result, namely, the N-terminal fragment which amounts
lead to a large variety of pore structures (Fig. 3). to about two thirds of the molecule, and the one-quarter

In practice, the average pore diameter decreases with de- C-terminal fragment. Both of these fragments become sponta-
creasing temperature of freezing while the orientation of pore neously transformed (denatured) to gelatin at physiological
channel axes depends on the magnitude of the heat flux vector temperatures via the helix-coil transition and the gelatinized
during freezing. In experimental implants, the mean pore diam- fragments are then cleaved to oligopeptides by naturally occur-
eter has ranged between about 1 and 800 mm; pore volume ring enzymes which degrade several other tissue proteins (non-
fractions have ranged up to 0.995; the specific surface has been specific proteases).
varied between about 0.01 and 100 m2/g dry matrix; and the Collagenases are naturally present in healing wounds and
orientation of axes of pore channels has ranged from strongly are credited with a major role in the degradation of collagen
uniaxial to highly radial. The ability of collagen-glycosamino- fibers at the site of trauma. At about the same time that degrada-
gSycans to induce regeneration of tissues such as skin and nerve tion of collagen and of other ECM components proceeds in
depends critically, among other factors, on the adjustment of the wound bed, these components are being synthesized de
the pore structure to desired levels, e.g., about 20—125 /u,m novo by cells in the wound bed. Eventually, new architectural
for skin regeneration and less than 10 //,m for sciatic nerve arrangements, such as scar tissue, are synthesized. While it is
regeneration. Determination of pore structure is based on prin- not a replica of the intact tissue, scar tissue forms a stable
ciples of stereology, the discipline which allows the quantitative endpoint to the healing process, and forms a tissue barrier
statistical properties of three-dimensional implant structures between adjacent organs which allows the healed organ to
to be related to those of two-dimensional projections, e.g., continue functioning at a nearly physiological level. The corn-
sections used for histological analysis. bined process of collagen degradation and scar synthesis is



FIG. 2. Following exposure to pH below 4.25 ± 0.30, the banding pattern of type i bovine hide collagen
practically disappears. Short lengths of banded collagen (B) do, however, persist next to very long lengths of
nonbanded collagen (NB) which has tertiary but not quaternary structure. This preparation does not include
platelet aggregation provided that the fibers are prevented from recrystallizing to form banded structures when
the pH is adjusted to neutral in order to perform the platelet assay. Stained with 0.5 wt.% phosphotungstic acid,
Banded collagen period, about 65 nm. x 12,750. Inset: x 63,750. (Reprinted from M. J. Forbes, M. S. dissertation,
Massachusetts Institute of Technology, 1980, courtesy of MIT.)
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FIG. 3. Illustration of the variety of porous structures which can be obtained with collagen-GAG copolymers by adjusting
the kinetics of crystallization of ice to the appropriate magnitude and direction. Pores form when the ice dendrites are eventually
sublimed. Scanning electron microscopy. (Courtesy of MIT.)

often referred to as remodeling. One of the frequent challenges after exposure of the solid protein to high temperature, while
in the design of collagen implants is to modify collagen chemi- unmodified gelatins lost their solubility. Insolubilization of coi-
cally in a way which either accelerates or slows down the rate lagen and gelatin following severe dehydration has been, ac-
of its degradation at the implantation site to a desired level. cordingly, interpreted as the result of drastic removal of the

An effective method for reducing the degradation rate of aqueous product of a condensation reaction which led to the
collagen by naturally occurring enzymes is chemical cross- formation of interchain amide links. The proposed mechanism
linking. A very simple self-cross-linking procedure, dehydrative is consistent with results, obtained by titration, showing that
cross-linking, is based on the fact that removal of water below the number of free carboxylic groups and free amino groups
about 1 wt.% insolubilizes collagen as well as gelatin by indue- in collagen are both significantly decreased following high-
ing formation of interchain peptide bonds. The nature of the temperature treatment.
cross-links formed can be inferred from the results of studies Removal of water to the extent necessary to achieve a den-
using chemically modified gelatins. Gelatin which had been sity of cross-links in excess of 1CT3 moles of cross-links/g dry
modified either by esterification of the carboxylic groups of gelatin, which corresponds to an average molecular weight
aspartyl-glutamyl residues or by acetylation of the s-amino between cross-links, Mc, of about 70 kDa, can be achieved
groups of lysyl residues remained soluble in aqueous solvents within hours by exposure to temperatures in excess of 105°C
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under atmospheric pressure. The possibility that the cross- modulus of films that have been treated to induce cross-linking
linking achieved under these conditions is caused by a pyrolytic and have subsequently been gelatinized by treatment in 1 M
reaction has been ruled out. Furthermore, chromatographic NaCl at 70°C. Under such conditions, only films which have
data have shown that the amino acid composition of collagen been converted into a three-dimensional network support an
remains intact after exposure to 105°C for several days. In equilibrium tensile force; by contrast, uncross-linked specimens
fact, it has been observed that gelatin can be cross-linked dissolve readily in the hot medium.
by exposure to temperatures as low as 25°C provided that a The immunogenicity of the collagen used in implants is
sufficiently high vacuum is present to achieve the drastic significant and has been studied assiduously using laboratory
moisture removal which appears to drive the cross-linking re- preparations. However, the clinical significance of such immu-
action. nogenicity has been shown to be very low, and is often consid-

Exposure of highly hydrated collagen to temperatures in ered to be negligible. This immense simplification of the immu-
excess of about 37°C is known to cause reversible melting of nological problem of using collagen as a biomaterial was
the triple helical structure, as described earlier. The melting recognized a long time ago by manufacturers of collagen-based
point of the triple helix increases with the collagen-diluent sutures. The apparent reason for the low antigenicity of type
ratio from 37°C, the helix-coil transition of the infinitely dilute I collagen stems from the small species difference among type
solution, to about 120°C for collagen swollen with as little as I collagens (e.g., cow vs. human). Such similarity is, in turn,
20% wt. diluent and up to about 210°C, the melting point of probably understandable in terms of the inability of the triple
anhydrous collagen. Accordingly, it is possible to cross-link helical configuration to incorporate the substantial amino acid
collagen using the drastic dehydration procedure described substitutions which characterize species differences with other
earlier without loss of the triple helical structure. It is sufficient proteins. The relative constancy of the structure of the triple
to adjust the moisture content of collagen to a low enough helix among the various species is, in fact, the reason why
level prior to exposure to the high temperature levels required collagen is sometimes referred to as a "successful" protein in
for rapid dehydration. terms of its evolution or, rather, the lack of it.

Dialdehydes have been long known in the leather industry In order to modify the immunogenicity of collagen, it is
as effective tanning agents and in histological laboratories as useful to consider the location of its antigenic determinants, i.e.,
useful fixatives. Both of these applications are based on the the specific chemical groups which are recognized as foreign by
reaction between the dialdehyde and the e-amino group of lysyl the immunological system of the host animal. The configura-
residues in the protein, which induces formation of interchain tional (or conformational) determinants of collagen depend on
cross-links. Glutaraldehyde cross-linking is a relatively widely the presence of the intact triple helix and, consequently, are
used procedure. The nature of the cross-link formed has been abolished when collagen is denatured into gelatin; the latter
the subject of controversy, primarily because of the complex, event (see earlier discussion) occurs spontaneously after the
apparently polymeric, character of this reagent. Considerable triple helix is cleaved by a collagenase. Gelatinization exposes
evidence supports the proposed anabilysine structure, which the sequential determinant of collagen over the short period
is derived from two lysine side chains and two molecules of during which gelatin retains its macromolecule character, be-
glutaraldehyde: fore it is cleared away following attack by one of several non-

Evidence for other mechanisms has been presented. Com- specific proteases. Controlling the stability of the triple helix
pared with other aldehydes, glutaraldehyde has shown itself during processing of collagen, therefore, prevents the display
to be a particularly effective cross-linking agent, as judged, for of the sequential determinants.
example, by its ability to increase the cross-link density. The Sequential determinants also exist in the nonhelical end
Mc values provide the experimenter with a series of collagens (telopeptide region) of the collagen molecule and this region has
in which the enzymatic degradation rate can be studied over been associated with most of the immunogenicity of collagen-
a wide range, thereby affording implants which effectively dis- based implants. Several enzymatic treatments have been de-
appear from tissue between a few days and several weeks vised to cleave the telopeptide region without destroying the
following implantation. Although the mechanism of the reac- triple helix. Treating collagen with glutaraldehyde not only
tion between glutaraldehyde and collagen at neutral pH is reduces its degradation rate by collagenase but also appears
understood in part, the reaction in acidic media has not been to reduce its antigenicity as well. The mechanism of this effect
studied extensively. Evidence that covalent cross-linking is in- is not well understood. Certain applications of collagen-based
volved comes from measurements of the equilibrium tensile biomaterials are shown in Table 2.
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TABLE 2 Certain Applications of Collagen-Based being hyaluronidase. These enzymes are primarily responsible
Biomaterials for the physiological turnover rate of GAGs, which is in the

—' 1 1 1 i range o f 2—14 days.
Application Physical state The nature of the oligosaccharide link appears to be identi-

^ ̂  ̂  GAGs, except for keratan sulfate, and is a galacto-
Sutures Extruded tape (Schmitt, 1985) syl-galactosyl-xylose, with the latter glycosidically linked to
Hemostatic agents Powder, sponge, fleece (Stengel et the hydroxyl group of serine in the protein core.

al, 1974; Chvapil, 1979) The very high molecular weight of hyaluronic acid is the
Blood vessels Extruded collagen tube, processed basis of most uses of this GAG as a biomaterial: almost all

human or animal blood vessel applications make use of the exceptionally high viscosity and
(Nimni, 1988) the facility to form gels which characterize this polysaccharide.

Heart valves Processed porcine heart valve Hyaluronic acid gels have found considerable use in ophthal-
(Nimni, 1988) mology because they facilitate cataract surgery as well as retinal

Tendon, ligaments Processed tendon (Piez, 1985) reattachment. Other uses of this GAG reported are the treat-
Burn treatment (dermal re- Porous cotlagen-glycosammoglycan ment of Degenerative joint dysfunction in horses and experi-

generation) (GAG) polymer3 (Yannas et al, mental treatment of certain orthopedic dysfunctions in hu-
1981, 1982, and 1989) mans. On the other hand, sulfated GAGs are anionically

Peripheral nerve regeneration Porous collagen-GAG copolymer charged and can induce precipitation of collagen at acidic PH
(Chang and Yannas, 1992) levels, a process which yields collagen—GAG coprecipitates

Meniscus regeneration Porous collagen-GAG copolymers thf fn be subsequently freeze dried and covalently cross-
(Stone et al 1989) linked to yield biomaterials which have been shown capable

. . . . , . i c n °f inducing regeneration of skin (dermis), peripheral nerve,Intradermal augmentation Iniectable suspension o r collagen , . . , . . ,~-, . t 1 » r
particles (Piez, 1985) and the meniscus of Joints (Table I ) .

Gynecological applications Sponges (Chvapil, 1979)

Drug-deliver)7 systems Various forms (Stenzel et a/., 1974, _. «M™»|
Chvapil, 1979) UAbTIN

"See also Chapter 7.10. Elastin is the least soluble protein in the body, consisting
as it does of a three-dimensional cross-linked network. It can be
extracted from tissues by dissolving and degrading all adjacent
substances. It appears to be highly amorphous and thus eludes
elucidation of its structure by crystaUographic methods. Fortu-

PROTEOGLYCANS AND GLYCOSAMINOGLYCANS nately, it exhibits ideal rubber elasticity and it thus becomes
possible to study certain features of the macromolecular net-

f^, . , //-^ A ̂  \ n 1 1 work. Fo r example, mechanical measurements have shown
Glycosammoglycans (GAGs) occur naturally as polysaccha- , , \ t • i • i

• i t . i e i - - i • i i tnat the average number of ammo acid units between cross-
ride branches of a protein chain, or protein core, to which they . . . . _. QA T 1 11 1 • 1 1 1 1

, , , , - .c i - i - j i - i "ri links is 71—84. Insoluble elastic preparations can be degraded
are covalently attached via a specific oligosaccharide link. The , , , , , , ,r, . t , •

, , , , 1 t _ - u L L j - L J by the enzyme elastase but the soluble preparations made thisentire branched macromolecule, which has been described as , , , . , , . . .
t • <it t i i „ £ • - i i way have not yet been used extensively as biomaterials.
having a bottle brush configuration, is known as a proteogly-
can and has a molecular weight of about 103 kDa.

The structure of GAGs can be generically described as that
of an alternating copolymer, the repeat unit consisting of a GRAIT COPOLYMERS Of COLLAGEN
hexosamine (giucosamine or galactosamine) and of another AND GLYCOSAMINOGLYCANS
sugar (galactose, glucuronic acid or iduronic acid). Individual
GAG chains are known to contain occasional substitutions The preceding discussion has focused on the individual mac-
of one uronic acid for another; however, the nature of the romolecular components of ECM. By contrast, naturally occur-
hexosamine component remains invariant along the chain. ring ECMs are insoluble networks comprising several macro-
There are other deviations from the model of a flawless alternat- molecular components. Several types of ECMs are known to
ing copolymer, such as variations in sulfate content along the play critical roles during organ development. During the past
chain. It is, nevertheless, useful for the purpose of getting ac- several years certain analogs of ECMs have been synthesized
quainted with the GAGs to show their typical (rather, typified) and have been studied as implants. This section summarizes the
repeat unit structure, as in Fig. 4. The molecular weights of evidence for the unusual biological activity of a small number of
GAGs are in the range of 5—60 kDa, with the exception of ECM analogs.
hyaluronk acid, the only GAG which is not sulfated; it exhibits In the 1970s it was discovered that a highly porous graft
molecular weights in the range of 50-500 kDa. Sugar units copolymer of type I collagen and chondroitin 6-sulfate was
along GAG chains are linked by a or (3 glycosidic bonds and capable of modifying dramatically the kinetics and mechanism
are 1, 3, or 1, 4 (Fig. 4). There are several naturally occurring of healing of full-thickness skin wounds in rodents (Yannas et
enzymes which degrade specific GAGs, the most well-known al., 1977). In the adult mammal, full-thickness skin wounds
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FIG. 4. Repeat units of glycosaminoglycans. (Reprinted for J. E. Siebert, 1987, with permission.)

represent areas that are demonstrably devoid of both epidermis the copolymer (Yannas et al., 1981, 1982). The copolymer
and dermis, the outer and inner layers of skin, respectively. underwent substantial degradation under the action of tissue
Such wounds normally close by contraction of wound edges collagenases during the 3-week period, at the end of which it
and by synthesis of scar tissue. Previously, collagen and various had degraded completely at the wound site. Studies of the
glycosaminoglycans, each prepared in various forms such as connective tissue synthesized in place of the degraded copoly-
powder and films, had been used to cover such deep wounds mer eventually showed that the new tissue was distinctly differ-
without observing a significant modification in the outcome ent from scar and was very similar, though not identical, to
of the wound healing process (compare the historical review physiological dermis. In particular, new hair follicles and new
of Schmitt, 1985). sweat glands had not been synthesized. This marked the first

Surprisingly, grafting of these wounds with the porous CG instance where scar synthesis was blocked in a full-thickness
copolymer on guinea pig wounds blocked the onset of wound skin wound of an adult mammal and, in its place, a physiologi-
contraction by several days and led to synthesis of new connec- cal dermis had been synthesized. That this result was not con-
tive tissue within about 3 weeks in the space occupied by fined to guinea pigs was confirmed by grafting the same copoly-
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mer on full-thickness skin wounds in other adult mammals, Schmitt, F. O. (1985). Adventures in molecular biology, Ann. Rev.
including pigs (Butler et al, 1995) and, most importantly, Biophys. Biophys. Chem. 14: 1-22,
human victims of massive burns (Burke et al., 1981). Silbert' J- E- <1987)- Advances in the biochemistry of proteoglycam.

Although a large number of CG copolymers were synthe- in Connective Tissue Disease, J. Uitto and A. J. Perejda, eds. Marcel
. , , , . , t u j u i Dekker, New York, Ch. 4, pp. 83-98.

sized and studied as grafts, it was observed that only one g R and Rubin, A. L. (1974). Collagen as a
possessed the requisite activity to modify dramatically the biomaterial. in Annual Review of Biophys and Bioengineering,
wound healing process in skin. The structure of the CG copoly- L j MuilinS) ed>j Annua[ Reviews Inc., Palo Alto, CA, Vol. 3,
mer required specification at two scales: at the nanoscale, the pp 231-252.
average molecular weight of the cross-linked network which Stone, K. R., Rodkey, W. G., Webber, R. J., McKinney, L., and Stead-
was required to induce regeneration of the dermis was de- man, J.R. (1990). Collagen-based prostheses for meniscal regenera-
scribed by an average molecular weight between cross-links of tion. Clin. Orth. 252: 129-135.
12,500 ± 5,000; at the microscale, the average pore diameter Yannas, I. V. (1972). Collagen and gelatin in the solid state. /. Macro-
was between 20 and 120 fua. Relatively small deviations from moL Sci.-Revs. Macromol. Chem., C7(l), 49-104.

these structural features, either at the nanoscale or the micro- Yannas; J- V" Burke' J' F" G<f fon' P" L"> and "uang' Cf'
 (1977)"

, , i , f • • ,,7 • .,r»on\ T • £ Multilayer membrane useful as synthetic skin. U.S. Patent
scale, led to loss of activity (Yannas et al., 1989). In view of ' '
the nature of its unique activity this biologically active macro- Yann'as> \ yj g^ j' K) Warpehoskl5 MM Stasikeiis, P., Skrabut,
molecular network has been referred to as skin regeneration E M-> OrgU1> D. P>> and Giard> D> j, (1981). Promptj iong.term

template (SRT). (See also Chapter 7.10.) functional replacement of skin. Trans. Am. Soc, Artif. Intern. Or-
The regeneration of dermis was followed by regeneration gans 27: 19-22.

of a quite different organ, the peripheral nerve (Yannas et al., Yannas, I. V., Burke, J. F., Orgill, D. P., and Skrabut, E. M. (1982).
1987; Chang and Yannas, 1992). This was accomplished using Wound tissue can utilize a polymeric template to synthesize a func-
a distinctly different ECM analog, termed nerve regeneration tlonal extension of skin. Science 215: 174-176.
template (NRT). Although the chemical composition of the Yannas, I. V., Orgill, D. P., Silver, J., Norregaard, T. V,, Zervas,
two templates was identical there were significant differences R T" and Schoene> W" C- (1987). Regeneration of sciatic nerve

* i r Mr>T j j - j ui i across 15 mm gap by use of a polymeric template, in Advances in
m other structural features. NRI degrades considerably slower „. . - i n i / - / - / - i i - j ™ XT v i

1 ^.-.T- , i ,- i /• XTT.T i i -, i Biomedtcal Polymers, C. G. Gebelemi, ed. Plenum, New York,
than SRT (about 6 weeks ror NR i compared to about 2 weeks 1 «
for SRT) and is also characterized by a much smaller average yj^ L ̂  , ee? E>> Orgill) D. Pt> skrabut> E. M>> and Murphy,
pore diameter (about 5 ^m compared to 20-120 fj,m for SRT). G. F. (1989). Synthesis and characterization of a model extracellular
A third ECM analog was shown to induce regeneration of the matrix that induces partial regeneration of adult mammalian skin.
knee meniscus in the dog (Stone et al, 1990). The combined Proc. Natl. Acad. Set. U.S.A. 86: 933-937.
findings showed that the activity of individual ECM analogs
was organ specific. It also suggested that other ECM analogs,
still to be discovered, could induce regeneration of organs such
as a kidney or the pancreas. _ _ _

2.8 COMPOSITES
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FIG. I. Classification of composite materials. (Reprinted with permission from B. D. Agarwal and L. J. Broutman, Analysis
and Performance of Fiber Composites, p. 4, Fig. 1.1, 1980, John Wiley & Sons, Inc.)

forcement or reinforcing material, whereas the continuous ties that affect their performance. As with all biomaterials, the
phase is termed the "matrix." question of biocompatibility (tissue response to the composite)

The properties of composites are strongly influenced by the is paramount among them. Being composed of two or more
properties of their constituent materials, their distribution, and materials, composites carry an enhanced probability of causing
the interaction among them. The properties of a composite adverse tissue reactions. Also, the fact that one constituent (the
may be the volume fraction sum of the properties of the constit- reinforcement) usually has dimensions on the cellular scale
uents, or the constituents may interact in a synergistic way always leaves open the possibility of cellular ingestion of partic-
owing to geometric orientation to provide properties in the ulate debris that can result in either the production of tissue-
composite that are not accounted for by a simple volume frac- lysing enzymes or transport into the lymph system. One class
tion sum. Thus, in describing a composite material, besides of composites, absorbable composites (to be discussed in some
specifying the constituent materials and their properties, one detail later in this chapter), overlay additional requirements
needs to specify the geometry of the reinforcement, its concen- for degradation rate kinetics, binding between matrix and rein-
tration, distribution, and orientation. forcement, and biocompatibility of the degradation products.

Most composite materials are fabricated to provide mechan-
ical properties such as strength, stiffness, toughness, and fatigue
resistance. Therefore, it is natural to study together the compos- REINFORCING SYSTEMS
ites that have a common strengthening mechanism. This mech-
anism strongly depends upon the geometry of the reinforce- _, . • f • - 1 1 1 L. j - u -

T . °. f . r , ?, . . , The mam reinforcing materials that have been used in mo-
ment. It is quite convenient to classify composite materials on . . . . ° , ~, . c., . . / , , • • i • t. medical composites are carbon fibers, polymer fibers, ceramics,
the basis of the geometry of a representative unit of reinforce- , . * ,. , ,. . , . ,

„. , , , , , -r • and glasses. Depending upon the application, the remrorce-
ment. Figure 1 shows a commonly accepted classification , . r . . . r \ \ \ \

, ments have been either inert or absorbable.
scheme.

With regard to this classification, the distinguishing charac-
teristic of a particle is that it is nonfibrous in nature. It may durbon Fiber
be spherical, cubic, tetragonal, or other regular or irregular
shapes, but it is approximately equiaxial. A fiber is character- Carbon fiber for biomedical use is produced from poly-
ized by its length being much greater than its cross-sectional acrylonitrile (PAN) precursor fiber in a three-step process: (1)
dimensions. Particle-reinforced composites are sometimes re- stabilization, (2) carbonization, and (3) graphitization. In the
ferred to as particulate composites. Fiber-reinforced compos- stabilization stage, the PAN fibers are first stretched to align
ites are, understandably, called fibrous composites. the fibrillar networks within each fiber parallel to the fiber

In addition to the classic engineering concerns regarding axis, and then they are oxidized in air at about 200—220°C
composites, biomedical composites have other unique proper- while held in tension. The second stage in the production of
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high-strength carbon fibers is carbonization. In this process, ics, when loaded in tension or shear, are relatively weak and
the stabilized PAN-based fibers are pyrolyzed (heated) in a brittle materials compared with metals, the preferred form for
controlled environment until they become transformed into this reinforcement has usually been particulate. These rein-
carbon fibers by the elimination of O, H, and N from the forcements have included various calcium phosphates, alumi-
precursor fiber. The carbonization heat treatment is usually num- and zinc-based phosphates, glass and glass ceramics, and
carried out in an inert atmosphere in the 1000-1500°C range. bone mineral. Minerals in bone are numerous. In the past,
During the graphitization process, turbostratic graphitelike fi- bone has been defatted, ground, and calcined or heated to yield
brils or ribbons are formed within each fiber, greatly increasing a relatively pure mix of the naturally occurring bone minerals,
the tensile strength of the material. It was recognized early that this mixture of natural bone min-

In recent years, carbon fiber has been recognized as a bio- eral was poorly defined and extremely variable. Consequently,
compatible material with many exciting applications in medi- IK use as an implant material was limited.
cine. Several commercial products have used carbon fiber as The calcium phosphate ceramic system has been the most
a reinforcing material to enhance the mechanical properties of intensely studied ceramic system. Of particular interest are the
the polymeric resin systems in which it is included. It has been calcium phosphates having calcium to phosphorus ratios of
used to reinforce porous polytetrafluoroethylene for soft tissue 1.5-1.67. Tricalcium phosphate and hydroxyapatite form the
augmentation and as a surface coating for the attachment of boundaries of this compositional range. At present, these two
orthopedic implants. It has also been used to reinforce ultra- materials are used clinically for dental and orthopedic applica-
high-molecular-weight (UHMW) polyethylene used as a bear- tlons' Tricalcium phosphate has a nominal composition of
ing surface in total joint prostheses, as a tendon and ligament Ca3(PO4)2. The common mineral name for this material is
repair material, to reinforce fracture fixation devices, and to whit ockite. It exists m two crystallography forms, a- and 0-

• £ i • • t <_ . whitlockite. In general, it has been used in the 6 form,reinforce total joint replacement components. . - 1 1 - i -
Ihe ceramic hydroxyapatite has received a great deal or

attention. Hydroxyapatite is, of course, the major mineral com-
Pofymcr Fibers ponent of bone. The nominal composition of this material is

„ , • • r i - • i £i_ Cai0(PO4)6(OH)2. Some investigators have suggested that thereFor the majority of applications, polymer fibers are not , ,. , , . , ? - , , . . , ,.,, , , , : , , , may be a direct bonding of synthetic hvdroxyapatite with host
strong or stiff enough to be used to reinforce other polymers. u , T , . , ., n-™ » , , , , ,_, & .. . & . , r, T T T T * , ™ , / i t bone (Jarcho et al., 1977 . Most researchers agree that both
The possible exceptions are aramid fibers, UHMW polyethyl- • i • u u j i_ j iJ,. i • n 1 1 i i t i • tncalcium phosphate and hydroxyapatite are extremely com-
ene fibers, and certain fibers that have been used tor their , - i . . • • Ti - - , , . ' , , • ,. . '. . . . . . . . . • i . i patible materials. This is particularlv true when the materials
absorbability, not their mechanical superiority. Aramid is the are m CQntact wkh bone ThiS} of CQurse? is not rism since

generic name for aromatic polyamide fibers Aramid fibers both materials display an titic surface structure.
were introduced commercially under the trade name Kevlar.
Kevlar composites are used commercially where high strength
and stiffness, damage resistance, and resistance to fatigue and
stress rupture are important. Potential biomedical applications Glass fibers are used to reinforce plastic matrices in forming
are in hip prostheses stems, fracture fixation devices, and liga- structural composites and molding compounds. Commercial
ment and tendon prostheses. UHMW polyethylene fibers have giass fiber-plastic composite materials have the following fa-
recently become available. To date, these fibers have not seen vorable characteristics: high strength-to-weight ratio; good di-
extensive use in biomedical composites. Bulk UHMW polyeth- mensionai stability; good resistance to heat, cold, moisture,
ylene demonstrates excellent biocompatibility. However, there ana corrosion; good electrical insulation properties; ease of
are preliminary data suggesting a less favorable response to fabrication; and relatively low cost. Most of these reasons for
UHMW polyethylene fibers (Shieh et al, 1990). Questions are Using glass fiber reinforcement are not relevant to biomedical
always raised when bulk and fiber properties are equated. composites; consequently, conventional glass fiber reinforce-
While in theory the basic materials should be the same, differ- ment is not generally practiced. However, recently Zimmerman
ences associated with surface characteristics and the details of et ai (1991) and Lin (1986) introduced an absorbable polymer
manufacturing and processing can be significant. composite reinforced with an absorbabte calcium phosphate

Absorbable polymer fibers have been used to reinforce ab- giass fiber. This allowed the fabrication of a completely absorb-
sorbable polymers in fabricating fully absorbable fracture fixa- able composite implant material. Commercial glass fiber pro-
tion systems (Vert et a/., 1986). Polylactic acid polymer and duced from a lime-aluminum-borosilicate glass typically has
polyglycolic acid polymer have been used for this purpose. a tensiie strength of about 3 GPa and a modulus of elasticity
Both of these polymer fibers have been used for a number of of 72 GPa. Lin (1986) estimates the absorbable glass fiber to
years in absorbable sutures. More recently, they have also been have a modulus of 48 GPa, which compares favorably with
utilized as scaffolds for cellular support in experimental hybrid the commercial fiber. The tensile strength, however, was sig-
impiants that combine synthetics with living cells (Vacanti et nificantly lower—approximately 500 MPa.
al, 1991).

Ceramics MATWX SYSTEMS

Several different ceramic materials have been used to rein- Biomedical composites have been fabricated with both ab-
force biomedical composites. Since most biocompatible ceram- sorbable and nonabsorbable matrices. The most common ma-
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trices are synthetic nonabsorbable polymers. However, natural
polymers and calcium salts have all been used. By far the largest
literature exists for the use of polysulfone, ultrahigh-molecu-
lar weight (UHMW) polyethylene, polytetrafluoroethylene,
poly (ether ether ketone), and poly (methyl methacrylate). These
matrices, reinforced with carbon fibers and ceramics, have been
used as prosthetic hip stems, fracture fixation devices, artificial
joint bearing surfaces, artificial tooth roots, and bone cements.

Absorbable composite implants can be produced from ab-
sorbable a-polyester materials such as poly lactic and poly
glycolic polymers. Previous work has demonstrated that for
most applications, it is necessary to reinforce these polymers
to obtain adequate mechanical strength. Poly(glycolic acid)
(PGA) was the first biodegradable polymer synthesized (Frazza
and Schmitt, 1971). It was followed by poly(lactic acid) (PLA)
and copolymers of the two (Gilding and Reed, 1979). These
a-polyesters have been investigated for use as sutures and as
implant materials for repairing a variety of osseous and soft
tissues. Important biodegradable polymers developed in recent
years include polyorthoesters (POEs), synthesized by Heller
and co-workers (Heller et at., 1980), and a new class of bio-
erodable dimethyl-trimethylene carbonates (DMTMCs) (Tang
et aL, 1990). A good review of absorbable polymers by
Barrows (1986) included PLA, PGA, poly(lactide-coglycolide),
polydioxanone, poly(glycolide-cotrimethylene carbonate),
poly(ethylene carbonate), poly(irnino carbonates), polycapro-
lactone, polyhydroxybutyrate, poly(amino acids), poly(ester
amides), poly(orthoesters), poly(anhydrides), and cyanoacryl-
ates.

Absorbabie polymers of natural origin have also been uti-
lized in biomedical composites. Purified bovine collagen, be-
cause of its biocompatibility, resorbability, and availability in a
well-characterized implant form, has been used as a composite
matrix, mainly as a ceramic composite binder (Lemons et al.,
1984). A commercially available fibrin adhesive (Bochlogyros
et al., 1985} and calcium sulfate (Alexander et al., 1987) have
similarly been used for this purpose.

FABRICATION OF FIBER-REINFORCED COMPOSITES

Fiber-reinforced composites are produced commercially by
one of two classes of fabrication techniques: open or closed
molding. Most of the open-molding techniques are not appro-
priate to biomedical composites because of the character of the
matrices used (mainly thermoplastics) and the need to produce
materials that are resistant to water intrusion. Consequently,
the simplest techniques, the hand lay-up and spray-up proce-
dures, are seldom, if ever, used to produce biomedical compos-
ites. The two open-molding techniques that may find applica-
tion in biomedical composites are the vacuum bag—autoclave
process and the filament-winding process.

Vacuum Bag—Autoclave Process

This process is used to produce high-performance laminates,
usually of fiber-reinforced epoxy. Composite materials pro-
duced by this method are currently used in aircraft and aero-

FIG. 2. Filament-winding process for producing fiber-reinforced composite
materials. (Reprinted with permission from William F. Smith, Principle$ of Mate-
rials Science and Engineering, p. 721, Fig. 13.22, 1986, McGraw-Hill.)

space applications. The first step in this process, and indeed
in many other processes, is the production of a "prepreg."
This basic structure is a thin sheet of matrix imbedded with
uniaxially oriented reinforcing fibers. When the matrix is
epoxy, it is prepared in the partially cured state. Pieces of the
prepreg sheet are cut out and placed on top of each other on
a shaped tool to form a laminate. The layers, or plies, may be
placed in different directions to produce the desired strength
and stiffness.

After the laminate is constructed, the tooling and attached
laminate are vacuum bagged, with a vacuum being applied to
remove trapped air from the laminated part. Finally, the vac-
uum bag enclosing the laminate and the tooling is put into an
autoclave for the final curing of the epoxy resin. The conditions
for curing vary, depending upon the material, but the carbon
fiber—epoxy composite material is usually heated at about
190°C at a pressure of about 700 kPa. After being removed
from the autoclave, the composite part is stripped from its
tooling and is ready for further finishing operations. This proce-
dure is potentially useful for the production of fracture fixation
devices and total hip stems.

Filament-Winding Process

Another important open-mold process to produce high-
strength hollow cylinders is the filament-winding process. In
this process, the fiber reinforcement is fed through a resin bath
and then wound on a suitable mandrel (Fig. 2). When sufficient
layers have been applied, the wound mandrel is cured. The
molded part is then stripped from the mandrel. The high degree
of fiber orientation and high fiber loading with this method
produce extremely high tensile strengths. Biomedical applica-
tions for this process include intramedullary rods for fracture
fixation and prosthetic hip stems.

Closed-Mold Processes

There are many closed-mold methods for producing fiber-
reinforced plastic materials. The methods of most importance
to biomedical composites are compression and injection mold-
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FIG. 3. The pultrusion process for producing fiber-reinforced polymer composite materials. Fibers impregnated
with polymer are fed into a heated die and then are slowly drawn out as a cured composite material with a constant cross-
sectional shape. (Reprinted with permission from William F. Smith, Principles of Materials Science and Engineering, p.
723, Flg. 13.26, 1986, McGraw-Hill.)

ing and continuous pultrusion. In compression molding, the
previously described prepregs are arranged in a two-piece mold
that is then heated under pressure to produce the laminated
part. This method is particularly useful for thermoplastic ma-
trix applications.

In injection molding, the fiber—matrix mix is injected into
a mold at elevated temperature and pressure. The finished
part is removed after cooling. This is an extremely fast and
inexpensive technique that has application to chopped fiber-
reinforced thermoplastic composites. It offers the possibility
of producing composite devices, such as bone plates and screws,
at much lower costs than comparable metallic devices.

Continuous pultrusion is a process used to manufacture
fiber-reinforced plastics of constant cross section such as struc-
tural shapes, beams, channels, pipe, and tubing. In this process,
continuous-strand fibers are impregnated in a resin bath and
then are drawn through a heated die, which determines the
shape of the finished stock (Fig. 3). Highly oriented parts cut
from this stock can then be used in other structures or they can
be used alone in such applications as intramedullary rodding or
pin fixation of bone fragments.

MECHANICAL AND PHYSICAL PROPERTIES
OF COMPOSITES

Continuous Fiber Composites

Laminated, continuous fiber-reinforced composites are de-
scribed from either a micro- or macromechanical point of view.
Micromechanics is the study of composite material behavior
in which the interaction of the constituent materials is exam-
ined on a local basis. Macromechanics is the study of composite
material behavior in which the material is presumed homoge-
neous and the effects of the constituent materials are detected
only as averaged apparent properties of the composite. Both
the micromechanics and macromechanics of experimental lam-
inated composites will be discussed.

Micromechanics

There are two basic approaches to the micromechanics of
composite materials: the mechanics of materials and the elastic-

ity approach. The mechanics-of-materials approach embodies
the concept of simplifying assumptions regarding the hypothe-
sized behavior of the mechanical system. It is the simpler of the
two and the traditional choice for micromechanical evaluation.

The most prominent assumption made in the mechanics-
of-materials approach is that strains in the fiber direction of
a unidirectional fibrous composite are the same in the fibers
and the matrix. This assumption allows the planes to remain
parallel to the fiber direction. It also allows the longitudinal
normal strain to vary linearly throughout the member with
the distance from the neutral axis. Accordingly, the stress will
also have a linear distribution.

Some other important assumptions are as follows:

1. The lamina is macroscopically homogeneous, linearly
elastic, orthotropic, and initially stress-free.

2. The fibers are homogeneous, linearly elastic, isotropic,
regularly spaced, and perfectly aligned.

3. The matrix is homogeneous, linearly elastic, and iso-
tropic.

In addition, no voids are modeled in the fibers and the
matrix, or between them.

The mechanical properties of a lamina are determined by
fiber orientation. The laminate coordinate system that is used
the most often has the length of the laminate in the x direction
and the width in the y direction. The principal fiber direction
is the 1 direction, and the 2 direction is normal to that. The
angle between the x and 1 directions is $. A counterclockwise
rotation of the 1—2 system yields a positive $.

The mechanical properties of the lamina are dependent on
the material properties and the volume content of the constit-
uent materials. The equations for the mechanical properties of
a lamina in the 1—2 directions are
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where £ is the modulus, G is the shear modulus, V is the
volume fraction, v is Poisson's ratio, and subscripts f and m
are the fiber and matrix properties, respectively. These equa-
tions are based on the law of mixtures for composite materials.

Macromechanics of a Lamina

The generalized Hooke's law relating stresses to strains is

where cr, are the stress components, C,y is the stiffness matrix,
and BJ are the strain components. An alternative form of the
stress-strain relationship is

where Sfj is the compliance matrix.
Given that Q; = C^, the stiffness matrix is symmetric, thus

reducing its population of 36 elements to 21 independent con-
stants. We can further reduce the matrix size by assuming the
laminae are orthotropic. There are nine independent constants
for orthotropic laminae. In order to reduce this three-dimen-
sional situation to a two-dimensional situation for plane stress,
we have

thus reducing the stress-strain relationship to

This stress-strain relation can be inverted to obtain

where Q^ are the reduced stiffnesses. The equations for these
stiffnesses are

The material directions of the lamina may not coincide with

the body coordinates. The equations for the transformation of
stresses in the 1—2 direction to the x—y direction are

where [T l] is

The x and 1 axes form angle $. This matrix is also valid for
the transformation of strains,

Finally, it can be demonstrated that

where [Qq] is the transformed reduced stiffness. The trans-
formed reduced-stiffness matrix is

The transformation matrix [T l] and the transformed re-
duced stiffness matrix [Qf/-] are very important matrices in the
macromechanical analysis of both laminae and laminates.
These matrices play a key role in determining the effective in-
plane and bending properties and how a laminate will perform
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when subjected to different combinations of forces and mo-
ments.

Macromechanics of a Laminate

The development of the A, B, and D matrices for laminate
analysis is important for evaluating the forces and moments
to which the laminate will be exposed and in determining the
stresses and strains of the laminae. As given in Eq. 19,

where cr are normal stresses, e are normal strains, and [Qj,] is
the stiffness matrix. The A, B, and D matrices are equivalent to

The [Aif] matrix expresses the extensional stiffnesses (in-plane
properties), the [Bj,] matrix the coupling stiffnesses, and the
[D,y] matrix the bending stiffnesses. The letter k denotes the
number of laminae in the laminate with a maximum number
(N). The letter h represents the distances from the neutral axis
to the edges of the respective laminae. A standard procedure
for numbering laminae is used in which the 0 lamina is at the
bottom of a plate and the JfCth lamina is at the top.

The resultant laminate forces and moments are

The k vector represents the respective curvatures of the
various planes. The resultant forces and moments of a loaded
composite can be analyzed given the ABD matrices. If the
laminate is assumed symmetric, the force equation reduces to

Once the laminate strains are determined, the stresses in the
x—y direction for each lamina can be calculated. The most
useful information gained from the ABD matrices involves the
determination of generalized in-plane and bending properties
of the laminate.

FIG* 4. Variations of longitudinal modulus of short-fiber composites against
aspect ratio for different fiber volume fractions (EfIEm = 20}. (Reprinted with
permission from B, D. Agarwal and L. J. Broutman, Analysis and Performance
of Fiber Composites, p. 80, Fig. 3.8, 1980, John Wiley &£ Sons, Inc.)

Short-Fiber Composites

A distinguishing feature of the unidirectional laminated
composites discussed earlier is that they have higher strength
and modulus in the fiber direction, and thus their properties
are amenable to alteration to produce specialized laminates.
However, in some applications, unidirectional multiple-ply
laminates may not be required. It may be advantageous to have
isotropic lamina. An effective way of producing an isotropic
lamina is to use randomly oriented short fibers as the reinforce-
ment. Of course, molding compounds consisting of short fibers
that can be easily molded by injection or compression molding
may be used to produce generally isotropic composites. The
theory of stress transfer between fibers and matrix in short-
fiber composites goes beyond this text; it is covered in detail
by Agarwal and Broutman (1980). However, from the theory,
the longitudinal and transverse moduli for an aligned short-
fiber lamina can be found from

For a ratio of fiber to matrix modulus of 20, the variation
of longitudinal modulus of an aligned short-fiber lamina as a
function of fiber aspect ratio for different fiber volume fractions
is shown in Fig. 4. It can be seen that approximately 85%
of the modulus obtainable from a continuous fiber lamina is
attainable with an aspect ratio of 20.

The problem of predicting properties of randomly oriented
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short-fiber composites is more complex. The following empiri-
cal equation can be used to predict the modulus of composites
containing fibers that are randomly oriented in a plane,

where £L and ET are, respectively, the longitudinal and trans-
verse moduli of an aligned short-fiber composite having the
same fiber aspect ratio and fiber volume fraction as the compos-
ite under consideration. Moduli EL and ET can either be deter-
mined experimentally or calculated using Eqs. 34 and 35.

ABSORBABLE MATRIX COMPOSITES

Absorbable matrix composites have been used in situations
where absorption of the matrix is desired. Matrix absorption
may be desired in order to expose surfaces to tissue or to release
admixed materials such as antibiotics or growth factors (drug
release) (Yasko et al., 1992). However, the most common
reasons for using this class of matrices for composites has been
to accomplish time-varying mechanical properties and ensure
complete dissolution of the implant, eliminating long-term bio-
compatibility concerns. A typical clinical example is fracture
fixation (Daniels et al., 1990).

Fracture Fixation

Rigid internal fixation of fractures has conventionally been
accomplished with metallic plates, screws, and rods. During the
early stages of fracture healing, rigid internal fixation maintains
alignment and promotes primary osseous union by stabilization
and compression. Unfortunately, as healing progresses, or after
healing is complete, rigid fixation may cause bone to undergo
stress protection atrophy. This can result in significant loss of
bone mass and osteoporosis. In addition, there may be a basic
mechanical incompatibility between the metal implants and
bone. The elastic modulus of cortical bone ranges from 17 to
24 GPa, depending upon age and location of the specimen,
while the commonly used alloys have moduli ranging from
110 GPa (titanium alloys) to 210 GPa (316L steel). This large
difference in stiffness can result in disproportionate load shar-
ing, relative motion between the implant and bone upon load-
ing, as well as high stress concentrations at bone-implant junc-
tions.

Another potential problem is that the alloys currently used
corrode to some degree. Ions so released have been reported
to cause adverse local tissue reactions as well as allogenic
responses, which in turn raises questions of adverse effects on
bone mineralization as well as adverse systemic responses such
as local tumor formation (Bauer et al., 1987). Consequently,
it is usually recommended that a second operation be per-
formed to remove hardware.

The advantages of absorbable devices are thus twofold.
First, the devices degrade mechanically with time, reducing
stress protection and the accompanying osteoporosis. Second,
there is no need for secondary surgical procedures to remove

adsorbable devices. The state of stress at the fracture site gradu-
ally returns to normal, allowing normal bone remodeling.

Absorbable fracture fixation devices have been produced
from PLA polymer, PGA polymer, and polydioxinone. An ex-
cellent review of the mechanical properties of biodegradable
polymers was prepared by Daniels and co-workers (Daniels
et al., 1990; see Figs. 5 and 6). Their review revealed that
unreinforced biodegradable polymers are initially 36% as
strong in tension as annealed stainless steel, and 54% in bend-
ing, but only 3% as stiff in either test mode. With fiber rein-
forcement, the highest initial strengths exceeded those of stain-
less steel. Stiffness reached 62% of stainless steel with
nondegradable carbon fibers, 15% with degradable inorganic
fibers, but only 5% with degradable polymeric fibers.

Most previous work on absorbable composite fracture fixa-
tion has been performed with PLA polymer. PLA possesses
three major characteristics that make it a potentially attrac-
tive biomaterial:

1. It degrades in the body at a rate that can be controlled.
2. Its degradation products are nontoxic, biocompatible,

easily excreted entities. PLA undergoes hydrolytic dees-
terification to lactic acid, which enters the lactic acid
cycle of metabolites. Ultimately it is metabolized to car-
bon dioxide and water and is excreted.

3. Its rate of degradation can be controlled by mixing it
with PGA polymer.

PLA polymer reinforced with randomly oriented chopped
carbon fiber was used to produce partially degradable bone
plates (Corcoran et al., 1981). It was demonstrated that the
plates, by virtue of the fiber reinforcement, exhibited mechani-
cal properties superior to those of pure polymer plates. In vivo,
the PLA matrix degraded and the plates lost rigidity, gradually
transferring load to the healing bone. However, the mechanical
properties of such chopped fiber plates were relatively low;
consequently, the plates were only adequate for low-load situa-
tions. If a composite plate of these materials were to be success-
ful in a high-load situation, it was determined, an improved
design was necessary. Hence, a study was organized to investi-
gate the possibility of using a long-fiber, angle-ply-laminated
composite of carbon fiber and PLA. The results of that study
were reported by Zimmerman etal, (1987). Composite theory
was used to determine an optimum fiber layup for a composite
bone plate. Composite analysis suggested the mechanical supe-
riority of a 0°/±45° laminae layup. Although the 0°/±45°
carbon/PLA composite possessed adequate initial mechanical
properties, water absorption and subsequent delamination de-
graded the properties rapidly in an aqueous environment (Fig.
7). The fibers did not chemically bond to the PLA. Conse-
quently, future work on biocompatible polymer—fiber coupling
agents would be necessary.

In an attempt to develop a totally absorbable composite
material, a calcium—phosphate-based glass fiber has been used
to reinforce PLA. Experiments were pursued to determine the
biocompatibility and in vitro degradation properties of the
composite (Zimmerman et al,, 1991). These studies showed
that the glass fiber—PLA composite was biocompatible, but its
degradation rate was too high for use as an orthopedic implant.
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FIG. 5. Representative flexural strengths of absorbable polymer composites. [Reprinted with permission from
A. U. Daniel, M. K. O. Chang, and K. P. Andriano, Mechanical properties of biodegradable polymers and
composites proposed for internal fixation of bone. /. Appl. Biotnater. 1(1)57—78, Fig. 26, 1990, John Wiley &
Sons, Inc.]

More in-depth research is needed concerning the optimization implantation of metallic femoral hip replacement components,
of composite degradation rates. It has been suggested that proximal bone loss may be related

to the state of stress and strain in the femoral cortex. It has
long been recognized that bone adapts to functional stress by

NONABSORBABLE MATRIX COMPOSITES remodeling to reestablish a stable mechanical environment.
When applied to the phenomenon of bone loss around im-

Nonabsorbable matrix composites are generally used as plants, one can postulate that the relative stiffness of the metal-
biomaterials to provide specific mechanical properties un- lie component is depriving bone of its accustomed load. Clinical
attainable with homogeneous materials. Particulate and and experimental results have shown the s.gmficant role that
chopped-fiber reinforcement has been used in bone cements the elastlc characteristics of implants play m allowing the emur
and bearing surfaces to stiffen and strengthen these structures. tof «am f phy™>logically acceptable stress state Femoral stem
To date, although they have been introduced into clinical prac- stiffness has been indicated as an important determinant of
tice, these materials have not been generally accepted and are cortical bone remodeling (Cheal etal 1992) Composite mate-

id oread use s tecnno'°gy otters the ability to alter the elastic charactens-
^ £ r j j -rr u CL tics of an implant and provide a better mechanical match withror fracture fixation, reduced-stiffness carbon-nber-rem- , , , r . .. , ,. , 1 , 1

f , , , , . the host bone, potentially leading to a more favorable bone
forcedepoxy bone plates to reduce stress protection osteoporo- , ,. ' °rcmodclins rcsoonsc
sis have been made. These plates have also been used clinically, By using different pol matrkes reinforced with carbon

but were found to not be as reliable or biocompatible as stain- fiberj a { of mechamcal properties is possible. St. John
less steel plates. Consequently, they have not generally been (1983) reported properties for ±15« lammated test specimens
accepted m clinical use. By far, the most studied and potentially (Table l) with moduli ranging frora i g to 76 GPa. However,
most valuable use of nonabsorbable composites has been in the best-reported study involved a novel press-fit device con-
total joint replacement. structed of carbon fiber—polysulfone composite (Magee et at.,

1988). The femoral component designed and used in this study
Total Joint Replacement utilized composite materials with documented biologic profiles.

These materials demonstrated strength commensurate with a
Bone resorption in the proximal femur that leads to aseptic totally unsupported implant region and elastic properties com-

loosening is an all-too-common occurrence associated with the mensurate with a fully bone-supported implant region. These
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FIG* 6. Representative flexural moduli of absorbable polymer composites. [Reprinted with permission from
A. U. Daniel, M. K. O. Chang, and K. P. Andriano, Mechanical properties of biodegradable polymers and
composites proposed for internal fixation of bone. /. Appl. Biomater. 1(1)57—78, Fig. 27, 1990, John Wiley &
Sons, Inc.)

FIG. 7. Scanning electron micrograph of laminae buckling and delamination (D) between lamina in a
carbon fiber-reinforced PLA fracture fixation plate.
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TABLE I Typical Mechanical Properties of Polymer-Carbon
Composites (Three-Point Bending)

Polymer Ultimate strength (MPa) Modulus (GPa)

PMMA 772 55

Polysulfone 938 76

Epoxy
Sty cast 535 30
Hysol 207 24

Polyurethane 289 18

properties were designed to produce constructive bone remod-
eling. The component contained a core of unidirectional car-
bon—polysulfone composite enveloped with a bidirectional
braided layer composed of carbon-polysulfone composite cov-
ering the core. These regions were encased in an outer coating
of pure polysulfone (Fig. 8).

Finite-element stress analysis predicted that this construc-
tion would cause minimal disruption of the normal stresses in
the intact cortical bone. Canine animal studies carried out to
4 years showed a favorable bone remodeling response. The
authors suggested that implants fabricated from carbon—
polysulfone composites should have the potential for use in
load-bearing applications. An implant with appropriate elastic

FIG. 8. Construction details of a femoral stem of a composite total hip
prosthesis. [Reprinted with permission from F. P. Magee, A. M. Weinstein,
J. A. Longo, J. B. Koeneman, and R. A. Yapp, Clin. Orthopaed. Related Res.
235: 237-252, Fig, 1A, 1988, J. B. Lippincott.]

properties provides an opportunity for a natural bone remodel-
ing response to enhance implant stability.

SUMMARY

Biomedical composites have demanding properties that
allow few, if any, "off-the-shelf" materials to be used. The
designer must almost start from scratch. Consequently, few
biomedical composites are yet in general clinical use. Those
that have been developed to date have been fabricated from
fairly primitive materials with simple designs. They are simple
laminates or chopped-fiber- or particulate-reinforced systems
with no attempts made to react or bond the phases together.
Such bonding may be accomplished by altering the surface
texture of the filler or by introducing coupling agents (i.e.,
molecules that can react with both filler and matrix). However,
concerns about the biocompatibility of coupling agents and the
high development costs of surface texture alteration procedures
have curtailed major developments in this area. It is also possi-
ble to provide three-dimensional reinforcement with complex
fiber weaving and impregnation procedures now regularly used
in high-performance aerospace composites. Unfortunately, the
high development costs associated with these techniques have
restricted their application to biomedical composites.

Because of the high development costs and the small
market available, to date, few materials have been designed
specifically for biomedical use. Biomedical composites, be-
cause of their unique requirements, will probably be the
first general class of materials developed exclusively for
implantation purposes.
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2.9 THIN FILMS, GRAFTS, AND COATINGS
Buddy D. Ratner and Allan S. Hoffman

Much effort goes into the design, synthesis, and fabrication
of biomaterials and devices to ensure that they have the appro-
priate mechanical properties, durability, and functionality. To
cite a few examples, a hip joint should withstand high stresses,
a hemodialyzer should have the requisite permeability charac-
teristics, and the pumping bladder in an artificial heart should
flex for millions of cycles without failure. The bulk structures
of the materials govern these properties.

The biological responses to biomaterials and devices, on

the other hand, are controlled largely by their surface chemistry
and structure (see Chapters 1.3 and 9.7). The rationale for the
surface modification of biomaterials is therefore straightfor-
ward: to retain the key physical properties of a biomaterial
while modifying only the outermost surface to influence the
biointeraction. If such surface modification is properly effected,
the mechanical properties and functionality of the device will
be unaffected, but the tissue-interface-related biocompatibility
will be improved or changed.

Materials can be surface modified by using biological or
physicochemical methods. Many biological surface modifica-
tion schemes are covered in Chapter 2.11. Generalized exam-
ples of physicochemical surface modifications, the focus of
this chapter, are illustrated schematically in Fig. 1. Surface
modification with Langmuir—Blodgett (LB) films has elements
of both biological modification and physicochemical modifica-
tion. LB films will be discussed later in this chapter. Some
applications for surface-modified biomaterials are listed in Ta-
ble 1. Physical and chemical surface modification methods,
and the types of materials to which they can be applied, are
listed in Table 2. Methods to modify or create surface texture
or roughness will not be explicitly covered here.

FIG. 1. Schematic representations of methods to modify surfaces.
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TABLE I Examples of Surface-Modified Biomaterials chanical and functional properties of the material. Thick coat-
' ings are also more subject to delamination. How thin should

To Modify Blood Compatibility a surface modification be? Ideally, alteration of only the outer-
Octadecyl group attachment to surfaces (albumin affinity) most molecular layer (3-10 A) should be sufficient. In practice,
Silicone-corttaining block copolyrner additive thicker films than this will be necessary since it is difficult to
Plasma fluoropolyrner deposition ensure that all of the original surface is uniformly covered
Plasma siloxane polymer deposition when coatings and treatments are so thin. Also, extremely
Radiation-grafted hydrogels tfan layers may be more subject to surface reversal (see later
Chemically modified polystyrene for heparin-like activity discussion) and mechanical erosion, Some coatings intrinsically

To Influence Cell Adhesion and Growth have a specific thickness. For example, the thickness of LB
« . , . i i f films is related to the length of the surfactant molecules that
Oxidized polystyrene surface . , / i r m X \ / - \ t - • i J / L I
Ammonia plasma-treated surface comPflse [hem (25-50 A>- °'her <****& such as poly(ethyl-
Plasma-deposited acetone or methanol film ene gtycol) protein-resistant layers, may require a minimum
Plasma fluoropolymer deposition (reduce endothelial adhesion to thickness (i.e., a dimension related to the molecular weight of

IOLs) chains) to function. In general, surface modifications should
be the minimum thickness needed for uniformity, durability,

To Control Protein Adsorption , f ,. , , . . „ , , . . , ,.r and functionality, but no thicker. I his must be experimentally
Surface with immobilized poly(ethylene glycol) (reduce ad- defined for each system.

sorption)
Treated ELISA dish surface (enhance adsorption strength)
Affinity chromatography particulates (reduce adsorption or en- Delamination Resistance

hance specific adsorption)
Surface-cross-linked contact lens (reduce adsorption) The surface-modified layer should be resistant to delamina-

To Improve Lubricity **on. This is achieved by covalently bonding the modified region
to the substrate, intermixing the components of the substrate

Plasma treatment ancj ̂  surface fjim at an interfacial zone, incorporating a
Radiation-grafted hydrogels .,.,. ,tt . ,n, , . £
T . , . , compatibmzing ( primer ) layer at the interface, or mcorporat-Interpenetratmg polymeric networks . T . , . . , . , ,

ing appropriate functional groups for strong mtermolecular
To Improve Wear Resistance and Corrosion Resistance adhesion between a substrate and an overlayer (Wu, 1982).

Ion implantation
Diamond deposition
Anodization Surface Rearrangement

To Alter Transport Properties Surface rearrangement occurs readily. Surface chemistries

Plasma depositions (methane, fluoropolymer, siloxane) and structures can change as a result of the diffusion or transla-
tion of surface atoms or molecules in response to the external

To Modify Electrical Characteristics environment (see Chapter 1.3 and Fig. 2 in that chapter). A

Plasma depositions (insulation layer) newly formed surface chemistry can migrate from the surface
Solvent coatings (insulator or conductor) into the bulk, or molecules from the bulk can diffuse to cover
Parylene {insulation layer) the surface. Such reversals occur in metallic and other inorganic

—— systems, as well as in polymeric systems. Terms such as "recon-
struction," "relaxation," and "surface segregation" are often
used to describe mobility-related alterations in surface structure
and chemistry (Ratner and Yoon, 1988; Garbassi et al., 1989;

GENERAL PRINCIPLES Somorjai, 1990, 1991). The driving force for these surface
changes is thermodynamic—to minimize the interfacial energy.

Surf ace modifications fall into two categories: (1) chemically However, sufficient atomic or molecular mobility must exist
or physically altering the atoms, compounds, or molecules in for the surface changes to occur in reasonable periods of time,
the existing surface (treatment, etching, chemical modifica- For a modified surface to remain as it was designed, surface
tion), or (2) overcoating the existing surface with a material reversal must be prevented or inhibited. This can be done by
having a different composition (coating, grafting, thin film cross-linking, sterically blocking the ability of surface struc-
deposition) (Fig. 1). A few general principles provide guidance tures to move, or by incorporating a rigid, impermeable layer
when undertaking surface modification. between the substrate material and the surface modification.

Thin Surface Modifications Surface Analysis

Thin surface modifications are desirable. The modified zone Surface analysis is needed. The surface-modified region is
at the surface of the material should be as thin as possible. usually thin and consists of only minute amounts of material.
Modified surface layers that are too thick can change the me- Undesirable contamination can be readily introduced during
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TABLE 2 Physical and Chemical Surface Modification Methods

Polymer Metal Ceramic Glass

Noncovalent coatings
Solvent coating \^ V v* t*
Langmuir-Blodgett film deposition \* iS v* v*
Surface-active additives b* *** \^ v*
Vapor deposition of carbons and metals" \^ *•* *•* v*
Vapor deposition of Parylene (p-xylylene) i* \^ iS ***

Covalently attached coatings
Radiation grafting (electron accelerator and gamma) ^ — — —
Photografting (UV and visible sources) \^ — — *̂
Plasma (gas discharge) (RF, microwave, acoustic) *"* & f \S

Gas phase deposition
Ion beam sputtering \* »** ^ ***
Chemical vapor deposition (CVD) — ^ \^ V
Flame spray deposition — ^ ^ i^

Chemical grafting (e.g., ozonation + grafting) *** !••* \^ v*
Silanization ^ V* \S \^
Biological modification (biomolecule immobilization) ^ v* v* *••*

Modifications of the original surface
Ion beam etching (e.g., argon, xenon) \S *-* J<* **
Ion beam implantation (e.g., nitrogen) — **" ti* ***
Plasma etching (e.g., nitrogen, argon, oxygen, water i* \<* \t* ^

vapor)
Corona discharge (in air) i** »••* j^" i^
Ion exchange v*fc ^ \^ ***
UV irradiation t* t* V t^

Chemical reaction
Nonspecific oxidation (e.g., ozone) i** *> \^ ***
Functional group modifications (oxidation, reduction) t^ — — —
Addition reactions (e.g., acetylation, chlorination) \^ — — —

Conversion coatings (phosphating, anodization) — ^ — —

JSome covalent reaction may occur.
'For polymers with ionic groups.

modification reactions. The potential for surface reversal to few of the more widely used of these methods are briefly de-
occur during surface modification is also high. The reaction scribed here. Some of the conceptually simpler methods, such
should be monitored to ensure that the intended surface is as solution coating a polymer on a substrate or metallization
indeed being formed. Since conventional analytical methods by sputtering or thermal evaporation, are not elaborated
are often not sensitive enough to detect surface modifications, upon here,
special surface analytical tools are called for (Chapter 1.3).

CommerdallzAbilttyJ Chemical Reaction
The end products of biomaterials research are devices and „, . . , , . . . . . . .

materials that are mass produced for use in humans. A surface ^T/'u hu?dreds °f C
r
hemiCa! reactl°n

1
S Aat ̂  be

£
ufd

modification that is too complex will be difficult and expensive *? mod\the cl;emistT of a surface. In the context of this
to commercialize. It is best to minimize the number of steps chaPter' C^emical reac*om are those ™c?Qm ****** w«h

in a surface modification process and to design each step to If**** that react
u
wlth atoms or molecules at the surface, but

be relatively insensitive to small changes in reaction conditions. d°u
 not °,vercoat those atoms °^ "jolecules with a new layer.

Chemical reactions can be classified as nonspecific and specific.
ucTus\rtc rr\o urxmrvi^ir- TOI cunrjt^rc Nonspecific reactions leave a distribution of different func-
Mtl HUDb fOR MODIFiriNG THE SURFACES tionai ^^ at the surface> An exampie of a nonspecific sur-

OF MATERIALS face chemical modification is the chromic acid oxidation of
polyethylene surfaces. Other examples include the corona dis-

General methods to modify the surfaces of materials are charge modification of materials in air; radiofrequency glow
illustrated in Fig. 1, with many examples listed in Table 2. A discharge (RFGD) treatment of materials in oxygen, argon,
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FIG. 2. Some specific chemical reactions to modify surfaces. (A) Dias and McCarthy, Macromolecules 18,
1826, 1985, (B) Chilkoti etai, Chem. Mater. 3, 51,1991. (C) Coqueret etal. Eur. Polymer}. 24,1137, 1988.

nitrogen, carbon dioxide or water vapor environments; and monomer. The monomer reacts with the free radicals at the
the oxidation of metal surfaces to a mixture of suboxides. surface and propagates as a free radical chain reaction, incorpo-

Specific chemical surface reactions change only one func- rating other monomers into a surface-grafted polymer,
tional group into another with a high yield and few side reac- Three distinct reaction modes can be described: (1) In the
tions. Examples of specific chemical surface modifications for mutual irradiation method, the substrate material is immersed
polymers are presented in Fig. 2. m a solution (monomer ± solvent) that is then exposed to

the radiation source. (2) The substrate materials can also be
exposed to the radiation under an inert atmosphere or at low

Radiation Grafting and Photografting temperatures. In this case, the materials are later contacted with
a monomer solution to initiate the graft process. (3) Finally, the

Radiation grafting and related methods have been widely exposure to the radiation can take place in air or oxygen,
used for the surface modification of biomaterials, and compre- leading to the formation of peroxide groups on the surface,
hensive review articles are available (Ratner, 1980; Hoffman Heating the material to be grafted in the presence of a monomer
et al., 1983; Stannett, 1990). Within this category, three types or the addition of a redox reactant (e.g., Fe2+) will decompose
of reactions can be distinguished: grafting using ionizing radia- the peroxide groups to form free radicals that can initiate the
tion sources (most commonly, a cobalt-60 gamma radiation graft polymerization.
source), grafting using UV radiation (photografting) (Matsuda Graft layers formed by energetic irradiation of the substrate
and Inoue, 1990; Dunkirk et al., 1991), and grafting using are often thick (>1 /xm). However, they are well bonded to
high-energy electron beams. In all cases, similar processes oc- the substrate material. Since many polymerizable monomers
cur. The radiation breaks chemical bonds in the material to are available, a wide range of surface chemistries can be created,
be grafted, forming free radicals, peroxides, or other reactive Mixtures of monomers can form unique graft copolymers
species. These reactive surface groups are then exposed to a (Ratner and Hoffman, 1980). For example, the hydrophilic/
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hydrophobic ratio of surfaces can be controlled by varying the TABLE 3 Biomedical Applications of Glow Discharge
ratio of a hydrophilic and a hydrophobic monomer in the Plasma-Induced Surface Modification Processes
grafting mixture (Ratner and Hoffman, 1980; Ratner et al.,
1979). A. Plasma treatment (etching)

Photoinitiated grafting (usually with visible or UV light) 1- Clean
represents a unique subcategory of surface modifications for ^- Sterilize
which there 1S growing interest. There are many approaches 3- Cr°ss-link surface molecules
to effect this photoinitiated covalent coupling. For example, a B- Plasma treatment (etching) and plasma deposition
phenyl azide group can be converted to a highly reactive nitrene * • F°rm barrier films
upon UV exposure. This nitrene will quickly react with many Protective coating

. ,,- u • i • j • u u i Electrically insulating coatingorganic groups. It a synthetic polymer is prepared with phenyl „ , / - , - , /• ,, , i t - i • i • i i Reduce absorption or material from the environment
azide side groups and this polymer is exposed simultaneously Inhibit release of leachables

to UV light and a substrate polymer or polymeric medical Control drug delivery rate
device, the polymer containing the phenyl azide side groups will , ., ,,, „ ,
. . , .7. , i , / »* j j i fnr>™ 2. Modify cell and protein reactions
be immobilized to the substrate (Matsuda and Inoue, 1990). Improve biocompatibllity

Another method involves the coupling of a benzophenone mol- Promote selective protein adsorption
ecule to a hydrophilic polymer (Dunkirk et al., 1991). In the Enhance cell adhesion
presence of UV irradiation, the benzophenone is excited to a Improve cell growth
reactive triplet state that can covalently couple to many Form nonfouling surfaces
polymers. Increase lubricity

Radiation, electron, and photografting have frequently been 3. Provide reactive sites
used to bond hydrogels to the surfaces of hydrophobic poly- For grafting or polymerizing polymers
mers (Matsuda and Inoue, 1990; Dunkirk etal., 1991) (see also For immobilizing biomolecules
Chapter 2.4), The protein interactions (Horbett and Hoffman,
1975), cell interactions (Ratner et al., 1975; Matsuda and
Inoue, 1990), blood compatibility (Chapiro, 1983; Hoffman
et al., 1983), and tissue reactions (Greer et al., 1979) of hydro-
gel graft surfaces have been investigated.

and semiconductors. Other surface grafting or surface
—- ... _ . . . ~ . modification technologies are highly dependent upon
JIFGP Jfasnta Deposition and Other Jfasma the chemical nature of the substrate

Gas Processes 4 They exhibit good adhesion to the substrate. The ener-

RFGD plasmas, as used for surface modification, are low- Setic nature o£ the 8as Phase sPecies in the Plasma

pressure ionized gas environments typically at ambient (or reaction environment can induce mixing, implantation,
slightly above ambient) temperature. They are also referred to penetration, and reaction between the overlayer film
as glow discharge or gas discharge depositions or treatments. n e su s a e.
Plasmas can be used to modify existing surfaces by ablation 5' Unulue Bm

f f
 emifies can be Produced. The chemical

or etching reactions or, in a deposition mode, to overcoat structure of the polymeric overlayer films produced by
surfaces (Fig, 1). Good review articles on plasma deposition <he Plasma ^soum usually cannot be synthesized
and its application to biomaterials are available (Yasuda and b? conventional organic chemical methods.
Gazicki, 1982; Hoffman, 1988; Ratner et al., 1990). Some 6" They Ca? SelTe 3S excfllent barrier films because of

biomedical applications of plasma-modified biomaterials are their P^k-free and dense, cross-linked nature.
listed in Table 3. Since we bdieve that RFGD plasma surface 1' Plasma-deposited layers generally show low levels of
modifications have special promise for the development of leachables. Owing to their highly cross-linked nature,
improved biomaterials, they will be emphasized in this chapter. plasma-deposited films contain negligible amounts of

The specific advantages of plasma-deposited films (and to low-molecular-weight components that might lead to
some extent, plasma-treated surfaces) for biomedical applica- an adverse, blologlcfl «*»on and can also prevent
tions are- leaching of low-molecular-weight material from the

substrate.
1. They are conformal. Because of the penetrating nature 8. These films are easily prepared. Once the apparatus is

of a low-pressure gaseous environment in which trans- set up and optimized for a specific deposition, treatment
port of mass is governed by both molecular (line-of- of additional substrates is rapid and simple.
sight) diffusion and convective diffusion, complex geo- 9. There is a mature technology for the production of
metric shapes can be treated. these coatings. The microelectronics industry has made

2. They are free of voids and pinholes. This continuous extensive use of inorganic plasma-deposited films
barrier structure is suggested by transport and electrical (Sawin and Reif, 1983).
property studies (Charlson et al., 1984). 10. Although they are chemically complex, plasma surface

3. Plasma-deposited polymeric films can be placed upon modifications can be characterized by infrared (IR) (In-
almost any solid substrate, including metals, ceramics, agaki et al., 1983; Haque and Ratner, 1988), nuclear
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magnetic resonance (NMR) (Kaplan and Dilks, 1981), PRODUCTION Of PLASMA ENVIRONMENTS
electron spectroscopy for chemical analysis (ESCA) FOR DEPOSITION
(Chilkoti et al., 1991a), chemical derivatization studies
(Gombotz and Hoffman, 1988; Griesser and Chatelier, Many experimental variables relating both to reaction con-
1990; Chilkoti et al, 1991a), and static secondary ion didons and tQ the substrate onto whkh the deposition is placed

mass spectrometry (SIMS) (Chilkoti et al., 1991B, affect the final outcome of the plasma deposition process (Fig.
'" 3). A diagram of a typical inductively coupled radio frequency

11. Plasma-treated surfaces are sterile when removed from pksma reactor is presented in Fig. 3 The major subsystems

the reactor, offering an additional advantage for cost- that comprise this apparatus are a gas introduction system
efficient production of medical devices. (control of gas mixin& flow ̂  and mass Q£ gas emering the

It would be inappropriate to cite all these advantages with- reactor), a vacuum system (measurement and control of reactor
out also discussing some of the disadvantages of plasma deposi- pressure and inhibition of backstreaming of components from
tion and treatment for surface modification. First, the chemistry the pumps), an energizing system to efficiently couple energy
produced on a surface can be ill defined. For example, if tetra- into the §as Phase within the «actor, and a reactor zone in
fluoroethylene gas is introduced into the reactor, polytetraflu- which the samples are treated. Radio frequency, acoustic, or
oroethylene will not be deposited on the surface. Rather, a microwave energy can be coupled to the gas phase. Devices
complex, branched fluorocarbon polymer will be produced. for monitoring the molecular weight of the gas phase species
This scrambling of monomer structure has been addressed in (mass spectrometers), the optical emission from the glowing
studies dealing with retention of monomer structure in the final Plasma (spectrometers), and the deposited film thickness (ellip-
film (Lopez and Ratner, 1991, 1992). Second, the apparatus someters, vibrating quartz crystal rmcrobalances) are also corn-
used to produce plasma depositions can be expensive. A good monly found on plasma reactors,
laboratory-scale reactor will cost $10,000-$30,000, and a pro-
duction reactor can cost $100,000 or more. Third, a uniform
reaction within long, narrow pores can be difficult to achieve. RFGD PLASMAS fOR THE IMMOBILIZATION
Finally, contamination can be a problem and care must be Of MOLECULES
exercised to prevent extraneous gases and pump oils from
entering the reaction zone. However, the advantages of plasma Plasmas have often been used to introduce organic func-
reactions outweigh these potential disadvantages for many tional groups (e g ? aminCj hydroxyl) on a surface that can be

types of modifications that cannot be accomplished by any activated to attach biomolecules (see Chapter 2.11). Certain
other method, reactive gas environments can also be used to directly immobi-

lize organic molecules such as surfactants. For example, a poly-
(ethylene glycol-propylene glycol) block copolymer surfactant

THE NATURE OF THE PLASMA ENVIRONMENT wiH adsorb to polyethylene via the propyiene glycol block. If
the polyethylene surface with the adsorbed surfactant is briefly

Plasmas are atomically and molecularly dissociated gaseous exposed to an argon plasma, the poly(propylene glycol) block
environments. A plasma environment contains positive ions, will be cross-linked, thereby leading to the covalent attachment
negative ions, free radicals, electrons, atoms, molecules, and of pendant polyethylene glycol) chains (Sheu et al., 1992).
photons. Typical conditions within the plasma include an elec-
tron energy of 1-10 eV, a gas temperature of 25-60°C, an
electron density of10~9 to 10~12/cm2, and an operating pres- HIGH-TEMPERATURE AND HIGH-ENERGY
sure of 0.025-1 0 torr. PLASMA TREATMENTS

A number of processes can occur on the substrate surface
that lead to surface modification or deposition. First, a competi- _, . . . ., , , , , . .

... 1 , „ j • • j . i • i .1 i • i The plasma environments described here are of relativelytion takes place between deposition a n d etching b y t h e high- 1 1 1 ^ , , .
/ ui *• \ /v j io-7Q\ WTU LI l°w energy and low temperature. Consequently, they can beenergy gaseous species (ablation) (Yasuda, 1979). When abla- i f . • , , . ,

tion is more rapid than deposition, no deposition will be ob- used to Deposit organic layers on polymeric or inorganic sub-
served. Because of its energetic nature, the ablation or etching strates' Uljder hlSher .ener^ condl*ons' Plasmas can effect

i • u *. „• \ u - i j u i • i unique and important inorganic surface modifications on mor-process can result in substantial chemical and morphological ? . K „ , n i i
changes to the substrate. game substrates. For example, flame-spray deposition involves

Anumberofmechanismshavebeenpostulatedforthedepo- imecfn§ a N^-punty relatively finely divided (-100 mesh)
* • . f metal powder into a high-velocity plasma or flame. The meltedsmon process. A reactive gaseous environment may create free " .. . . &. , . , ,7F , , , . . . , . „

j- i j a. „• • a. u ^ .. c *L ^ or partially melted particles hit the surface and solidify rapidlvradical and other reactive species on the substrate surface that , ^ t ~ ~ r i , . . i . f j r <
• i j , • i i c .1 u A U (see Chapter 2.2 tor additional information).react with and polymerize molecules trom the gas phase. Alter- x v '

natively, reactive small molecules in the gas phase could com-
bine to form higher molecular weight units or particulates that Sllanlzalfon
may settle or precipitate onto the surface. Most likely the
depositions observed are formed by some combination of these The proposed chemistry of a typical silane surface modifica -
two processes. tion reaction is illustrated in Fig. 4. Silane reactions can be
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FIG. 3. A diagram of a typical inductively coupled RF plasma reactor. Important experimental variables are indicated in
bold typeface.

used to modify hydroxylated or amine-rich surfaces. Since
glass, silicon, germanium, alumina, and quartz surfaces, as well
as many metal oxide surfaces, are all rich in hydroxyl groups,
silanes are particularly useful for modifying these materials.
Direct evidence for surface modification on these substrates is
observed by an increase in contact angles, particularly where
alkyl and fluoroalkyl silanes are used. A wide range of different
silanes are available, permitting many different chemical func-
tionalities to be incorporated on surfaces (Table 4). The advan-
tages of silane reactions are their simplicity and stability, which
are attributed to their covalent, cross-linked structure. How-
ever, the link between a silane and a hydroxyl group is also
readily subject to basic hydrolysis, and film breakdown under
some conditions must be considered (Wasserman et al., 1989).

Silanes can form two types of surface film structures. If
only surface reaction occurs (perhaps catalyzed by traces of
adsorbed surface water), a structure similar to that shown in
Fig. 4 can be formed. However, if more water is present, a
thicker silane layer can be formed that consists of both Si—O
groups bonded to the surface and silane units participating in
a "bulk," three-dimensional, polymerized network. The initial
stages in the formation of a thicker silane film are suggested
by the reaction of the group at the right side of Fig. 4D. A
new class of silane-modified surfaces based upon the former
(monolayer) class of silane films and yielding self-assembled,
highly ordered structures has been attracting considerable at-
tention (Maoz et al., 1988). These self-assembled monolayers
are described in more detail later in this chapter. Many general
reviews on surface silanization are available (Arkles, 1977;
Plueddemann, 1980).

TABLE 4 Silanes for Surface Modification of Biomaterials

Ion Beam Implantation

The ion beam method injects accelerated ions with energies
ranging from 101 to 106 eV (1 eV = 1.6 x 10~19 joules) into
the surface zone of a material to alter its surface properties. It
is largely, but not exclusively, used with metals and other
inorganic systems. Ions formed from most of the atoms in the
periodic table can be implanted, but not all provide useful
modifications of the surface properties. Important potential
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FIG. 4. The chemistry of a typical siiane surface modification reaction. (A) A hydroxylated surface is
immersed in a solution containing «-propyl trimethoxysilane (nPTMS). (B) One of the methoxy groups of
the nPTMS couples with a hydroxyl group, releasing methanol. (C) Two of the methoxy groups on another
molecule of the nPTMS have reacted, one with a hydroxyl group and the other with a methoxy group
from the first nPTMS molecule. (D) A third nPTMS molecule has reacted only with a methoxy group. This
molecule is tied into the siiane film network, but is not directly bound to the surface.

applications for biomaterials include modification of hardness that assembles into this layer contains a polar head group
(wear), lubricity, toughness, corrosion, conductivity, and biore- and a nonpolar region. The deposition of an LB film using
action. an LB trough is illustrated schematically in Fig, 6. By pulling

If an ion with an energy greater than a few electron volts the vertical plate through the air—water interface, and then
hits a surface, the probability that it will enter the surface is pushing the plate down through the interface, keeping the
high. High energy densities are also transferred to a localized surface film at the air—water interface compressed at all
surface zone over short periods. Some considerations for the times (as illustrated in Fig. 6), multilayer structures can be
ion implantation process are illustrated in Fig. 5. These surface created. Some compounds that form organized LB layers are
changes must be understood quantitatively for precise engineer- shown in Fig. 7. The advantages of films deposited on
ing of new surface characteristics. Many review articles are surfaces by this method are their high degree of order and
available on ion implantation processes for tailoring surface uniformity. Also, since a wide range of chemical structures
properties (Picraux and Pope, 1984; Sioshansi, 1987). can form LB films, there are many options for incorporating

Specific examples of biomaterials that have been surface new chemistries at surfaces. The stability of LB films can
altered by ion implantation processes are plentiful. Iridium be improved by cross-linking or polymerizing the molecules
was ion implanted in a Ti-6Al-4V alloy to improve corrosion together after film formation, often through double bonds
resistance (Buchanan et al., 1990). Implanting nitrogen into in each molecule (Meller et al., 1989). A number of research
titanium greatly reduces wear (Sioshansi, 1987). The ion im- groups have investigated LB films for biomedical applications
plantation of boron and carbon into type 316L stainless steel (Hayward and Chapman, 1984; Bird et al., 1989; Cho et
improves the high-cycle fatigue life of these alloys (Sio- al., 1990). Many general reviews on these surface structures
shansi, 1987). are available (Knobler, 1990; Ulman, 1991).

langmulr—Blodgett Deposition Self-Assembled Monolayers

The Langmuir—Blodgett (LB) deposition method covers a Self-assembled monolayers (SAMs) are surface-coating films
surface with a highly ordered layer. Each of the molecules that spontaneously form as highly ordered structures (two-
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dimensional crystals) on specific substrates (Maoz etal., 1988; group that interfaces with the world. Although the discovery
Ulman, 1991; Whitesides et al., 1991). In some ways SAMs of SAMs is relatively recent, biomaterials applications have
resemble LB films, but there are important differences. Exam- already been suggested (Lewandowska et al., 1989; Prime
pies of SAM films include n-alkyl silanes on hydroxylated sur- and Whitesides, 1991).
faces (silica, glass, alumina), alkane thiols [e.g., CH3(CH2)WSH]
and dithiols on some metals (gold, silver, copper), amines and
alcohols on platinum, and carboxylic acids on aluminum oxide Sutfyce-ModffVliiS Additives
and silver. Most molecules that form SAMs have the general
characteristics illustrated in Fig. 8. Certain components can be added in low concentrations to

Two processes are particularly important for the formation a material during fabrication and will spontaneously rise to and
of SAMs (Ulman, 1991): a strong, exothermic adsorption dominate the surface (Ward, 1989). These surface-modifying
of an anchoring chemical group to the surface (typically additives (SMAs) are well known for both organic and inor-
30-100 kcal/mol), and van der Waals interaction of the alkyl ganic systems. The driving force to concentrate the SMA at
chains. The strong bonding to the substrate (chemisorption) the surface after blending the SMA with a biomaterial to be
provides a driving force to fill every site on the surface and surface modified (the bulk material) is energetic—the SMA
to displace contaminants from the surface. This process is should reduce the interfacial energy. To do this, two factors
analogous to the compression of the LB film by the movable must be taken into consideration. First, the magnitude of the
barrier in the trough. Once every adsorption site is filled on difference in interfacial energy between the system without the
the surface, the chains will be in sufficiently close proximity to additive and the same system with the SMA at the surface will
each other so that the weaker van der Waals interactive determine the strength of the driving force leading to a SMA-
forces between chains can exert their influence and lead to dominated surface. Second, the mobility of the bulk material
a crystallization of the alkyl groups. Molecular mobility is and the SMA additive molecules within the bulk will determine
an important consideration in this coating formation process the rate at which the SMA reaches the surface, or if it will get
so that (I) the molecules have sufficient time to maneuver there at all. An additional concern is the durability and stability
into position for a tight packing of the binding end groups of the SMA at the surface.
at the surface and (2) the chains can enter the quasi-crystal. A typical SMA designed to alter the surface properties of
The advantages of SAMs are their ease of formation, their a polymeric material will be a relatively low-molecular-weight
chemical stability (often considerably higher than comparable diblock copolymer (see Chapter 2.3). The "A" block will
LB films), and the many options for changing the outermost be soluble in, or compatible with, the bulk material into

FIG. 5. Some considerations for the ion implantation process.
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FIG* 6. Deposition of a lipid film onto a glass slide by the Langmuir-Blodgett technique. (A) The
lipid film is floated on the water layer. (B) The lipid film is compressed by a moveable barrier. (C)
The vertical glass slide is withdrawn while pressure is maintained on the floating lipid film with the
movable barrier.

which the SMA is being added. The "B" block will be after fabrication, still exhibits sufficient chain mobility, it
incompatible with the bulk material and have lower surface might phase invert to bring the bulk poiyurethane or the A
energy. Thus, the A block will anchor the B block into the block to the surface. Unless the system is specifically engi-
material to be modified at the interface. This is suggested neered to do such a surface phase reversal, this inversion is
schematically in Fig. 9. During initial fabrication, the SMA undesirable. Proper choice of the bulk polymer and the A
might be distributed uniformly throughout the bulk. After block can impede surface phase inversion,
a period for curing or an annealing step, the SMA will Many SMAs for inorganic systems are known. For exam-
migrate to the surface. pie, very small quantities of nickel will completely alter the

For example, an SMA for a polyurethane might have a structure of a silicon (111) surface (Wilson and Chiang,
low-molecular-weight polyurethane A block and a poly(di- 1987). Copper will accumulate at the surface of gold alloys
methyl siloxane) (PDMS) B block. The A block will anchor (Tanaka et al., 1988). Also, in stainless steels, chromium
the SMA in the polyurethane bulk (the polyurethane A block will concentrate (as the oxide) at the surface, imparting
should be reasonably compatible with the bulk polyurethane), corrosion resistance.
while the low-surface-energy, highly flexible, silicone B block There are a number of additives that spontaneously surface-
will be exposed at the air surface to lower the interfacial concentrate, but are not necessarily designed as SMAs. A few
energy (note that air is "hydrophobic"). The A block anchor examples for polymers include PDMS, some extrusion lubri-
should confer stability to this system. However, if the system cants (Ratner, 1983), and some UV stabilizers (Tyler et al.,
is placed in an aqueous environment, a low-surface-energy 1992). The presence of such additives at the surface of a poly-
(in air) polymer (the B block) is now in contact with mer may be unexpected and they will not necessarily form
water—a high interfacial energy situation. If the system, stable, durable surface layers.
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FIG. 7. Three examples of molecules that form organized Langmuir—
Blodgett films.

Conversion Coatings

Conversion coatings modify the surface of a metal into
a dense oxide-rich layer that imparts corrosion protection,
enhanced adhesivity, and sometimes lubricity to the metal.
Steel is frequently phosphated (treated with phosphoric acid) or
chroma ted (with chromic acid). Aluminum is electrochemically

anodized in chromic, oxalic, or sulfuric acid electrolytes. Anod-
ization may also be useful for surface-modifying titanium and
Ti-Al alloys (Bardos, 1990; Kasemo and Lausmaa, 1985).

The conversion of metallic surfaces to "oxide-like," electro-
chemically passive states is a common practice for base—metal
alloy systems used as biomateriais. Standard and recommended
techniques have been published (e.g., ASTM F4-86) and are
relevant for most musculoskeletal load-bearing surgical im-
plant devices. The background literature supporting these types
of surface passivation technologies has been summarized (von
Recum, 1986).

Base—metal alloy systems, in general, are subject to electro-
chemical corrosion (M —> M+ + e~) within saline environ-
ments. The rate of this corrosion process is reduced 103—106

times by the presence of a minimally conductive, relatively
inert oxide surface. For many metallic devices, exposure to a
mineral acid (e.g., nitric acid in water) for up to 30 min will
provide a passivated surface (i.e., protected by its own oxide).

The reason that many of these surface modifications are
called oxide-like is that the structure is complex, including
OH, H, and subgroups that may or may not be crystalline.
Since most passive surfaces are thin films (50—5000 x 10~8

cm), and are transparent or metallic in color, the surface ap-
pears similar before and after passivation. Further details on
surfaces of this type can be found in Chapters 1.2,2.2, and 6.3.

Parylene Coating

Parylene (/wra-xylylene) coatings occupy a unique niche in
the surface modification literature because of their frequent
application and the good quality of the thin film coatings
formed (Loeb et al, 1977a; Nichols etal., 1984). The deposi-
tion method is also unique and involves the simultaneous evap-

FIG. 8. General characteristics of molecules that form self-assembled monolayers.
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FIG. 9. A block copolymer surface-modifying additive within an A block
and a B block is blended into a support polymer (the bulk) with a chemistry
similar to A block. During fabrication, the block copolymer is randomly distrib-
uted throughout the support polymer. After curing or annealing, the A block
anchors the surface-modifying additive into the support, while the low-energy
B block migrates to the air—polymer interface.

oration, pyroiysis, deposition, and polymerization of the mono-
mer, di-pam-xylylene (DPX), according to the following
reaction:

The DPX monomer is vaporized at 175°C and 1 torr, pyrolized
at 700°C and 0.5 torr, and finally deposited on a substrate
at 25°C and 0.1 torr. The coating has excellent electrical
insulation and moisture barrier properties, and has been
used to protect implanted electrodes (Loeb et aL, 1977b;
Nichols et aL, 1984) and electronic circuitry (Spivack and
Ferrante, 1969).

Laser Methods

Lasers can rapidly and specifically induce surface changes
in organic and inorganic materials (Picraux and Pope, 1984;
Dekumbis, 1987). The advantages of using lasers for such
modification are the precise control of the frequency of the
light, the wide range of frequencies available, the high energy
density, the ability to focus and raster the light, the possibilities
for using both heat and specific excitation to effect change,
and the ability to pulse the source and control reaction time.
Lasers commonly used for surface modification include ruby,
neodymium: yttrium aluminum garnet (Nd: YAG), argon, and
CO2. Treatments are pulsed (100 nsec to picoseconds pulse
times) and continuous wave (CW), with interaction times often
less than 1 msec. Laser-induced surface alterations include
annealing, etching, deposition, and polymerization. The major
considerations in designing a laser surface treatment include
the absorption (coupling) between the laser energy and the
material, the penetration depth of the laser energy into the
material, the interfacial reflection and scattering, and heating
induced by the laser.

CONCLUSIONS

Surface modifications are being widely explored to enhance
the biocompatibility of biomedical devices and improve other
aspects of performance. Since a given medical device may al-
ready have appropriate performance characteristics, physical
properties, and clinical familiarity, surface modification pro-
vides a means to alter only the biocompatibility of the device
without the need for redesign, retooling for manufacture, and
retraining of medical personnel.
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Surface treatment of gold alloys for adhesion. /. Prosthet. Dent. Textile fabrics of woven, nonwoven, and knitted types have
60: 271-27.. been used in one or more biomedical applications. These fabrics

Tyler, B. f., Ratner, B. D., Castner, D. G., and Bnggs, D. (1992). , , . , c , , . . ck, ' . , „. ™ . ' _ . .- ,r£ . , are made from a wide range of natural and synthetic fibers,
variations between Biomer lots. 1. Significant differences in the . .. . . .,. 1 - 1 . , ,- • ,T *
surface chemistry of two lots of a commercial polyetherurethane. as Ascribed in fiber and textile science publications (Joseph,
/. Biomed. Mater. Res. 26: 273-289. 1981» 1984' Labarthe, 1975; Moncrieff, 1975). Descriptions

Ulman, A. (1991). An Introduction to Ultrathin Organic Films. Aca- of these fibers and their parent polymers are given in Tables
demic Press, Boston. 1-A to 1-C. The processing and characterization of fabrics are

von Recurn, A. F. (1986). Handbook of Biomaterials Evaluation, 1st addressed in detail in these publications. In a review of fibrous
Ed. Macmillan Co., New York. materials for biomedical applications by Shalaby (1985), major

Ward, R. S, (1989). Surface modifying additives for biomedical poly- types of materials were highlighted. The formation and charac-
mers. IEEE Eng. Med. Bio. June: 22-25. terization of unconventional constructions (some of which are

Wasserman>S.R.,Tao, Y.-T and Whitesides, G M. (1989). Structure nQt assembled b fiber processing), such as expanded porous
and reactivity or alkylsiloxane monolayers formed by reaction of , , a , , . lt~, " ^ . \

ii i • , • -i i i r • c m-,A poly(tetrarluoroethylene) (Gore-lex, W. L. Gore and Assoc.,alkyltncnlorosilanes on silicon substrates. Langmuir 5: 1074— T V r\ \- \ - • i^ \\-
•IQQJ Inc.) and hollow fibers, are discussed in a few reviews (Comer,

Whitesides, G. M., Mathias, J. P., and Seto, C. T. (1991). Molecular l970; Hoffman, 1977; Shalaby, 1985; Shalaby et al, 1984).
self-assembly and nanochemistry: A chemical strategy for the syn- The characterization and testing of fibrous devices and fabric
thesis of nanostructures. Science 254: 1312-1319. surfaces have been reported in a few reviews (Cooper and

Wilson, R. J., and Chiang, S. (1987). Surface modifications induced Peppas, 1982; Hoffman, 1977; Hastings and Williams, 1980).
by adsorbates at low coverage: A scanning-tunneling-microscopy Important aspects of these constructions are outlined in Ta-
study of the Ni/Si(lll) VT9 surface. Phys. Rev. Lett. 58: 2575- ble 2.
^7$- Cellulose fibers from cotton or wood pulp are the natural

Wu, S. (1982). Polymer Interface and Adhesion. Dekker, New York. cr . _ i j • ^u j i L - j- i,, , , T '„„-!, ^ ,1 • , - • ^. fibers most commonly used in the production of biomedical
Yasuda, H. K. (1979). Competitive ablation and polymerization (CAP) f , . , , , . , ,:• » » i i n i

! , , , . , , • • • Af-cc • fabrics and related construction. Highly absorbent cellulosemechanisms or glow discharge polymerization, in A Co symposium r. . . . . /• r
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Am. Chem. Soc., Washington, DC, pp. 37-52. m certain sanitary products such as napkins. The small produc-

Yasuda, H. K., and Gazicki, M. (1982). Biomedical applications of tion of these fibers, however, may limit their application. Al-
plasma polymerization and plasma treatment of polymer surfaces. though cellulose acetate and viscose rayon are less commonly
Biomaterials 3: 68-77. used as fibers than cellulose, interest in other regenerated natu-
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TABLE 1 -A Typical Examples of Modified Natural Polymers, Important Features, and Useful Forms

Polymer
Construction/useful Sterilization

Type Chemical and physical aspects forms method" Comments/applications

Chitosan A biodegradable, partially deacetylated Regenerated fibers, used Ethylene oxide Used experimentally as surgical sutures
product of the natural polysaccharide as braids or woven and meshes. (Skjak-Braek and San-
chitin, based on free and acetylated fabrics. ford, 1989),
glucosamine units (commonly 70 and
30%, respectively),

Alginates Family of copolymers based on /3-D-ma- Regenerated fibers Ethylene oxide Used as wound-dressing components,
nuronic and a-L-gluSuronic acid resi- mostly in nonwoven (Shalaby and Shah, 1991).
dues, extracted from seaweed. form.

"The most common method of sterilization.

TABLE I -B Typical Examples of Synthetic Nonabsorbable Polymers, Important Features, and Useful Forms

Polymer
Construction/useful Sterilization

Type Chemical and physical aspects forms method" Comments/applications

Carbonized polymers Made usually by the graphitiza- Produced mostly as continu- E.O., G, Used experimentally as load-
tion of organic polymers; dis- ous multifilament yarns or E.B. bearing composite pros-
play exceptional tensile chopped fibers. theses.
strength and modulus.

Polyethylene (PE) High-density PE (HDPE) melt- Melt-spun into continuous E.G., G. The HDPE, LDPE and LLDP
ing temperature (Tm = 125°). yarns for woven fabric are used in a broad range

Low-density PZ (LDPE) Tm = and/or melt blown to non- of health care products.
110°, and linear low-density woven fabrics.
(LLDPE).

Ultrahigh high molecular Converted to very high tenac- Used experimentally as rein-
weights PE (UHMWPE) ity yarn by gel spinning. forced fabrics in iight-
(Tm = 140-150°, exceptional weight orthopedic casts,
tensile strength and modulus. ligament prostheses, and

load-bearing composites.

Polypropylene (PP) Predominantly isotactic, Tm - Melt spun to monofilaments E.O. Sutures, surgical drapes, and
165—175°; higher fracture and melt blown to nonwo- gown,
toughness than HDPE. ven fabrics.

Hollow fibers Plasma filtration.

Poly(tetrafluoroeth- High melting (TOT = 325°) and Special procedures used (see E.O., A. Vascular grafts, periodontal
ylene) (PTFE) high crystallinity polymer Table 2) for production of inserts.

(50-75% for processed ma- expanded PTFE.
terial).

Nylon 6 Tg = 45°, Tm = 220° Monofilaments, braids E.O., G. Sutures
Thermoplastic, hydrophilic

Nylon 66 Tg = 50°, Tm = 265° Monofilaments, braids E.O., G. Sutures
Thermoplastic, hydrophilic

Aramids or Kelvar A family of aromatic polyam- Multifilament yarns with G. Used experimentally in com-
ides that form liquid-crystal- ultrahigh strength posites.
line solution.

Poly(ethylene terephthal- Excellent fiber-forming proper- Multifilament yarn for weav- E.O., G. Sutures, meshes and vascular
ate) (PET) ties, Tm — 265°, Tg = ing, knitting and braiding grafts.

65-105°

"Most common methods of sterilization listed in a decreasing order of industrial acceptance: E.O. = Ethylene oxide, G. - Gamma rays from
Co-60 source, A. = autoclaving.
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TABLE 1 -C Typical Examples of Synthetic, Absorbable Polymers, Important Features, and Useful Forms

Polymer
——— Construction/useful Sterilization

Type Chemical and physical aspects forms method" Comments/applications

Poly(glycolide) (PGA) Thermoplastic crystalline poly- Multifilament yarns, for E.O. Absorbable sutures and
mer (Tm — 225°, Tg = weaving, knitting and meshes (for defect repairs
40—45°) braiding, sterilized by and periodontal inserts).

ethylene oxide.

10/90 Poly(/-lactide Thermoplastic crystalline co- Multifilament yarns, for E.O. Absorbable sutures and
coglycoiide) (Poly- polymer, (Tm - 205°, Tg = weaving, knitting and meshes,
glacfin 910) 43°) braiding, sterilized by

ethylene oxide.

Poiy(p-dioxanone) Thermoplastic crystalline poly- Melt spun to monofila- E.O. Sutures, intramedullary pins
(PDS) mer (T,n = 110-115°, Tg = ment yarn. and ligating clips.

10°)

Poiy(alkylene oxalates) A family of absorbable poly- Can be spun to monofila- E.O., G. Experimental sutures,
mers with Tm between 64 ment and multifilament
and 104° yarns.

Isomorphic poly(hexa- A family of crystalline poly- Can be spun to monofila- E.O., G. Experimental sutures.
methylene co-trans- mers with Tm between 64 ment and multifilament
1,4-cyclohexane di- and 225° yarns,
methylene oxalates)

"Most common methods of sterilization listed in a decreasing order of industrial acceptance: E.O. = Ethylene oxide, G. = Gamma rays from
Co-60 source.

ral polysaccharides and their derivatives as fibrous biomaterials specific textile characteristics that may not be necessary in
is growing rapidly. Among these are the alginates, chitosans, biomedical uses. The major polymers used in the production
and dextran, which are obtained from brown algae, crab shells, of absorbable and nonabsorbable biomaterials are summarized
and bacterial fermentation, respectively (Shalaby and Shah, in Tables 1 -A to 1-C. A few experimental absorbable polymers
1991). Absorbable surgical sutures and meshes have been made and their projected applications are also included in those
of chitosan (Skjak-Braek and Sanford, 1989). Chitosan and tables,
alginate fibers are formed by coagulation of streams of polymer
solutions in typical solution spinning processes. Alginates, in
fibrous forms, were described as useful components of wound
dressings. Similarly, regenerated collagen, a major protein in PROCESSING AND CHARACTERISTICS Of MAJOR
most living tissue, has been used to produce absorbable sutures, TYPES OF CONSTRUCTIONS
foams, and meshes. Another natural fibrous protein, silk, which
is produced by the silkworm, has been processed into braided Natural and synthetic fibers can be converted to different
sutures. In contrast to these natural polymers, which degrade forms and fabric constructions, as shown in Table 3. Woven
or denature upon heating at 120°C or less, biosynthetic thermo- fabrics usually display low elongation and high breaking
plastic polyesters which can be melt processed, can be produced strength. They are more stable mechanically than the flexible,
by fermentation. These include poly(/3-hydroxybutyrate) stretchable, knitted fabrics. The tensile or burst strength of
(PHB) and its copolymers with yS-hydroxyvalerate. Fibers made knitted fabrics is usually inferior to that of woven fabrics of
of PHB were described as biodegradable materials, with comparable densities. On the other hand, knitted structures
potential use in biomedical applications (see Shalaby, 1985, have superior elastic recovery and good wrinkle and crush
p. 89). resistance and allow free circulation of gases and nonviscous

With the exception of synthetic absorbable polymers, which fluids. Needle felts display poor mechanical properties and
degrade to nontoxic by-products, no synthetic polymers were are used primarily as insulators or for liquid absorption. The
manufactured specifically for the production of textile biomate- relevance of the fabric construction to the performance of
rials. Hence, commercial textile fibers are virtually the only vascular grafts and new approaches to improving their func-
available source for the production of nonabsorbable biomedi- tional performance are discussed in the section on biomedi-
cal textiles. Therefore, these fabrics and fibers normally contain cal applications.
typical additives such as dyes, antistatic agents, delustrants, Fiber bonding is a major technique which is used to produce
photostabilizers, and antioxidants, which are used to achieve large-volume fiber-bonded fabrics, otherwise known as nonwo-
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ven fabrics. These fabrics, made by different processes, are (2) solution-blowing, which is similar to melt-blowing except
used in large-volume health-care products where modest or that a polymer solution is extruded into a coagulating bath; and
low fabric strength is required. Thus, they are used to produce (3) electrostatic spinning, in which fine streams of a polymer
diapers, sanitary napkins, gauze, and bandages. Nonwoven solution are further subdivided into finer ones in the presence
fabrics can also be (1) spun-bonded fabrics made directly from of a strong elastostatic field before phase separation onto a
thermoplastic polymers such as poly(ethylene terephthalate) rotating mandril to eventually form microporous devices. Using
(PET), polypropylene (PP), polyethylene (PE), and nylon 6; (2) the latter process, a segmented polyurethane can be converted
spun-laced, light fabrics; and (3) solvent-bonded fabrics, where to microporous vascular grafts (Berry, 1987; Fisher, 1987;
a solvent is used to produce a fiber—fiber interface. Hess et al., 1991). These fabrics and their biodegradable coun-

Other less common or experimental processes for producing terparts have been evaluated as grafts for arterial reconstruc-
specialty woven fabrics and/or intricate forms of nonwoven tion (van der Lei and Wilderuur, 1991; Hess et al., 1991).
devices with microfiber constituents of micron dimension in- Melt-blown, nonwoven fabrics are used in the production of
elude (1) melt-blowing, in which a relatively low-viscosity poly- surgical gowns and masks.
mer such as PE or PP is extruded at high speed while being In addition to the fabric constructions discussed here, micro-
injected with a high-pressure air jet, the resulting ultrafine porous or porous systems can be made to provide fabric-like
"fibrillar" melt is collected onto a moving or rotating screen; properties. These include the expanded Teflon and micropo-

TABLE 2 Specialty Fabrics, Their Constructions and Applications

Construction, finishing and Present and
Composition distinct properties potential applications References

Carbonized polymers Different types of carbon fibers Components of many experimen- Bradley and Hastings
used in the form of chopped fi- tal implants and devices, mostly (1980)
bers, continuous yarns, and oc- orthopedic prostheses
casionally woven fabrics

Collagen Highly purified, lyophilized colla- Used for repair of mandibular de- Joos, Vogel and Ries (1980)
gen fleece fects

Polyethylene (PE) High-density PE (HOPE) yarn Evaluated as artificial tendons Hudge and Wade (1980)
converted to woven tape (0.5
mm thickness, 3 mm width,
and 200 m2 pore size).

Polyethylene tereph- Random flock made of 300 x 17 Flocked blood pump bladder Pokier (1980)
thate) (PET) Dacron mm fibers Composite for reconstructive sur- Leake et al. (1980)

Knitted mesh coated with a poly(- gery, particularly mandibular Guidoin et al. (1980)
urethane) elastomer implants

Knitted, woven, and velour-type Principal constructions for arte-
(double, internal and external) rial substitutes
conduits

Polypropylene (PP) Microfabrics made by extruding Cell seeding substrates in blood Tittman and Beach (1980)
blends of PP, poly(ethylene-coa- circulatory devices after coating
crylic acid) (ionomer, used as with parylene (a vapor phase-
sodium salt) and glycerine. deposited polymer of p-xyly-
Sheets are extracted with water lene). Rate-controlling mem-
to product PP random micro- brane in transdermal drug de-
fiber mesh which yields non- livery,
woven thin PP microfiber web
(rnicrofabric) by freeze-drying
and tenter ing.

Poly(tetrafluoroethy- Microporous, expanded forms Vascular prostheses and sutures Snyder and Helmus (1988)
lene) (PTFE) made by mixing resin with a

solvent binder, cold extrusion
of a billet, driving off the sol-
vent, expanding and stretching
followed by sintering, the mi-
croporosity varies with process-
ing techniques.
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TABLE 3 Conversion of Commercial fibers"

Major process Resulting constructions Comments

Weaving Plain (with rib and basket variations), twill, Using simple or shuttleless loom.
satin and doup (or gauze).

Pile (filling or warp) weave
Double weaves At least 2 sets of filling yarn and 2 sets warp yarns are interfaced.
Triaxial fabrics Require 3 sets of yarn to interlace at less than 90° angle, usually 2

sets of wrap yarn and one set of filling yarn.

Knitting Plain single knit Using filling (or weft) knitting on a flat-bed or circular machine.
Double knit (by interlock stitch)

Needle felting Needle felts (or needle-punched fabrics) This form of nonwoven fabric has intimate 3-dimensional fiber en-
tanglement and is produced by the action of barbed needles (not
the simple mechanical interlocking used in wool felting).

Braiding Braids with or without lightly twisted cores Mostly for surgical sutures.

aFor details see Joseph (1981) and Labarthe (1975).

rous polypropylene noted in Table 2. Expanded Teflon has cytotoxicity, mechanical compatibility, blood compatibility,
been explored extensively for use in vascular prosthesis (Kogel and degradation and retention of intended mechanical prop-
el a/., 1991). erties.

CHARACTERIZATION, TESTING, AND EVALUATION MAJOR BIOMEDICAL APPLICATIONS

For biomedical systems, some of the characterization and From the perspective of an application site, the biomedical
testing techniques are similar to nonbiomedical ones. However, uses of fabrics can be dealt with as external and internal appli-
certain evaluation techniques can be unique to biomaterials cations.
(Shalaby, 1985).

External Applications

General Characterization Methods For applications which involve direct or close contact with

General characterization methods usually address the con- intact skin'the followin8 types of products are being used:
stituent polymer and fiber identity and include (1) microscopic Surgkal gowns? made mosdy from woyen and nonwoven

examination, (2) color spot testing, (3) solubility and swelling cellulose, polyethylene, and polypropylene fibers
behavior in synthetic media simulating biological fluids or com- Masks and shoe Cf)vers made of gauze and nonwoven

ponents thereof, (4) spectroscopic analysis (infrared, nuclear fabrics respectively
magnetic resonance, UV-visible), (5) thermal analysis: thermal sheets and packs based on lammates of plastlc with

gravimetric analysis (TGA), differential scanning calorimetry nonwoven fabrics
(DSC), thermal mechanical analysis (TMA), and (6) diffraction Adhesive tapes consisting of an adhesive, elastomeric film,
techniques (e.g., X-ray). Molecular weights of the constituent woyen or knitted fabrk stripi and nonwoven fabncs,
polymers can be determined using gel permeation chromatog-
raphy, osmometry, and viscometry. The methods used to deter-
mine chemical identity, molecular weight, and concentration Internal Aoollcatlans
and type of extractable impurities are critical to biomedical
uses of fabrics. Internal applications are primarily associated with (1)

wound repair and reconstruction of soft tissues such as sutures,
reinforcing meshes, and hemostatic devices; (2) cardiovascular

Biological Evaluation and Simulated prostheses; (3) orthopedic prostheses, such as tendons and
In Vitro Testings ligaments; and (4) hollow fibers as in a typical dialysis unit.

Other applications associated with limited exposure to injured
Biological evaluation and simulated in vitro tests are usually tissues or mucous membranes include the use of dressings,

designed to test prototypes or finished products. They vary woven sponges, blood filters, and fiber-optical instruments,
with the type of the device. However, most of them pertain to From a functional viewpoint, the biomedical applications
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of fabrics can be divided into those dealing with (1) general vessel. A successful application of fabrics in the development of
surgical applications, (2) cardiovascular system applications, artificial skin, for use as a temporary burn dressing, consists
(3) musculoskeletal system applications, and (4) percutaneous of a nylon velour on a synthetic polypeptide backing,
and cutaneous applications. Hoffman (1982) has presented a
detailed review of this functional classification. A summary of »M_M «.L j j u j Bibliographythis treatment and an update based on more recent reviews ** r *
(Shalaby et aL, 1984; Shalaby, 1985; von Recum, 1986) are Berry, J. P. (1987). Eur. Pat. Appl. (to Ethicon Inc.), 0, 223, 374.
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2.11 BIOLOGICALLY FUNCTIONAL
MATERIALS

Allan S, Hoffman

ties, applications, and advantages and disadvantages of such
Polymers are especially interesting as biomaterials because systems are discussed in this chapter.

they can be readily combined physically or chemically with Many different biologically functional molecules can be
biomolecules (or cells) to yield biologically functional systems chemically or physically immobilized on polymeric supports
(Piskin and Hoffman, 1986). Biomolecules such as enzymes, (Table 1) (Laskin, 1985; Tomlinson and Davis, 1986). In
antibodies, or drugs, as well as cells have been immobilized on addition to such biomolecules, a wide variety of living cells
and within polymeric systems for a wide range of therapeutic, and microorganisms may also be immobilized. Both solid
diagnostic, and bioprocess applications. The synthesis, proper- polymers and soluble polymer molecules may be considered

as immobilization supports for covalent binding of biomolec-
ules. Solid supports are available in many diverse forms,

_._._ „ „ , , -„• i • 11 * • x * i i TM such as particulates, fibers, fabrics, membranes, tubes, hollow
TABLE 1 Examples of Biologically Active Molecules I hat -, r , ,w, ,- , , . ,
, . „ , , .,. , • i • r. i • T> • - i fibers, and porous systems. When some or these solids are
May Be Immobilized on or within Polymeric Biomaterials „ , , , , , , , . , , ,

' • water swollen they become hydrogels, and biomolecules and
cells may be immobilized within the aqueous pores of the

Proteins/peptides Drugs polymer gel network. Examples of applications of these
Enzymes An tithrombogenic agents : , ... • i • i • i • i - i • T- i i -» T
* .. r . - o o immobilized biological species are listed in Table 2. It can
Antibodies Anticancer agents ° r

Antigens Antibiotics
Cell adhesion molecules Contraceptives
"Blocking" proteins Drug antagonists

Saceharides Peptide, protein drugs
Sugars Ligands TABLE 3 Bioreactor Supports and Designs
Oligosaccharides Hormone receptors "~~~——-———--—-~—-——-"•"•—•—~-—-—————-—-—-—--——-----—-——-

Polysaceharides Cell surface receptors (pep- "Artificial cell" suspensions
Lining tides, saccharides) (microcapsules, RBC ghosts, liposomes, reverse micelles [w/o] mi-

Fatty acids Avidin, biotin crospheres)

Phospholipids Nucleic acids, nucleotides Biologic supports
Glycolipids Single or double-stranded (membranes and tubes of collagen, fibrin ± glycosaminoglycans)

Other DNA, RNA (e.g., antisense Synthetic supports

Conjugates or mixtures of the ohgonucleotides) (porous or asymmetric hollow fibers, particulates, parallel plate
above devices)
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TABLE 4 Examples of Immobilized Enzymes in Therapeutic TABLE 6 Biomolecule Immobilization Methods
Bioreactors ' — ! •

—-———————————————————— Physical adsorption
Medical application Substrate Substrate action van der Waals

Electrostatic
Cancer treatment Affinity

L-Asparaginase Asparagine Cancer cell nutrient Adsorbed and cross-linked
L-Glutaminase Glutamine Cancer cell nutrient Physical "entrapment"
L-Arginase Arginine Cancer cell nutrient Barrier systems
L-Phenylalanine Phenylalanine Toxin Hvdroeels

yase Dispersed (matrix) systems
Indole-3-alkane a Tryptophan Cancer cell nutrient

M i Covalent attachmentroxylase
Cytosine ' 5-Huorocytosine Toxin Solubie Pol?mer conjugates

deaminase Solf sur,faces

Hydrogels
Liver failure

(detoxification)
Bilirubin oxidase Bilirubin Toxin
UDP-Gluceronyl Phenolics Toxin

trans ferase

Other
Heparinase Heparin Anticoagulant IMMOBILIZATION METHODS
Urease Urea Toxin

— There are three major methods for immobilizing biomolec-
ules and cells (Table 6) (Stark, 1971; Zaborsky, 1973; Dunlap,
1974). It can be seen that two of them are physically based,
while the third is based on covalent or "chemical" attachment
to the support molecules. Thus, it is important to note that

be seen that there are many diverse uses of such biofunctional the term "immobilization" can refer either to a temporary or
systems in both the medical and biotechnology fields. For to a permanent localization of the biomolecule (or cell) on or
example, a number of immobilized enzyme supports and within a support. In the case of a drug delivery system, the
reactor systems (Table 3) have been developed for therapeutic immobilized drug is supposed to be released from the support,
uses in the clinic (Table 4) (De Myttenaere et al., 1967; while an immobilized enzyme (or cell) in an artificial organ is
Kolff, 1979; Sparks et al., 1969; Chang, 1972; Nose et al., designed to remain attached to or entrapped within the support
1983; Schmer et al., 1981; Callegaro and Denti, 1983; Lavin over the duration of use. Either physical or chemical immobili-
et al., 1985; Sung et al., 1986). Some of the advantages zation can lead to "permanent" retention on or within a solid
and d1Sadvantages of immobilized biomolecules are listed in support, the former being due to the large size of the biomolec-
Table 5, using enzymes as an example. ule <or cdl)- lf the polymer support is biodegradable, then

the physically or chemically immobilized biomolecule may be
released as the matrix erodes or degrades away.

A large number of interesting methods have been developed
for covalent binding of biomolecules to soluble or solid
polymeric supports (Weetall, 1975; Carr and Bowers, 1980;

TABLE 5 Some Advantages and Disadvantages of Dean et al, 1985; Shoemaker, et ai, 1987; Yang et al.,
Immobilized Enzymes 1990; park and Hoffman, 1990; Gombotz and Hoffman,

1986). Most of these are illustrated in Fig. 1. The same
Advantages biomolecule may be immobilized by many different methods;

Enhanced stability specific examples of many of the most common methods
Can modify enzyme microenvironment are snown in Fie 2
Can separate and reuse enzyme For CQvaient ̂  tQ &n ̂  sM j sur£ ^
Enzyme-tree product f r , , . ,, ,.- , . ,
r , . , , surface must first be chemically modified to provide reactive
Lower cost, higher purity product r>/^Vkij\ r u u
No immunogcnic response (therapeutics) SrouPs <e-&» -°H' ~NH2 > -COOH) for the subsequent immo-

bilization step. If the polymer support does not contain such
ryrg | f r groups, then it is necessary to modify it in order to permit
Foulmg by other* biomolecules covalent immobilization of biomolecules to the surface. A wide
Mass transfer resistances (substrate in and product out) number of solid surface modification techniques have been
Adverse biological responses of enzyme support surfaces (in vivo used, including ionizing radiation graft copolymerization,

or ex vivo) plasma gas discharge, photochemical grafting, chemical modi-
Greater potential for product inhibition fication (e.g., ozone grafting), and chemical derivation (Hoff-

man, 1984; Gombotz and Hoffman, 1987; Hoffman et al.,



FIG* 1« Schematic cartoons showing various methods for covalent biomolecule immobilization,
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FIG. 2. Examples of various chemical methods used to bond biomolecules directly to reactive supports. {From P. W. Carr
and L. D, Bowers, Immobilized Enzymes in Analytical and Clinical Chemistry: Fundamentals and Applications. Wiley, 1980,
pp. 172-173.)

j~27



I 28 2 CLASSES OF MATERIALS USED IN MEDICINE

FIG. 3. Various methods for heparinization of surfaces: (A) heparin bound ionically on a positively
charged surface; (B) heparin ionically complexed to a cationic polymer, physically coated on a surface;
(C) heparin self-cross-linked physically coated on a surface; (D) heparin covalently linked to a surface;
(E) heparin covalently immobilized via spacer arms; (F) heparin dispersed into a hydrophobic polymer;
(G) heparin—albumin conjugate immobilized on a surface. (From S. W. Kim and J. Feijen, in D. Wiliiarns,
ed., Critical Reviews in Biocompatibility. CRC Press, 1985, pp. 229-260.)

1987; Hoffman, 1987). Soluble polymers may be chemically It is evident that there are many different ways that the
derivitized or synthesized de novo with similar functional same biomolecule may be immobilized to a polymeric sup-
groups, port. Heparin and albumin are two common biomolecules

A chemically immobilized biomolecule may also be attached which have been immobilized by a number of widely differing
via a spacer group, sometimes called an "arm" or a "leash" methods. These are illustrated schematically in Figs. 3 and
(Cuatrecasas and Anfinsen, 1971). Most often the spacer arm 4. Some of the major features of the different immobilization
reactive end groups are amine, carboxylic acid, and/or hy- techniques are compared and contrasted in Table 7. The
droxyl groups. Such spacer groups can provide greater steric important molecular criteria for successful immobilization
freedom and thus greater specific activity for the immobilized of a biomolecule are that a large fraction of the available
biomolecule, especially in the case of smaller biomolecules. biomolecules should be immobilized, and a large fraction of
The spacer arm may also be biodegradable and therefore will those immobilized biomolecules should retain an acceptable
release the immobilized biomolecule as it degrades (Ko- level of bioactivity over an economically and/or clinically
pecek, 1977). appropriate time period.

Sometimes more than one biomolecule may be immobilized
to the same support. For example, a soluble polymer designed
to "target" a drug molecule may have separately conjugated
to it a targeting moiety such as an antibody, along with the CONCLUSIONS
drug molecule, which may be attached to the polymer back-
bone via a biodegradable spacer group (Ringsdorff, 1975; It can be seen that there is a wide and diverse range of
Kopecek, 1977; Goldberg, 1983). In another example, an materials and methods available for immobilization of biomol-
immunodiagnostic microtiter plate usually will be coated cules and cells on or within biomaterial supports. Combined
first with an antibody and then with albumin, each physically with the great variety of possible biomedical and biotechnologi-
adsorbed to it, the latter acting to reduce nonspecific adsorp- cal applications, this represents a very exciting and fertile field
tion during the assay. for applied research in biomateriais.
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FIG. 4. Various methods for immobilization of albumin on surfaces.

TABLE 7 Comparison of Some Biomolecule Immobilization Techniques

Physical and
electrostatic Cross-linking

Method adsorption (after physical adsorption) Entrapment Covalent binding

Ease High Moderate Moderate to low Low

Loading level possible Low Low High (depends on S/V and site density)
(unless high S/V) (unless high S/V)

Leakage (loss) Relatively high Relatively low Low to none" Low to none
(sens, to ApH salts)

Cost Low Low to moderate Moderate High

^Except for drug delivery systems.
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Some Background Concepts
THOMAS A. HORBETT, BUDDY D. RATNER, JEFF M. SCHAKENRAAD, AND FREDERICK J. SCHOEN

3 1 INTRODUCTION After cells arrive and attach at surfaces, they may multiply
B Ad D R an<^ Or8an*ze mto tissues. Synthetic materials can interact with

or disrupt living tissues. The organization of tissues must be
understood to appreciate the response to synthetic materials

Much of the richness of biomaterials science lies in its inter- implanted in those tissues. Tissue structure and organization
disciplinary nature. The two pillars of fundamental knowledge are revjewe(j jn Chapter 3.4.
that support the structure that is biomaterials science are mate-
rials science, introduced in Part I, and the biological-medical
sciences, introduced here. Complete introductory texts and a
large body of specialized knowledge dealing with each of the
chapters in this section are available. However, these chapters "\ > PROTEINS* STRUCTURE PROPERTIES
present sufficient background material so that a reader might _ ^^ _
reasonably follow the arguments presented later in this volume AND ADSORPTION TO SURFACES
on biological interaction, biocompatibility, material perfor- Thomas A. Horbett
mance and biological performance.

In as short a time as can be measured after implantation in The importance of proteins in biomaterials science stems
a living system (<1 sec), proteins are already observed on primarily from their inherent tendency to deposit on surfaces
biomaterial surfaces. In seconds to minutes, a monolayer of as a tightly bound adsorbate, and the strong influence these
protein adsorbs to most surfaces. The protein adsorption event deposits have on subsequent cellular interactions with the sur-
occurs well before cells arrive at the surface. Therefore, cells faces. It is thought that the particular properties of surfaces,
see primarily a protein layer, rather than the actual surface of as well as the specific properties of individual proteins, together
the biomaterial. Since cells respond specifically to proteins, determine the organization of the adsorbed protein layer, and
this interfacial protein film may be the event that controls that the nature of this layer in turn determines the cellular
subsequent bioreaction to implants. Protein adsorption is also response to the adsorbed surfaces. Since the cellular responses
of concern for biosensors, immunoassays, marine fouling, and largely determine the degree of biocompatibility of the material,
a host of other phenomena. Protein adsorption concepts are the properties of proteins and their behavior at interfaces need
introduced in Chapter 3.2. to be understood by those interested in biomaterials. Figure 1

After proteins adsorb, cells arrive at an implant surface illustrates the interaction of a cell with an adsorbed protein
propelled by diffusive, convective, or active (locomotion) mech- layer on a solid substrate.
anisms. The cells can adhere, release active compounds, recruit It is also worth noting that this subject has other important
other cells, or grow. These processes probably occur in response aspects, including the fact that the interfacial behavior of pro-
to the proteins on the surface. Cell processes lead to responses teins is a fundamental, general property of proteins and en-
(some desirable and some undesirable) that physicians and zymes that needs to be understood to fully appreciate protein
patients observe with implants. Cell processes at artificial sur- behavior. In addition, phenomena at the air-water interface
faces are also integral to the unwanted buildup of marine (e.g., interfacial coagulation and foaming), at the oil-water
organisms on ships, and the growth of cells in bioreactors used interface (e.g., the "receptor" proteins located in cell mem-
to manufacture biochemicals. Cells at surfaces are discussed branes that serve many important signalling functions), and
in Chapter 3.3. at the solid—liquid interface in nonbiomaterial settings (e.g.,

Biomaterials Science
. _ _ Copyright © 1996 by Academic Press, Inc.
1 J J All rights of reproduction in any form reserved.
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FIG. 1. Cell interaction with an adsorbed protein layer on a solid substrate.
The cell is shown as a circular space with a bilayer membrane in which the
adhesion receptor protein molecules (the slingshot-shaped objects) are partly
embedded. The proteins in the extracellular fluid are represented by squares and
triangles. The receptor proteins recognize and cause the cell to adhere to only
the surface-bound form of one protein, the one represented by a solid circle.
The bulk phase of this same adhesion protein is represented by a triangle,
indicating that the solution and solid-phase forms of this same protein have a
different biological activity. The figure is schematic and not to scale.

marine fouling, bacterial adhesion, and cell growth on surfaces
in culture), are all strongly influenced by the behavior of pro-
teins at interfaces,

A brief historical sketch of proteins at interfaces reminds
us that the current biomaterials interest in this subject is just
the latest in a long series of studies of this phenomenon. Thus,
for example the fact that shaking of protein solutions causes
the proteins to undergo "interfacial coagulation," in which the
proteins are actually separated from the solution phase into the
surface phase owing to their denaturation and insolubilization,
was reported in 1851. Actual experimentation on proteins at
interfaces began as early as 1873, when the viscosity at the air
interface of protein solutions was shown to be considerably
greater than in the bulk phase of the solution by observing the
resistance to a magnetic field of a small magnetic needle floating
at the solution interface. The behavior of proteins at the air-
water interface was heavily studied in the 1920s through the
early 1940s by Langmuir and others, with an emphasis on the
structural changes in the proteins as judged from the rather
large areas occupied per molecule when a monolayer was

formed. The subject has been revived again in more recent
times owing to the interest of biomaterials scientists and those
immobilizing enzymes, mostly focused on the solid—liquid in-
terface. Most recently, the very modern technique of making
variant or mutant proteins via single amino acid substitutions
at a specific place in the protein chain, called "protein engineer-
ing," has been profitably applied to the further study of protein
behavior at the air-water and the solid-liquid interfaces. The
protein variant studies have given new insights into the molecu-
lar mechanisms of protein behavior at interfaces, since a corre-
lation between changes in therrnodynamic stability of the pro-
tein variants and the changes in surface activity was found
(Horbett, 1993).

STRUCTURE AND PROPERTIES Of PROTEINS
RELEVANT TO ADSORPTION

The soluble proteins present in biological fluids such as
blood plasma and peritoneal exudate are the type of proteins
that are primarily involved in adsorption to implanted materi-
als. Insoluble proteins, such as collagen, which form the struc-
tural basis of tissue, are not normally free to diffuse to the
implant surface, although they may be deposited in fibrous
form adjacent to or actually on the implant by cells as part of
the foreign body capsule formation. The soluble proteins differ
from the insoluble proteins in many ways, including the fact
that they are less regular in their amino acid composition and
three-dimensional structure. The soluble proteins are therefore
difficult to describe except in certain general terms. Fundamen-
tally, this diversity originates in the linear sequence of amino
acids that uniquely characterizes each protein. This sequence
is the same for all molecules of a particular type of protein,
yet both the length and sequence differ dramatically from pro-
tein to protein. For example, all albumin molecules have the
same sequence, while all fibrinogen molecules have another
sequence that is much longer and very different than the albu-
min sequence.

The role of the sequence of amino acids in generating diver-
sity can best be appreciated by a brief review of the properties
of the amino acid side chains, since these vary greatly (see
Table 1). Some of the amino acids have side chains that carry
no charge at any pH yet exhibit considerable polar character
(serine, threonine). The ionizable side chains vary from fairly
acidic ones (aspartic and glutamic acid are fully negatively
charged at the physiological pH of 7.4) to more basic amino
acids such as the imidazole group in histidine (which carries
a partial positive charge at pH 7.4) and the still more basic
amino groups in lysine and arginine that carry full charges at
pH 7.4.

Another group of amino acids have no acid, base, or polar
character in their side chains, instead being somewhat hydro-
carbonlike in character, as attested by their generally much
lower solubility in water. However, these so-called hydropho-
bic or "water-hating" amino acids vary considerably in this
respect, depending on their specific structure. Thus, for
example, the single methyl group side chain in alanine
contributes only 0.5 kcal per mole to the free energy of
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TABLE 1 Structure and Properties of Amino Acid Side Chains

Amino acid Structure Group and pK Charge Hydrophobicity" Surface tension6

"A "consensus value" for the hydrophobicity of the amino acid side chains is given (Eisenberg, 1984). More positive values are more hydrophobic.
According to Eisenberg, the magnitude of the values "may be considered roughly in kcal/mole for transfer from a hydrophobic to a hydrophilic
phase" (e.g., from ethanol to water).

frThe values are the surface tension lowering of water solutions of the amino acids in units of ergs/cm2/mole per liter (Bull and Breese, 1974).

Isoleucine

Phenylalanine

Valine

Leucine

Tryptophane

Methionine

Alanine

Glycine

Cysteine

Tyrosine

Proline

Threonine

Serine

Histidine

Glutamic acid

Asparagine

Glutamine

Aspartic acid

Lysine

Arginine

Neutral 0.73 -15.2

Neutral 0.61 -17.3

Neutral 0.54 -3.74

Neutral 0.53 -21.9

Neutral 0.37 -9.6

Neutral 0.26 -3.01

Neutral 0.25 0.96

Neutral 0.16 1.12

—SH: 8.3 O t o - 1 0.04 0.69

—OH: 10.9 O t o - 1 0.02 -15.1

Neutral -0.07 -0.49

Neutral -0.18 0.59

Neutral -0.26 0.76

—NH-~: 6.0 O t o + 1 -0.40 1.03

—CO2H: 4.3 Oto-1 -0.62 0.86

Neutral -0.64 1.17

Neutral -0.69 1.21

—CO2H: 3.9 0 to -1 -0.72 0.96

—NH2: 10.8 O t o + 1 -1.1 0.92

—NH2: 12.5 O t o + 1 -1.8 1.03
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transfer from water to an organic phase, whereas the double- neutral or slightly charged surfaces at a pH at which the
ringed indole group in tryptophan contributes 3.4 kcal. The net charge on the protein is minimal, i.e., near the isoelectric
diverse character of the amino acid side chains, together pH. On surfaces which themselves carry a large net charge,
with the variations in the proportions of the amino acids however, the interactions are dominated by the degree of
present in each particular protein, means that such physico- opposition of charge on the protein and the surface, so that
chemical properties as their solubility and ability to interact negatively charged proteins adsorb preferentially to positively
with surfaces are also diverse. charged surfaces and positively charged proteins adsorb pref-

An important consequence of the primary sequence and its erentially to negatively charged surfaces,
inherent diversity in chemical nature is the fact that, unlike The structural singularity of a particular protein generally
most synthetic polymers, each protein has a single, distinct, applies only under conditions that are at least approximately
three-dimensional structure that it will assume under physio- physiological, i.e., in the range of 0 to 45°C, pH 5 to 8, and
logical conditions (see Table 2). These shapes are dictated by in aqueous solutions of about 0.15 M ionic strength. Beyond
the formation of multiple noncovalent bonds formed through- these conditions, proteins are subject to the phenomena of
out the protein's three-dimensional structure that leads to a denaturation, a word which is meant to indicate that they
metastable state. With soluble proteins, these shapes are often lose their normal nature or structure. The natural or "native"
roughly spherical or globular in outline, although the important protein can be made to undergo a transition to the denatured
plasma protein fibrinogen violates this somewhat because it is form simply by heating it, for example. The denatured protein
elongated into a "three bead on a string" structure. More is quite different than the native protein, and, in particular,
important here than the particular structure assumed by a generally loses the "inside/outside" nature reflected in the pref-
protein is the fact that a unique arrangement of the amino acid erential location of polar residues on the surface and nonpolar
sequence in three-dimensional space exists for each protein. residues on the inside of the molecule. In addition, the protein
Furthermore, the spatial arrangement results in the hydropho- also loses the singularity of its structure when it is denatured,
bic residues preferentially located "inside" the protein where Instead, it will tend to become much more like a random coil
they are shielded from water, while the ionized and polar that is characteristic of synthetic polymers. Denatured proteins
residues are usually on the outside of the protein and in contact typically lose their solubility, become much less dense, and lose
with the aqueous phase. biological functions such as enzyme activity. The stability of

This spatial arrangement of the amino acids in proteins has selected proteins listed in Table 2 is seen to vary greatly,
a direct bearing on the interaction of proteins with surfaces The retention of a protein's native structure upon adsorp-
because it means that the many residues "buried" inside the tion, even under physiologic conditions, is one of the more
protein may not be able to participate in bond formation with interesting aspects of protein behavior at interfaces, for the
the surface. For these interior residues to interact with the unfolded protein, with many more exposed hydrophobic amino
surface, the protein would have to unfold. Furthermore, it acid residues, is clearly capable of forming many more bonds
means that the type of residues that initially contact the inter- per molecule with a surface than the native protein. The multi-
face have essentially been narrowed to the largely polar residues pie bonding involved in adsorption to surfaces is a major fea-
at the protein surface. The extremely wide range of chemical ture that distinguishes the adsorption of proteins from the
interactions theoretically possible because of the many different adsorption of small molecules. Generally, proteins adsorbed
types of amino acid residues in the protein sequence does not at the solid interface are not denatured (see the following dis-
necessarily come into play because there is a strong, overriding cussion).
structural influence that tends to prevent the full array of possi-
ble interactions from being expressed.

The folded protein structures have densities of about 1.4
g/cm3. In comparison with water's density of 1.0, or the ADSORPTION BEHAVIOR Of PROTEINS AT
density of most synthetic polymers of about 1,1, this basic SOLID—LIQUID INTERFACES
fact about proteins reflects their tightly folded structure. It is
therefore convenient to think of proteins in a physicochemical The adsorption of proteins to solid surfaces qualifies for one
sense as quite compact, externally charged wax droplets in of the traditional definitions of adsorption in that it represents a
water, in which the interior hydrophobic core is analogous preferential accumulation of the protein in the surface phase,
to wax and the surface amino acids are the charged species. The protein adsorbed to the surface does not merely reflect
It is in this way that the polyelectrolyte behavior of proteins the retention of a thin layer of the adjacent protein solution;
is expressed. That is, owing to their large size and correspond- it is not sorption as might occur on a porous, absorptive matrix
ing large number of charged amino acid side chains of uch as filter paper. This can be seen from the fact that the
varying acidity or basicity, proteins have on them a large concentration of protein in the surface phase is much higher
number of charges, both positive and negative, and these than the bulk phase from which it came. Thus, for example,
are distributed around the exterior of the protein. Therefore, typical values for adsorption of proteins are in the range of 1
depending on the pH and ionic strength of the media, a /xg/cm2, a plateau or monolayer value typically reached at
large range of charge interactions can be expected between higher bulk concentrations (see Fig. 2). To convert this two-
the protein and a surface. The polyelectrolyte behavior is dimensional value into an equivalent volumetric concentration
expressed most clearly in the degree of adsorption. Many unit, we can assume a monolayer of a typical protein for which
proteins exhibit a maximum in the amount adsorbed to a 100-A (or 10~6 cm) diameter is a good approximation. Then,



TABLE 2 Properties of Selected Proteins

Protein Function Location Size Shape" pi Stability" Surface activity

Albumin Carrier Blood 65 kDa 42 x 141 A (1) 4.8 Denatures at 60°C (8) Low on PE

Fibrinogen Clotting Blood 340 kDa 460 x 60 A (2) 5.8 Denatures at 56°C (9) High on PE
trinodular string

IgG Antibody Blood 165 kDa T-Shaped 6.5 Low on PE

Lysozyme Bacterial Tear; hen 14.6 kDa 45 x 30 x A (3) 11 AGB = -14 kcal/mol (10) High on negatively
lysis egg Globular charged surfaces

Hemoglobin Oxygen Red cells 65 kDa 55 A (4) 6.87 Normal form Very high on PE
carrier Spherical

A2B2 tetramer

Hemoglobin S Oxygen Sickle red 65 kDa 55 A (4) 7.09 Lower than A form Oxy form of HbS has
carrier cells Spherical much higher air-

A2B2 tetramer water activity than
normal Hb

Myoglobin Oxygen Muscle 16.7 kDa 45 x 35 x 25 A (5) 7.0 AGB = -12 kcal/mol (10) Unknown
carrier Spherical monomer

Collagen Matrix Tissue 285 kDa 3000 x 15 A (6) Melts at 39°C (11)
factor Triple helical rod

Bacterio-rhodopsin Membrane 26 kDa 30-40 A long (7) High at cell mem-
protein Seven-rod struc- brane

ture that self-local-
izes in membranes

Tryptophan syn- Enzyme 27 kDa 5.3 AGn = -8.8 kcal/mole; High air-water activ-
thase alpha sub- denatures at 55°C (12) ity compared with
unit ("wild ovalbumin
type")

Tryptophan syn- Enzyme 27 kDa AGB = -16.8 kcal/mole Much less active at
thase (glu-»• (12) air-water inter-
ileu) variant face than wild type
alpha subunit

•The numbers in parentheses refer to these references: (1) Peters, 1985, p. 176; (2) Stryer, 1981, p. 172; (3) Stryer, 1981, p. 138; (4) Stryer, 1981, p. 59; (5) Stryer,
1981, p. 49; (6) Stryer, 1981, p. 188; (7) Eisenberg, 1984, p. 599; (8) Peters, 1985, p. 186; (9) Loeb andMackey, 1972; (10) Norde and Lyklema, 1991, p. 14; (11) Stryer,
1981, p. 191; (12) Yutani et al., 1987.
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a 1-cm2 area containing 1 ^tg corresponds to a local protein their fundamental amino acid sequences and three-dimensional
concentration of 1/1CT6 = 106 ^ag/cm3 or 1 g/cm3. Given that structures and therefore have very different abilities to adsorb
the density of a pure protein is 1.4 g/cm3, this layer is indeed to surfaces; their "surface activity" differs (see Table 2).
tightly packed. Furthermore, the 1 g/cm3 is equivalent to 1000 Therefore, depending on the two major driving forces for
mg/cm3, which is far higher than the bulk protein concentration adsorption, namely, the relative bulk concentration of each
of solutions from which such adsorbates form (typically 1 protein and its intrinsic surface activity, the outcome of the
mg/cm3). Thus, the surface phase is often 1000 times more competitive process of adsorption is an adsorbed layer that
concentrated than the bulk phase, corresponding to high local is richer in some proteins than others; the surface composition
concentration indicative of the existence of a very different differs from the bulk composition. Furthermore, because the
state of matter and thus truly deserving of a special term, proteins have different affinities for each type of surface,
namely, the adsorbed state. the outcome of the competition is different on each surface,

A second major feature of the adsorbed phase is the selectiv- Our concept of the adsorbed layer formed on solid surfaces
ity of the process that leads to enrichment of the surface phase exposed to mixtures of proteins, then, is one in which
in one protein versus another. Here, we are speaking about variable degrees of enrichment of each of the proteins occur,
adsorption as it typically occurs to biomaterial surfaces, namely so that, for example, some surfaces may be richer in albumin
from a complex mixture of proteins in the bulk phase. Since while others have more fibrinogen. Table 3 contains some
there is a limited amount of space on the surface of the solid surface enrichment data for the adsorption of plasma proteins
and it can only accommodate a small fraction of the total to several surfaces.
protein typically present in the bulk phase, there is competition The adsorption of proteins to solid surfaces is largely irre-
for the available surface sites. The monolayer of adsorbed versible and therefore leads to the immobilization of the protein
protein is the limiting amount that can be adsorbed, resulting species in the surface phase since they are no longer free to
in competition for sites on the surface (see Fig. 2). Second, as diffuse away. This is somewhat different from the idea one
has been discussed earlier, the proteins vary a great deal in has with gas adsorption, because there the molecules can often

Langmuir
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TABLE 3 Enrichment of Proteins Adsorbed in blood plasma (line 3c) and the receptors affected by the
on Polyethylene Exposed to Blood Plasma protein (line 3 a).

• — — The orientation of proteins in the adsorbed phase must
Protein Enrichment" also be considered because the proteins are not uniform in

properties or structure across their surface. Indeed, the exis-
Hbrinogen 1.3 tence of regions that are enriched in one of the categories of
y-globulin 0.53 side chains discussed earlier, e.g., a "patch" of acidic residues,
Albumin 0.88 is a feature that influences the functions of proteins. Similarly,
Hemoglobin6 79 particular sequences of amino acids in the protein are well

^ known to bind specificially to a variety of agents, especially
ar • , i l l u • L u to cell-membrane bound receptors. As far as is known, proteins"Enrichment was calculated as the ratio of the r , , .

surface fraction of the protein compared with the are not very free to rotate once adsorbed, owing to multiple
bulk fraction. The fraction in each case was caku- bonding, and therefore a fixed portion of the surface of the
lated as the amount of each protein divided by the protein is exposed to the bulk phase. The degree of uniformity
total amount of ail of the proteins listed in the table. of such orientation is, however, not known. For example, it
The data were measured in the author's laboratory is not known whether all the proteins are oriented the same
using radiolabeled proteins to measure their adsorp- way in order to optimize the bonding of certain favorable
tion from blood plasma. regions with the surface.

^Hemoglobin is not considered a "normal" The reactions of proteins in the adsorbed phase may be
plasma protein, but ,s nonetheless present (typically broadl ^^ ̂  noncovalem reactiom represented by
at 0.01 me/ml or less) in most plasma and serum , . . , . . , ,

\ f \ i c u j 11 structural transitions, and covalent reactions, such a s thosepreparations a s a result o r leakage rrom t h e r e d cells 1 1 1
during preparation of the protein fraction of blood. that occur Wlth Protem complement C3 on hemodialyzer mem-
Ira vivo, it would normally be present only in trace branes. In the latter case, the adsorption renders this protein
amounts unless a disease that caused hemolysis ex- subject to proteolytic cleavage by other proteins in the comple-
isted. ment system; this cleavage proceeds at only a very low rate

for C3 in the bulk phase. The role of surface adsorption in
this case is believed to be the formation of a covalent bond
between the C3 and hydroxyl groups on the surface that some-

desorb from the surface if the pressure is lowered. When the how prevents an inhibitor that normally is present, and nor-
solution phase variable corresponding to pressure is lowered— mally prevents further activation, from doing its job.
that is, when protein concentration is lowered by rinsing the
surface with a protein-free medium—the protein does not
readily come off of many surfaces, even after days of further TABLE 4 principles Underlying the Influence of Adsorbed
rinsing. Effectively or operationally, the adsorption is irrevers- Plasma Proteins on Platelet Interactions with Biomaterials
ible unless some drastic change in the solvent is made, such
as the introduction of a detergent that binds strongly to the i. Synthetic foreign materials acquire bioreactivity only after first in-
adsorbed protein as well as the underlying substrate. The fact teracting with dissolved proteins. The principal means by which
that the proteins are effectively immobilized by the adsorption the transformation from an inert, nonthrombogenic polymer to a
process means that any of the processes they are normally biologically active surface takes place is the interaction of the
exposed to in the bulk phase will proceed very differently in proteins with the surface, which then mediates celt adhesion,
the surface phase, if only because the diffusion of one of the 2. Platelets are a major example of why and how adsorbed proteins
species is now halted. Furthermore, since transport is generally are influential in cell-biomaterials interactions.
hindered near a solid interface, the approach and departure of 3. Sensitivity of platelets to adsorbed proteins is due to:
species with which the protein may interact is greatly altered. a. Receptors (Hb/IIIa and Ib/IX) bind specifically to a few of
Perhaps the most relevant consequence of the immobilization the adsorbed plasma proteins, mediating adhesion,
of a protein in the field of biomaterials is the often-noted b- Concentrating, localizing, immobilizing effects of adsorbing
phenomenon by which an adsorbed protein is able to cause a proteins at the interface accentuate the receptor-adhesion pro-
cell for which it has a receptor to adhere to the adsorbed f"} mteraction- , , , , , . ,

, . , . £ , i *. • • .̂u u 11 c- Adhesion proteins in plasma for platelets: fibrinogen, fibro-protem—solid interface, whereas the same protein in the bulk . . , ,„,.„ , , , °
. . . i l l 11 ,-n i • T-- „ * -M • • nectm, vitronectm, and von Willebrand factor,

phase is not bound by the cell (illustrated in Fig. 1). This is
the case for fibrinogen and platelets; i.e., platelets adhere to 4" Pri"cfIes ,of Profn adsorP£i«n to biomaterials:

i L j £ i - i _ ^ j i - j j - i j CL • 1 a- Monolayer adsorption and consequent competition for avail-adsorbed nbnnogen, b u t d o n o t bind dissolved hbnnogen.1 , , , . . i n • • i
_ . . . • ( • < • ! 1 1 u - - able adsorption sites means that n o t a l l proteins in t h e
1 able 4 contains a list of the platelet adhesion proteins present plasma phase can be equal,y represented.

b. Driving forces: intrinsic surface activity and bulk phase con-
centration.

c. Surfaces vary in selectivity of adsorption.
'This applies to platelets that have not been previously activated by agonists d- Biological activity of the adsorbed protein also varies on dif-

such as ADP or thrombin. Platelets exposed to agonists do bind bulk-phase rerent surfaces,
fibrinogen. See last section of 3,2 for further discussion. -_~—_—_—__-__.^__^_^_____—«___^___^_______-_____________
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TABLE 5 Enthalpy of Adsorption of Proteins to Surfaces information. However, direct measurements of the heat of
— —— adsorption have been made for several proteins on a variety

Enthalpy of of surfaces and under various conditions of pH and tempera-
Protein Surface" adsorption Reference ture (see Table 5). The enthalpy of the adsorption process
~ ~ has been observed to vary a great deal, even being positive
HSA a-Fe203 + 1.9 mJ-nT* at pH 5 Norde, p. 275 in in SQme cases The observation of positive enthalpies upon

+ 7.0 mJ-nT2atpH7 Andrade (1985) , • i LJ ? \ i spontaneous adsorption to certain surfaces must mean that
RNase PS-H +4 mJ-nT2 at pH 5 Norde, p. 278 in the process is entropically driven m these cases. The net

-2 mJ-nT2 at PH 11 Andrade (1985) negative free energy characteristic of a spontaneous process
means that T AS is greater than the positive AH term in

aThe «-Fe203 surface referred to is hematite. PS-H is an abbrevia- the formula AG = AH - T AS. More generally, all protein

chrrt'denf^ adsorption processes are thought to be strongly driven by
arge ensi t , entropic changes. The importance of entropic factors in this

process can easily be envisioned to arise from changes in
water binding to the surface and the protein as well as

Clotting factor XII also requires a surface to become active limited unfolding of the protein on the surface,
in the clotting cascade. It also undergoes cleavage, but in this
case the role of the surface is thought to be to perturb the
three-dimensional structure of the protein to render it active
as a protease. The activation of factor XII by a conformational ™E IMPORTANCE Of ADSORBED PROTEINS
change induced by the adsorption process is one of the better- IN B1OMATERJALS
known cases in which a noncovalent change induced by adsorp-
tion occurs, but in general it is thought that all proteins that Table 4 summarizes the principles underlying the influence
adsorb to solid surfaces may undergo limited conformational of adsorbed proteins in biomaterials used in contact with the
change. Given the metastable condition of the protein molecule, blood. All of the principles listed also apply in other environ-
and the driving force for better adsorption through further ments such as the extravascular spaces, albeit with other pro-
bond formation that would arise from partial exposure of teins and other cell types (e.g., macrophages in the peritoneum
residues in the protein interior, a change in the protein's struc- adhere via other receptors and other adhesion proteins). The
ture might seem to be likely. However, many proteins and platelets therefore provide a "case study," and we close this
enzymes retain at least some of their biological activity in the chapter by considering this case.
adsorbed state, and the solid phase immunoassay technique The sensitivity of platelet—surface interactions to adsorbed
relies on the use of adsorbed antibody or antigen whose struc- proteins is fundamentally due to the presence of adhesion recep-
ture cannot be totally altered for this method to work in the tors in the platelet membrane that bind to certain plasma pro-
binding of antigens or antibodies. Therefore, conformational teins. There are only a few types of proteins in plasma that
changes upon adsorption seem to be limited in nature; adsorp- are bound by the adhesion receptors. The selective adsorption
tion to solid surfaces does not seem to result in a fully dena- of these proteins to synthetic surfaces, in competition with the
tured protein. many nonadhesive proteins that also tend to adsorb, is thought

The kinetics of adsorption of proteins to solid surfaces to mediate platelet adhesion to these surfaces. However, since
generally consist of a very rapid initial phase that is diffusion the dissolved, plasma-phase adhesion proteins do not bind
limited, followed by a slower phase upon approach to the to adhesion receptors unless the platelets are appropriately
steady-state value. In the initial phase, the proteins typically stimulated, while unstimulated platelets can adhere to adsorbed
adsorb as quickly as they arrive at the relatively empty adhesion proteins, it appears that adsorption of proteins to
surface, so that plots of amount adsorbed versus time172 in surfaces accentuates and modulates the adhesion receptor-
this regime have the linearity characteristic of a diffusion- adhesion protein interaction. The type of surface to which the
controlled process. In the later, slower phase, it is presumably adhesion protein is adsorbed affects the ability of the protein
more difficult for the arriving proteins to find and fit into to support platelet adhesion (Horbett, 1993). The principles
an empty spot on the surface. that determine protein adsorption to biomateriais include

The thermodynamics of protein adsorption are not easily monolayer adsorption, the intrinsic surface activity and bulk
characterized because the process appears to be essentially concentration of the protein, and the effect of different surfaces
irreversible. Thus, when one exposes solid surfaces to a on the selectivity of adsorption.
series of increasing concentrations of protein solutions, and More generally, all proteins are known to have an inherent
then rinses away the bulk protein solution, an increasing tendency to deposit very rapidly on surfaces as a tightly bound
amount of protein is retained on the surface until a plateau adsorbate that strongly influences subsequent interactions of
is reached at higher concentrations, as shown in Fig. 2, many different types of cells with the surfaces. It is therefore
where typical adsorption isotherms are shown. Because the thought that the particular properties of surfaces, as well as
adsorption is irreversible, the calculation of an equilibrium the specific properties of individual proteins, together deter-
binding constant from a plot of adsorption versus bulk mine the organization of the adsorbed protein layer, and that
concentration, and its conversion to a free energy value in the nature of this layer in turn determines the cellular response
the usual way, is not a valid method to obtain thermodynamic to the adsorbed surfaces.
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work is responsible tor cellular adhesion and locomotion and
is called the cytoskeleton. Integrins are receptors consisting of
heterodimeric proteins with two membrane-spanning subunits
(Ruoslahti and Pierschbacher, 1987; Buck and Horwitz, 1987).

3.3 CELLS! THEIR SURFACES AND Some integrins can bind to the RGD sequence (arginine, gly-
INTERACTIONS WITH MATERIALS cine> aspartic acid) of fibronectin or other adhesive proteins

Jeff M. Schakenraad (£•&••> thrombospondin, vitronectin, osteopontin). These adhe-
sive proteins, in turn, can bind to solid substrates, extracellular
matrix components, and other cells. This specific receptor is

THE CELL MEMBRANE thus used to connect the cytoskeleton with extracellular adhe-
sive sites, via the intermediate fibronectin.

The mammalian cell is a highly organized structure. It is The adhesive protein laminin can connect epithelial or endo-
composed of organelles, including a nucleus containing genetic thelial cells to their basal lamina (Gospodarowicz et aL, 1981).
informaton (DNA, chromatin); mitochondria, the "power Proteoglycans such as heparan sulfate, chondroitin sulfate and
plants" of the cell; the Golgi apparatus, the assembly area dermatan sulfate are associated with the basolateral cell mem-
of glycoproteins and lipoproteins; the endoplasmic reticulum brane (Rapraeger et al, 1986).
(smooth and rough), involved in protein synthesis and cellular The extracellular matrix, the actual cellular glue, occurs in
transport; and lysosomes containing proteolytic enzymes. The two forms: interstital matrix (e.g., in connective tissue) and
remainder of the cell is cytoplasm (cytosol), containing the basement membrane (e.g., in epithelium and endothelium). It
cytoskeleton involved in cell movement. has collagenous molecules, glycoproteins, elastin, proteogly-

The cell membrane surrounds the organelles and cytoplasm. cans and glycoaminoglycans as its major constituents. Its many
Different membrane regions correspond to different functions, functions include mechanical support for cellular anchorage,
such as absorption, secretion, fluid transport, mechanical at- determination of cell orientation, control of cell growth, main-
tachment, and communication with other cells and extracellu- tenance of cell differentiation, scaffolding for tissue renewal,
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FIG. 1. Cell membrane consisting of a double layer of phospholipids (PL), in which proteins (P), iipoproteins,
glycoproteins, etc, "float." Some proteinaceous structures connect the outside of the cell with the inside (e.g.,
integrins (I) or other specific receptor sites (R)]. These receptors can be activated by a specific trigger on the outside.
A more general answer on the inside (using e.g., cyclic adenosine monophosphate (cAMP) as the second messenger)
provides the communication within the cell.

establishment of tissue microenvironment, etc. As such, the 1. Gap junction (nexus): 4-nm gap; array of plaquelike
extracellular matrix provides a way for one cell (type) to influ- connections between the plasma membranes of adja-
ence the behavior of others. cent cells.

2. Desmosome (macula adherens): 30—50-nm gap, me-
chanical attachment formed by the thickened plasma

ADHESION membranes of two adjacent cells, containing dense mate-
rial in the intercellular gap. Bundles of tonofilaments

There are four regular adhesive sites between cells and be- usually converge on this dense plaque,
tween cells and extracellular matrix (illustrated by Fig. 3; Beck 3. Hemidesmosorne: structure similar to desmosome, be-
and Lloyd, 1974): tween cells and extracellular matrix material.

FIG. 2. Integrin, cellular receptor site for fibronectin. The a and ft subunits of the integrin are
only operative if calcium is present.
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fIG. 3. Cell-cell contact sites. The desmosome represents the strongest mem-
brane contact. Elements of the cytoskeleton make contact with the cell membrane
at the desmosome. The gap junction will allow diffusion of soluble products.
The tight junction prevents transport of solubles.

4. Tight junction (zonula occludens): <5-nm gap. Structure
formed when adjacent cell membranes adhere to each
other, creating a barrier to diffusion.

Adhesive sites between cells and solid substrata can be de-
scribed as (Gulp, 1978).

1. Focal adhesion: 10-20-nm gap, often observed at the
cell boundaries. It represents a very strong adhesion.
Fibronectin is involved in focal adhesions.

2. Close contact; 30-50-nm gap. Often surrounding fo-
cal adhesions.

3. Extracellular matrix contacts, gap > 100 nm. Strands
and cables of extracellular matrix material connect the
ventral cell wall with the underlying substratum.

Some of these adhesion sites have been illustrated in Fig. 4.
In a physiological environment, protein adsorption always

precedes cellular adhesion. Preadsorbed proteins, in combina-
tion with proteins produced by the cell, and depending on
the substratum properties, determine the strength and type
of adhesion.

From a physicochemical point of view, the kinetics of adhe-
sion can be described as long-range interactions (Fowkes, 1964}
and short-range interactions (acid-base, hydrogen bonds) (van
Oss et al., 1986). Others describe these forces as dispersive
and polar (Schakenraad et al., 1988).

The DLVO theory (Derjaguin and Landau, 1941; Verwey
and Overbeek, 1948) illustrates the relationship between
particle (cell) distance from the surface and repulsive (electro-
static) and attractive (e.g., van der Waals) interaction energ-
ies (Fig. 5):

FIG. 4. Cell-substratum contact sites. (A) Focal adhesion sites are predomi-
nantly found at the boundaries of cellular extentions. The integrin connects the
cytoskeleton with the substratum via fibronectin. (B) Close contacts represent
less strong adhesive sites. (C) Localization of the different adhesive sites. MF,
microfilaments; M, cell membrane; AP, adhesive protein; F, fibronectin; ECMC,
extracellular matrix contact; C, close contact; F, focal adhesion.
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FIG. 5. Interaction energies between a particle (cell) approaching a solid
surface. The total interaction energy (G, solid line) is composed of attractive
van der Waals forces (Gv<iw) and repulsive electrostatic forces (Ge). A secondary
minimum can be observed at approximately 100 A and a primary minimum at
a distance <5 A. An energy barrier can be observed at approximately 40 A from
the surface. D, distance of the particle from the solid surface; G, energy.

G = G£ -f GyDW

in which G is the sum of energy forces involved; GVDW is -H.a/
6D, which represents the van der Waals interaction between a
particle with a radius a and a distance D to a flat substratum;
H is the Hamaker constant; and GE (:) Zj • Z2 is the electrostatic
interaction between a particle and a solid plate, in which Zl

and Z2 are the zeta potentials of the particle and the solid sub-
stratum.

Long-range interaction forces probably result in bringing a
particle into the secondary minimum at approximately 100 A
from the surface. Only little energy is needed to remove
the particle from the surface again. Short-range interactions
between a particle and a solid can only take place at distances
<20 A (Fig. 5). The adhesive macromolecules in cellular
membranes, however, might be able to cross the energy
barrier, which is necessary to reach this primary minimum,
and establish acid-base or hydrogen bond interactions with
the solid substratum. The energy barrier is high for low-
surface free-energy substrates (e.g., polytetrafluoroethyleen)
and low or absent for high-surface free-energy substrates
(e.g., glass). Particles in the secondary minimum could, theo-
retically, freely move over the substrate without consumption
of energy; however, the adhesion would be weak compared
with metabolic energy or the forces of active cellular loco-
motion.

In contrast to this physicochemical approach, protein ad-
sorption always precedes cellular adhesion. For example, the
presence of fibronectin on either the cellular or the solid surface
will exponentially increase adhesion and spreading of cells.
The presence of the protein apparently circumvents the energy
barrier of electrostatic repulsion.

Several authors have described cellular adhesion in a mathe-

matical model, taking into account such factors as locomotion,
flow rates, surface reaction rates, and diffusivity (Strong et aL,
1987). This modification of the Grabowski model for predict-
ing cell adhesion (Grabowski etal., 1972) allows the possibility
of taking into account cell—cell interactions and can differenti-
ate between the kinetics of contact adhesion and irreversible
adhesion (see DLVO theory).

CELL SPREADING AND LOCOMOTION

Cell spreading is a combined process of continuing adhe-
sion and cytoplasmic contractile meshwork activity. At first,
lamellar protrusions are formed. Microfilaments can always be
observed in these lamellae. Focal adhesions are often associated
with the tips of these protrusions. In a later stage, the cyto-
plasmic flaps in between the protrusions also expand, complet-
ing cell spreading. When a cell meets the membrane of another
cell, the contact inhibition process prevents further spreading.
Apparently membrane contact induces inhibition of contractile
protein activity and cell retraction can occur. The process of
cell spreading has been described in detail elsewhere (Aber-
crombie and Harris, 1958).

Cell adhesion and spreading are influenced by the physico-
chemical characteristics of the underlaying solid surface (Har-
ris, 1973). Substratum surface free energy is related to cell
spreading, as illustrated in Fig. 6 (Schakenraad et aL, 1986).
Poor spreading on hydrophobic substrata and good spreading
on hydrophilic substrata can be observed in both the absence
and presence of preadsorbed serum proteins. Apparently the
substratum characteristics shine through the adsorbed proteins
toward adhering and spreading cells. An explanation for this
phenomenon can be:

1. Cells can reach the underlying substratum by pseudo-
podia protruding through the preadsorbed protein layer.

2. Cells consume preadsorbed proteins to make direct
contact.

3. The substratum characteristics are reflected in the com-
position and conformation of adsorbed proteins, thus

FIG. 6. Cell spreading as a function of substratum surface free energy (ys,
wettability). Dotted line represents cell spreading in the absence of proteins.
Solid line represents cell spreading in the presence of serum proteins.
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presenting different molecular groups to adhering and
spreading cells.

On the other hand, it was observed that adhesion and spreading
decrease on very high-surface free-energy substrata (e.g., hy-
drogels) (van Wachem et al., 1985).

Another parameter involved in cell adhesion is surface
charge. Some authors report that negatively charged cells ad-
here with smaller contact areas to surfaces with higher negative
charge (Sugimoto, 1981). Others report increased adhesion
between negative cells and negatively charged substrata (Mar-
oudas, 1975). However, these results were obtained from in
vitro experiments. The high ionic strength of the physiological
environment and the rapid establishment of ionic equilibrium
indicate that surface electrical properties do not significantly
influence the formation of initially adsorbing protein layers or
adhering cells,

The surface topography of a biomaterial can be classified
according to roughness, texture, and porosity. However, the
scale of surface roughness must be kept in mind. Roughness
at the level of cell adhesion (1 /urn) is different from roughness
at the level of protein adsorption (50 nm). It has been reported
that smooth surfaces are more blood compatible than rough
surfaces (Zingg et al., 1982). Rough surfaces indeed pro-
mote adhesion.

Porosity is used on a large scale to promote anchorage of
biomaterials to surrounding tissue. Von Recum's group de-
scribed an optimal biocompatability using pore sizes of 1—2
/tim. Smaller pore sizes caused poor adhesion and increased
inflammatory response with little collagen formation. Larger
pore sizes did allow ingrowth and anchorage, but caused a
more severe foreign body reaction (Campbell and von Recum,
1989), Grooved substrata were found to induce a certain
amount of cellular orientation and locomotion in the direction
of the grooves (Brunette, 1986a). Applying grooved substrata
will therefore induce cell contact guidance. Even shallow
grooves (3 /-tin) result in cell orientation. If the grooves are
wider than approximately 120 /xm, no cell alignment is found
(Brunette, 1986b).

Mechanical forces around an implant, especially in combi-
nation with a rough surface, induce abundant formation of
fibrous tissue, owing to the constant irritation of the cells. Firm
fixation of an implant will reduce movement and thus prevent
excessive fibrous tissue formation. Rod-shaped implants with
a diameter of approximately 1 mm appear to cause the least
mechanical stress and thus are most biocompatible with regard
to fibrous tissue formation (Matlaga et al., 1976).

The texture of an implant surface and its morphology can
be adapted to the clinical purpose of the biomaterial by such
approaches as changing the fabrication process (e.g., woven,
knitted, fibrous, grooved, veloured, smooth). It is thus obvious
that often we cannot meet the theoretically optimal form, tex-
ture, and roughness, but that we have to adapt these parameters
to the biomaterial's ultimate purpose.

Cellular locomotion can be directed by various gradients
in the cell environment (e.g., chemotaxis, galvanotaxis,
haptotaxis). For example, after implantation of a bioma-
terial, granulocytes are attracted by a negative oxygen gra-
dient. Fibroblasts are attracted by agents produced by macro-
phages.

THERMODYNAMIC ASPECTS Of ADHESION
AND SPREADING

Thermodynamically, the process of adhesion and spreading
of cells from a liquid suspension onto a solid substrate can be
described by (Schakenraad et al., 1988):

AFadh = 7cs - 7d - Tsi

in which AFadh is the interfacial free energy of adhesion, ycs

is the cell-solid interfacial free energy, yd is the cell—liquid
interfacial free energy and -ysl is the solid—liquid interfacial free
energy. If AFadh < 0, adhesion and spreading are energetically
favorable, while if AFadh > 0, adhesion and spreading are
unfavorable. Figure 7 illustrates the relationship between AFad]j
and substratum surface free energy (or wettability). It should
be noted that hydrophobic substrata (ys < 40 erg • cm"2) do
not promote adhesion of fibroblasts. Extremely hydrophyllic
substrata do not promote adhesion either (e.g., high-energy
methacrylates or hydrogels; van Wachem, 1985; Horbett and
Schway, 1988).

Only adhesion can be described in a thermodynamic way;
cell spreading, a completely different phenomenon, cannot
be described in a similar way. Cellular activity such as the
production of adhesive proteins and cytoskeleton transport
are involved in cell spreading, interfering with our thermody-
namic model. Duval et al. (1990) have clearly demonstrated
on a series of substrata that adhesion and spreading are
indeed two separate phenomena. For example, the strength
of adhesion to a substratum is not correlated with the area
of contact (spreading). A cell spread on Teflon will weakly
adhere and is easily removed, while a cell attached to, e.g.,
glass with one cellular extension will strongly adhere and
cannot be easily removed. The type of adhesion site is crucial
in this regard.

Other authors found no relation between biomaterial
surface properties and cellular adhesion or growth, using

FIG. 7. Interfacial free energy of adhesion (AFadh) as a function of substratum
surface free energy (ys). At low surface free energy surfaces, energy is needed
for adhesion; at high surface free energy surfaces, energy is available for adhesion.
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FIG* 8. Relationship between the biological interactiveness and the critical surface tension of a
biomaterial. Area "A" represents a nonadhesive zone between 20 and 30 mj -m 2 critical surface
tension. The area marked as "B" represents biomaterials with good adhesive properties,

metals, ceramics, and carbon (Jansen et al., 1989); or found ter 5.2 on in vitro and Chapter 5.3 on in vivo assessment
the inverse relation: better adhesion on hydrophobia sur- of biocompatibility). It is recognized that some adverse tissue
faces (Horbett and Schway, 1988). Some of the discrepancies reaction around the implanted biomaterial is inevitable, ow-
found can probably be explained by the fact that different ing to surgical trauma during insertion. This definition implies
parameters (adhesion, spreading, growth) were investigated, that biocompatibility depends on the purpose of the implant,
different cell types were used, or additional adhesive proteins For example, the inside of a Teflon vascular prosthesis is
were used. designed to present a blood-compatible surface, which means

Baier (Baier, 1975) described a related phenomenon involv- it should not cause adhesion or activate the clotting or
ing a hypothetical zone of optimal biocompatibility (biological complement cascade. The outside of this prosthesis, however,
interaction) (Fig. 8). A nonadhesive zone between 20-30 mj/ must firmly attach to surrounding fibrous tissue, but not
m~ 2 critical surface tension (A) represents the hydrophobic induce excessive fibrous "hyperplaxia." Thus, two goals are
substrata. The area marked as "B" represents biomaterials incorporated into a single device.
with good adhesive properties. It is obvious that there is a Terms such as "bioinert" or "bioactive," rather than "bio-
similarity with cell spreading (Fig. 6). Only materials with a compatible," more accurately describe the features required of
minimal surface tension (or surface free energy) can provide an ideal biomaterial or device. These terms better describe the
good adhesive opportunities for cells, from a thermodynamic action or nonaction required from surrounding tissue and thus
point of view. are related to the choice of material and material characteristics

Cell adhesion has also been described by the Langmuir (hydrophilic/hydrophobic). In the early stages of developing a
adsorption isotherm (Eckl and Gruler, 1988), in which cellular new biomaterial or device, materials scientists should take into
adsorption and desorption is a rate-controlled process using a account their demands on physicochemical properties and re-
high-affinity receptor. The thermodynamic approach could not lated cell biological requirements, in addition to mechanical
be proved valid under these circumstances. properties, polymer—chemical limitations, surgical require-

ments, and sterilization procedures.

BIOCOMPATIBILITY
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organ levels, and describes the methods by which cells and virtually all cells secrete extracellular matrix, whose molecules
tissues are studied. The microscopic study of tissue structure, are constantly remodeled.
called histology, will be emphasized. The cell is a dynamic membranous sac with a complex set

of surface structures and internal compartments that accom-
plish the activities of life under the direction of its genes, com-

ORGANIIATION Of CELLS AND TISSUES Posed oi deoxyribonucleic acid (DNA) (Fig. 1). The partition-
ing of the cell interior into membrane-bound units allows

Cell and Tissue Compartmentallzation material to be segregated into regions of different chemical
environment that can be modified by selective molecular and

The structural elements of the body are cells and the extra- ionic transport. This allows regionally specialized functions,
cellular matrix they secrete. Although connective tissue cells Thus, cells are composed of distinct compartments of aqueous
are particularly active in production of extracellular matrix, solutions of complex proteins (including enzymes), called or-

FIG. 1. A typical cell, demonstrating organelles and their distribution, as well as several specializations of the cell membrane.
(From F. Sheeler and D. E. Bianchi, Cell and Molecular Biology, 3rd ed. Copyright © 1987 John Wiley & Sons, Inc. Reprinted
by permission of John Wiley & Sons, Inc.)
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ganelles, which are surrounded by membranes of selective per- and chemical communication, cytoskeletal reorganization,
meability. All cells are separated from the external environment and/or cell migration. Moreover, adhesion receptors may also
by a limiting membrane, the plasmalemma, which acts as a act as transmembrane signaling molecules which can transmit
selective barrier, recognizing and admitting some molecules information about the environment to the genome, thereby
and ions, while excluding others. mediating the effects of signals initiated by growth factors

The relative amount and types of organelles reflect and or compounds controlling tissue differentiation. Moreover, in
support the specific functions of the cell. The most important both cell—cell and ceil—matrix interactions, the other cells or
organelles of almost all human body cells are the nucleus (the components of the extracellular matrix (ligands) with which
location of genetic material), mitochondria (the major sites of cells interact are immobilized and not in solution. However,
breakdown of macromolecules for energy generation), endo- soluble (secreted) factors also modulate cell—cell commumca-
plasmic reticulum (the site of synthesis of proteins and glyco- tion in the normal and abnormal regulation of tissue growth
proteins used both internally and for export), the Golgi com- and maturation. Cell surface adhesion molecules fall into sev-
plex (which modifies synthesized compounds, especially by eral structural families, including the calcium-dependent cell-
adding carbohydrates to proteins and packing proteins into cell adhesion molecules, calcium-independent cell—cell adhe-
membranes for export), and lysosomes (which usually contain sion molecules related to the immunoglobulins, the integrin
proteolytic enzymes for intracellular digestion of damaged eel- adhesion receptors, and the vascular selectins.
lular components or material taken up from the environment).
The remainder of the cell interior is an aqueous solution of
proteins known as the cytosol. In the cytosol is the cytoskeleton, Cell Differentiation
a complex network of protein filaments (including actin and
myosin) that provides structural support for all cells, and in Basic functional attributes of nearly all cells include nutrient
some cells is specialized for contraction (it is particularly well absorption and assimilation, respiration, synthesis of macro-
developed in muscle cells) or motility (in macrophages and molecules, growth, and reproduction. However, some cells
sperm). The cytoskeleton also provides anchoring points for have specialized capabilities, such as irritability, conductivity,
other cellular structures. absorption, or secretion of molecules not essential to the cells

The plasmalemma and membranes surrounding the organ- that synthesize them (e.g., hormones, structural proteins, in-
elles are complex structures composed of a lipid bilayer inte- flammatory mediators). Multicellular organisms are composed
grated with structural and functional proteins. Although it is largely of individual cells with marked specialization of struc-
generally similar to organellar membranes, the plasmalemma ture and function. These differentiated cells collectively define
has different lipids, proteins, and carbohydrate groups that a division of labor in the performance and coordination of
project from the cell surface; some serve as receptors capable complex functions carried out in architecturally distinct and
of selectively linking with substances outside the cell. Many organized tissues.
important ceil functions are mediated by receptors, including Differentiated cells have developed new and usually well-
phagocytosis, antibody production, antigen recognition, cell- defined structural and/or functional characteristics associated
cell and cell—extracellular matrix interactions, and recognition with increasing specialization. For example, striated muscle
of biochemical signal molecules (e.g., hormones or other media- cells have cross-banded filaments that slide on one another,
tors) that impinge on the cell from the external environment. causing cellular contraction; renal tubular epithelial cells
Protein distribution in the plasmalemma is heterogeneous, have large numbers of mitochondria that generate intracellu-
thereby focusing membrane activities in specific sites. lar fuels to drive pumps performing absorption and secretory

The plasmalemma has morphologic specializations that in- functions; and skin keratinocytes, in order to function as a
elude junctional complexes between cells that are in close prox- protective barrier, lose virtually all their organelles to become
irnity. For example, one such complex type is the gap junction, scalelike structures filled with durable, nonliving keratin (a
which permits the transport from cell to cell of substances of cytoskeletal protein). The immune system is composed of
very low molecular weight, including regulatory molecules such differentiated cells with specialized functional characteristics.
as cyclic adenosine monophosphate (cAMP) and ions such as When cells are attacked by infectious microorganisms (e.g.,
Ca2i~. Gap junctions are prominent in epithelia (especially bacteria, parasites, and viruses), specialized cells called phago-
liver), nerve cells, smooth muscle cells, and cardiac muscle cytes detect, migrate to, and attempt to ingest and destroy
cells. In contrast, tight junctions have lateral cell specializations these microorganisms or other foreign material. Polymorpho-
that limit the passage of substances through the spaces separat- nuclear leukocytes (also called PMNs or neutrophils) are
ing adjacent cells lining ducts or glands, thereby sealing the particularly active against bacteria, and macrophages react to
lumen from the extracellular environment. Desmosomes are other types of organisms and foreign material. Lymphocytes,
rigid structural anchors between adjacent cells of various types. nonphagocytic but critical cells of the immune system, pro-
The plasmalemma also has a glycocalyx, a coat formed by the duce antibodies, attack infected or foreign cells, and regulate
oligosaccharide side chains of membrane glycolipids and glyco- the immune response,
proteins. The adaptive structural changes that occur during cellular

Cell—cell contact phenomena are heterogeneous and form differentiation are usually irreversible. Moreover, increased
a continuum with cell-extracellular matrix interactions. Cell- structural and functional specificity is generally accompanied
cell and cell—matrix interactions have a high molecular speci- by not only a loss in the capacity for specialization in other
ficity, requiring initial recognition, physical adhesion, electrical ways (i.e., a loss in cell potentiality), but also a loss in the
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capacity of the cell to divide. For example, the newly fertilized by reciprocal instructions between cells and matrix, an inter-
ovum is absolutely undifferentiated and has the capacity to action termed "dynamic reciprocity."
divide extensively, ultimately giving rise to progeny that com- Extracellular matrices are generally specialized for a partic-
prise all the cells of the body. Conversely, nerve cells and heart ular function, such as strength (tendon), filtration (kidney
muscle cells are highly specialized; neither can reproduce itself glomerulus), or adhesion (basement membranes generally),
or regenerate following injury beyond fetal life. The extracellular matrix consists of large molecules linked

Every diploid cell (i.e., having two sets of chromosomes) together into an insoluble composite. The extracellular matrix
within a single organism or within the body has the same is composed of (1) fibers (collagen and elastic) and (2) a
complement of genes, which code for all possible characteristics largely amorphous interfibrillary matrix (mainly proteogly-
of all cells and extracellular substances (except ova and sperm) cans, noncollagenous glycoproteins, solutes, and water).
that comprise the body (called the genotype). Cellular differen- There are two types of matrices: the interstitial matrix and
tiation involves an alteration in gene expression. The physical the basal lamina; the major components of each are collagen,
and biological characteristics that are expressed in a particular a cell-binding adhesive glycoprotein, and proteoglycans. The
cell constitute the phenotype. The term "modulation" is often interstitial matrix is produced by mesenchymal cells and
used to describe less dramatic functional and morphological contains fibrillar coilagens, fibronectin, hyaluronic acid, and
changes that occur through differential gene expression as an fibril-associated proteoglycans. The basal lamina is produced
adaptation to an altered environment in cells that are already by overlying parenchymal cells. Basal laminae contain a
differentiated (e.g., activated cells). meshlike collagen framework, laminin, and a large heparan

Cells exist in a spectrum of physiological states (with resting, sulfate proteoglycan. To produce additional mechanical
or increased or decreased function) reflected by specific mor- strength, the extracellular matrix becomes calcified during
phologic appearances. These changes in activity, largely re- the formation of bones and teeth. Although matrix turnover is
garded as normal, highlight the dynamic nature of mammalian quite slow in normal mature tissues, type-specific extracellular
functional structure. Cell populations respond to stimuli that matrix components are turned over and remodeled in re-
call for a great increase in physiological function either by sponse to appropriate stimuli, such as tissue damage and
increasing their number (hyperplasia) or increasing their size repair.
(hypertrophy), or both. Greatly increased cellular activity un- The fibrillar components of the extracellular matrix include
der physiologic circumstances includes the dramatically en- collagen and elastic fibers. Collagen represents a family of
larged smooth muscle cells of the myometrium that prepare closely related but genetically, biochemically, and functionally
the uterus for labor, the enlarged cells of the biceps muscles distinct glycoproteins, of which at least fifteen different types
following exercise, the changes that breast lobular epithelium have been identified. Fibrillar coilagens, also called interstitial
undergoes in preparation for lactation, and the transformation
of lymphocytes to large blastic cells which give rise to cells
that form antibodies. Nevertheless, the exaggeration of normal
functional variation can overlap with certain important patho-
logical processes. For example, markedly hypertrophied heart TABLE 1 The Basic Tissues: Classification and Examples
muscle cells can develop abnormalities in subcellular rnetabo-
lism which can cause them to fail, and hyperplastic growth Basic Tissues Examples
can sometimes result in precancerous and ultimately cancer-
ous lesions. Epithelial tissue

Surface Skin epidermis, gut mucosa

Glandular Thyroid follicles, pancreatic acini

Extracellular Mtttrix Special Retinal or olfactory epithelium

The functions of the extracellular matrix include: (1) me- Connective tissue
chanical support for cell anchorage; (2) determination of Connective tissue proper
cell orientation; (3) control of cell growth; (4) maintenance Loose Skin dermis
of cell differentiation; (5) scaffolding for orderly tissue re- r)ense (regular, irregular) Pericardium, tendon
newal; (6) establishment of tissue microenvironment; and (7) c • , A ,. ,i special Adipose tissue
sequestration, storage, and presentation of soluble regulatory

i i * *' • „ i ji • a ^L • Hemopoietic tissue, blood Bone marrow, blood cellsmolecules. Matrix components markedly influence the main- , , .
c ii i i ft • 11 i i • an" lymphtenance of cellular phenotypes, affecting cell shape, polarity,

and differentiated function through receptors for specific Supportive tissue Cartilage, bone

extracellular matrix molecules on cell surfaces. Cells com- Muscle tissue
municate with various matrix components using surface Smooth Arterial or gut smooth muscle
receptors and peripheral and integral membrane proteins; cl , , r . , . ,. ,
. , i • i t i • i - 1 1 Skeletal Limb musculature, diaphragm

the resultant changes in cytoskeletal organization and possibly
in production of other second messengers can modify gene Cardiac muscle Heart
expression. Conversely, cells produce and secrete matrix Nerve tissue Brain ceils, peripheral nerve
molecules, often vectorially. These functions are accomplished
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FIG. 2. Early phases of embryological development, demonstrating both essential layering that gives rise to the basic tissues
and the early derivation of tubular structures. (From D. H. Cormack, Ham's Histology, 9th ed. Lippincott, 1987, with permission.)
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FIG. 3. Photomicrographs of histologic sections of the basic tissues. (A) Epithelium (skin epidermis, cutaneous surface at
top). Maturation occurs by proliferation of basal cells (arrows) and their migration to the surface to eventually become nonliving
keratin. (B) Full cross section of skin: K, keratin: e, epidermis; and d, dermis. (C) Connective tissue (bone). Vertebral trabecule
(arrow) surrounded by bone marrow. (D) Muscle tissue (heart muscle), with cross-striations faintly apparent, (E) Nerve. All
stained with hematoxylin and eosin (H&E); A, x355; B, x!42; C, x375; D and E, x349.
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FIG. 3.—continued

collagens (types I, II, III and V), have periodic cross-striations. Basic Tissues
Type I, the most abundant, is present in most connective tissues.
Type II collagen is a major component of hyaline cartilage. The basic tissues PlaY sPedfic functional roles and have
The fibriilar collagens provide a major component of tissue distinctive microscopic appearances. They have their origins
strength. Most of the remaining collagen types are nonfibrillar, in embryological development, a stage of which is the forma-
the most common of which is type IV, a major constituent tion of a tube with three layers in its wail: (*) an outer layer

of all basement membranes. Elastin fibers confer an elastic of ectoderm, (2) an inner layer of endoderm, and (3) a middle
flexibility to tissues. layer of mesoderm (Fig. 2). The basic tissues in animals and

In the amorphous matrix, glycosaminoglycans (GAGs), humans have over a hundred distinctly different types of cells,
with the exception of hyaluronic acid, are found covalently which are separated into four groups: epithelium, connective
bound to proteins (as proteoglycans). Proteoglycans serve as tissue> muscle tissue> and nerve tissue (Table l and Figs- 2

major structural elements of the extracellular matrix; some an" •*).
proteoglycans are bound to plasma membranes and appear to Epithelium covers the internal and external body surfaces,
be involved in adhesiveness and receptor binding. A set of I* provides a protective barrier (e.g., skin epidermis), and an
large noncollagenous glycoproteins is important in binding absorptive surface (e.g., gut lining), and generates internal and
cells to the extracellular matrix, including fibronectins (the external secretions (e.g., endocrine and sweat glands, respec-
best understood of the noncollagenous glycoproteins), lami- lively). Epithelium derives mostly from ectoderm and endo-
nins, chondronectin, and osteonectins. Fibronectins, found derm, but also from mesoderm.
almost ubiquitously in the extracellular matrix, are synthe- Structurally heterogeneous and complex epithelia accom-
sized by many different cell types. The circulating form, modate diverse functions. An epithelial surface can be (1)
plasma fibronectin, is produced mainly by hepatocytes. Fibro- a protective dry, cutaneous membrane (as in skin); (2) a
nectin's adhesive character makes it a crucial component of moist, mucous membrane, lubricated by glandular secretions
blood clots and of pathways followed by migrating cells. (digestive and respiratory tracts); (3) a moist, serous mem-
Thus, fibronectin-rich pathways guide and promote the mi- brane, lubricated by serous fluid that derives from blood
gration of many kinds of cells during embryonic development plasma (peritoneum, pleura, pericardium), lined by meso-
and wound healing. thelium; and (4) the inner lining of the circulatory system,

Basement membranes provide mechanical support for lubricated by blood or lymph, called endothelium. Epithe-
resident cells, serve as semipermeable barriers between lial cells play fundamental roles in the directional movement
tissue compartments, and act as regulators of cellular of ions, water, and macromolecules between biological corn-
attachment, migration, and differentiation. They consist of partments, including absorption, secretion, and exchange,
a discrete zone of amorphous, noncollageneous glycoprotein Therefore the architectural and functional organization of
matrix (including laminin), proteoglycans, and type IV col- epithelial cells includes structurally, biochemically, and
lagen. physiologically distinct plasma membrane domains that
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FIG. 4. Organization of tissue layers in the digestive tract (e.g., stomach or intestines). (Reproduced by permission from
M. Borysenko and T. Beringer, Functional Histology, 3rd ed. Copyright © 1989 Little, Brown, and Co.)

contain region-specific ion channels, transport proteins, en- other tissues of the body. It develops from mesenchyme, a
zymes and lipids, and cell—cell junctional complexes that derivative of mesoderm. Connective tissue cells, such as fibro-
integrate cells into a monolayer. This forms a cellular barrier blasts, produce and maintain the extracellular matrix, Connec-
between biological compartments in organs. Epithelial spe- tive tissue also houses nerves and supports blood vessels that
cializations are best studied by transmission electron micros- serve the specialized tissues. Other types of tissue with varying
copy (TEM). functions are also of mesenchymal origin, such as dense, ordi-

Rich in extracellular matrix, connective tissue supports the nary connective tissue, adipose (fat) tissue, blood cells, blood
cell-forming tissues, inflammatory cells that defend the body
against infectious organisms and other foreign agents, and
cartilage and bone.

Muscle cells develop from mesoderm and are highly special-
ized for contraction. They have the contractile proteins actin
and myosin in varying amounts and configuration, depending
on cell function. Muscle cells are of three types: smooth muscle,
skeletal muscle, and cardiac muscle. The latter two are striated,
with sarcomeres, a further specialization of the cytoskeleton.
Smooth muscle cells, which have a less compact arrangement
of myofilaments, are prevalent in the walls of blood vessels
and the gastrointestinal tract. Their contraction regulates blood
vessel caliber and proper movement of food and solid waste, re-
spectively.

Nerve tissue, which derives from ectoderm, is highly special-
ized with respect to irritability and conduction. Nerve cells not
only have cell membranes that generate electrical signals called
action potentials, but also secrete neurotransmitters (i.e., mole-
cules that trigger adjacent nerve or muscle cells to either trans-
mit an impulse or to contract).

Organs

sir «; \r i * t u 11 /D A A u • • i Several different types of tissues arranged into a functionalflu. >* Vasculanzation or hollow organs. (Reproduced by permission from } v &

M. Borysenko and T. Beringer, functional Histology, 3rd ed. Copyright © 1989 unit constitute an organ. Many organs have a composite struc-
Little, Brown, and Co.) ture in which epithelial cells perform the special work while
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FIG- 6. Organization of compact organs. (Reproduced by permission from M. Borysenko and T. Beringer, Func-
tional Histology, 3rd ed. Copyright © 1989 Little, Brown, and Co.)

connective tissue and blood vessels support and provide nour- to the tissue layers (Fig. 5). These vessels divide yet again
ishment to the epithelium. There are two basic patterns: tubular to give off penetrating branches that course through the
(or hollow) organs and compact (or solid) organs. muscular layer, and branch again in the connective tissue

The blood vessels and the digestive, urinary—genital, and parallel to the layers. The small blood vessels have junctions
respiratory tracts have similar architectures in that each is (anastomoses) with one another in the connective tissue,
composed of layers of tissue arranged in a specific sequence. These junctions may provide collateral pathways that can
For example, each has an inner coat consisting of an internal allow blood to bypass obstructions. Compact, solid organs
lining of epithelium, a middle coat consisting of layers of muscle have an extensive connective tissue framework, surrounded
(usually smooth muscle) and connective tissue, and an external by a dense, connective tissue capsule (Fig. 6). Such organs
coat consisting of connective tissue and often covered by epithe- have a hilus or area of thicker connective tissue where blood
Hum. Specific variations reflect organ-specific functional re- vessels and other conduits (e.g., bronchi in the lungs) enter
quirements (Fig. 4). the organ. From the hilus, strands of connective tissue extend

The inner epithelial surface of a tubular organ can be either into the organ and may divide it into lobules. The remainder
(1) a protective dry membrane (e.g., skin epidermis); (2) a of the organ has a delicate structural framework, including
moist, mucous membrane, lubricated by glandular secretions supporting cells, extracellular matrix, and vasculature (essen-
(e.g., digestive and respiratory tracts); (3) a moist, serous mem- tially the "maintenance" or "service core"), which constitutes
brane, lubricated by serous fluid that derives from blood the stroma.
plasma, lined by mesothelium (e.g., peritoneum, pleura, peri- The dominant cells in specialized tissues comprise the paren-
cardium); or (4) the inner lining of the circulatory system, chyma (e.g., thyroglobulin-producing epithelial cells in the thy-
lubricated by blood or lymph, whose surface is composed of roid, or cardiac muscle cells in the heart). Parenchyma occurs
endothelium. Thus, blood vessels, considered tubular organs, in masses (e.g., endocrine glands), cords (e.g., liver), or tubules
have an intima (primarily endothelium), an epithelium, a media (e.g., kidney). Parenchymal cells can be arranged uniformly in
(primarily smooth muscle and elastin), and an adventitia (pri- an organ, or they may be segregated into a subcapsular region
marily collagen). The outside epithelial lining of an organ sus- (cortex) and a deeper region (medulla), each performing a
pended in a body cavity is called a serosa. In contrast, the distinct functional role. In compact organs, the blood supply
outer coat of an organ that blends into surrounding structures enters the hilus and then branches repeatedly to small arteries
is called the adventitia. and ultimately capillaries in the parenchyma. In both tubular

The blood supply of an organ comes from its outer aspect. and compact organs, veins and nerves generally follow the
In tubular organs, large vessels penetrate the outer coat, course of the arteries,
perpendicular to it, and give off branches that run parallel Parenchymal cells are generally less resistant than stroma
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TABLE 2 Regenerative Capacity of Cells Following Injury patch called a scar. The inability to regenerate certain tissue
• types results in a deficit that in certain cases can have clinical

Normal rate Response to ramifications, since the function of the damaged tissue is irre-
Category of replication stimulus/injury Examples trievably lost. For example, an area of dead heart muscle cells

cannot be replaced by viable ones; the necrotic (dead) area
Renewing/ High Modest increase Skin, intestinal ig repaired by scar tissue5 which not only has no contractile

a l e mucosa, one potential, but the remainder of the heart muscle must assume
marrow . . , . , . ,

the workload or the lost tissue.
Expanding/ Low Marked increase Endothelium,

stable fibroblasts,
liver cells

Static/ None No replication; Heart muscle Cel1 Communication
permanent ricar'11' CdlS' "erVeS Integrated systems coordinate and regulate the growth, dif-

ferentiation, and metabolism of diverse cells and tissues so that
"~ ' the various activities of the body are coherent. Communication

and regulation among cells can be local through direct intercel-
lular connections or chemicals, or long range by extracellular
products, such as endocrine hormones and soluble peptide me-

to chemical, physical, or ischemic (i.e., low blood flow) injury. diators.
Moreover, when an organ is injured, the underlying stroma An important mechanism of communication (short or long
must be present to permit orderly replacement of parenchymal range)ls through chemical signals. There are three major types
cells, for cells capable of regeneration. of chemical signaling: (1) Chemical mediators are secreted by

many cells; some are taken up or destroyed rapidly, and there-
fore only act on cells in the immediate environment, other

Cell Jtefreneratfon can act l°nS ran§e- (2) Hormones, produced and secreted by
specialized and grouped endocrine cells, travel through the

The turnover of cell population generally is strictly regu- bloodstream to influence distant target cells. (3) Neurotrans-
lated. The rates of proliferation of various populations are mitters are very short-range chemical mediators which act at
frequently divided into three categories: (1) renewing (also specialized junctions between nerve cells (called synapses) or
called labile) cells have continuous turnover, with proliferation between nerve and muscle cells (called neuromuscular June-
balancing ceil loss that accrues by death or physiological deple- tions).
tion; (2) expanding (also called stable) cells, normally having Most chemical signals influence specific target cells that
a low rate of death and replication, retain the capacity to divide have receptors for the signal molecules, either by altering the
following stimulation, and (3) static (also called permanent) properties or rates of synthesis of existing proteins, by initiating
cells have no normal proliferation, and have lost their capacity the synthesis of new proteins, or by acting to accomplish an
to divide. The relative replicative and regenerative capacity of immediate function, such as secretion, electrical depolarization,
various cells following injury is summarized in Table 2. or contraction. Thus, target cells are adapted in two ways: (1)

In renewing (labile) cell populations (e.g., skin, intestinal they have a distinct set of receptors capable of responding to
epithelium, bone marrow), cells that are less differentiated than a complementary set of chemical signals, and (2) they are
the cells they are meant to replace (often called stem cells) programmed to respond to each signal in a characteristic way.
proliferate to form "daughter" cells that can become differenti- The distinction is made among effects which are due to (1) a
ated. A particular stem cell produces many daughter cells, and, response to a cell's own secreted products (autocrine stimula-
in some cases, several different kinds of cells can arise from a tion), (2) a response to secreted products of another cell in the
common multipotential ancestor cell (e.g., bone marrow multi- vicinity (paracrine stimulation), or (3) a response to secretory
potential cells lead to several different types of blood cells). In products originating at a distance and travelling to the target
epithelia, renewing cells are at the base of the tissue layer, cell(s) via the circulation (endocrine stimulation),
away from the surface; differentiation and maturation occur Factors in the extracellular medium control a cell's response
as the cells move toward the surface (Fig. 3A). through receptors. However, many hormones and other extra-

In expanding (stable) populations, cells can increase their cellular chemical signals are not soluble in lipids and therefore
rate of replication in response to suitable stimuli. Stable cell cannot diffuse across the cell membrane to interact with intra-
populations include glandular epithelial cells, liver, fibroblasts, cellular receptors. Therefore, a receptor protein on the surface
smooth muscle cells, osteoblasts and vascular endothelial cells. of the target cell, or in its nucleus or cytosol, has a binding
In contrast, permanent (static) cells have virtually no normal site with high affinity for a signaling substance that initiates a
mitotic capacity and, in general, cannot be induced to regener- process called signal transduction. Processing of the resulting
ate. In labile or stable populations, cells that die are generally information activates an enzyme that generates a short-lived
replaced by new ones of the same kind. However, since more increase of intracellular signalling compound, termed a "sec-
specialized (i.e., permanent) cells are not easily regenerated, ond messenger." Second messenger molecules control the func-
injury to such cells is repaired by the formation of granulation tions of an enormous variety of intracellular proteins by alter-
tissue, which evolves gradually into a fibrotic connective tissue ing their activity (e.g., enzymes). Some receptors, however,
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TABLE 3 Techniques for Studying Cells and Tissues'2 that control an enormous variety of responses. Normal cell
growth is controlled by the opposing effects of growth stimula-

Technique Purpose tors and growth inhibitors (growth factors). Some of these are
_ _ _ _ p o l y p e p t i d e s present i n serum o r produced b y cells locally,

Gross examination Overall specimen configuration; which stimulate or retard cell growth,
many diseases and processes can
be diagnosed at this level

Light microscopy (LM) Study overall microscopic tissue ar- "*•'
chitecture .̂  cellular structure; As a speciaiity of medicine, pathology includes not only the
? , . . ° ' diagnosis of disease but also study of the mechanisms by whichcm, elastm, organisms, etc. are , ... , . , , , , , ,

, , , abnormalities at the various levels of microscopic and submi-
croscopic structure lead to the manifestations of macroscopic

Transmission electron micros- Study ultrastructure (fine structure) \- ^\ \ • • -c n i. j ir»-.„,„.,. V j ., „ , , . disease, thereby permitting scientifically based treatment. Dis-
copy ( I tM) and identity cells and their organ- . ., . . . , • n j i «

i, j ease is usually caused by environmental influences (deleterious
physical or chemical stimuli), intrinsic genetic or other defects,

Scanning electron microscopy Study topography and structure of • /• i u - i • • • j- - j i*" ^' r r t> r j or exaggeration of normal physiologic processes in individual
cells. Cells may (1) be injured or die, (2) become hypo/hyperac-

Enzyme histochemistry Demonstrate the presence and loca- ^ Qr (3) become hyperactive with bizarre growth patterns

tion of enzymes in gross or mi- / \ i ^L i n • • / 11 j i \ • i. . , (cancer). Lethal cell injury (cell death) is the permanent cessa-
croscopic tissue sections . / - i t - / - / - . /• n , , ftion of the lite functions of a cell and has two forms: necrosis

Immunohistochemistry Identify and locate specific mole- j a-v^^tncic
i it /• i . i allU dpUpUJhla.

cules, usually proteins, tor which x7 • • H j i • i i 11.c -L j • -i LI Necrosis comprises cell death with consequent loss of func-a specific antibody is available _. . . . e • \ \ ition. The body treats necrotic tissue as a foreign body and
In situ hybridization Locates specific DNA or RNA in attempts to remove it by an inflammatory response. In some

tissues to assess tissue identity or • ^L j , .• • i j i • / v.„ j instances, the dead tissue is replaced by tissue of the same typerecognize a cell gene product , . lf , . , ' .. . . . . r
by regeneration. It this cannot be accomplished, necrotic tissue

Microbtologic cultures ^f^^ PreSCnCe °f infectious is replaced by unspecialized connective tissue (fibrous repair
organs s ^ granulation tissue) to form a scar. In contrast, apoptosis

Morphometric studies (at Quantitate the amounts, configura- (programmed cell death) is the chief normal mechanism of the
gross, LM or TEM levels) tion, and distribution of specific body for eliminating unwanted cell populations. In contrast

structures ^ . ^ • • j • L • ato necrosis, apoptosis induces neither an inflammatory nor a
Chemical, biochemical, and Assess concentration of molecular connective tissue resnonse

spectroscopic analysis or elemental constituents

Energy-dispersive X-ray anal- Perform site-specific elemental anal-
ysis (EDXA) yS1S on surfaces TECHNIQUES fOR ANALYSIS Of CELLS

Autoradiography (at LM or Locate the distribution of radioac- AND TISSUES
TEM levels) tive material in sections

1 1 There a r e a number o f techniques available t o observe cells
"Modified by permission from F. J. Schoen, Interventional and directly in the living state in culture systems, which can be

Surgical Cardiovascular Pathology: Clinical Correlations and Basic extremely useful in investigating the structure and functions
Principles, Saunders, 1989. of isoiatecl cen ̂ ^ Cells in culture (in vitro} can often con.

tinue to perform some of the normal functions they do in the
body (in vivo). Through measurement of changes in secreted
products under different conditions, for example, culture meth-

do not use second messengers, but rather directly modify the ods can be used to study how cells respond to certain stimuli,
activity of cytoplasmic proteins by regulating their phosphory- However, since cells in culture do not have the usual intercellu-
lation and dephosphorylation. The appropriate target cells re- lar organizational environment, alterations from normal physi-
spond with great selectivity to light, transmembrane potential, ological function can be present.
carbohydrates, small amines, large proteins, and lipids. Thus, Techniques commonly used to study the structure of either
the plasma membrane translates extracellular signals into a normal or abnormal tissues, and the purpose of each mode of
form intelligible to the limited, conserved system of intracellu- analysis, are summarized in Table 3. The most widely used
lar controls. technique for examining tissues is light microscopy, which is

Each type of receptor includes both a binding site that described in the following paragraphs. Details of other useful
recognizes its own special ligand, and a signalling domain that procedures are available (Schoen, 1989).
determines the intracellular control pathway along which its
information will be sent. Closely related receptors can exert a Unlit Mlcroscoov
wide variety of regulatory effects. Diverse extracellular influ-
ences thereby feed information into cells through relatively few The conventional light microscopy technique involves ob-
but ubiqitous signaling pathways and intracellular messengers taining the tissue sample, followed by fixation, paraffin embed-
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FIG. 7. Tissue processing steps for histology. (A) Tissue section, (B) Paraffin block, (C) Resulting
histologic section.

ding, sectioning, mounting on a glass slide, staining, and exami-
nation. Photographs of conventional tissue sections taken

_ ._ ,_ . . c . , T , , ,,. • T I - i a through a light microscope (photomicrographs) are illustrated
TABLE 4 Stains for Light Microscopic Histology" . _. ° _ n, i r • i cc 1 1 i j

_ _ in rig. 3. Photographs of a tissue sample, parafnn block, and
~ , c . resulting tissue section on a glass slide are shown in Fig. 7.To demonstrate Stain ° . & , &

1 he key processing steps are summarized in the following para-

Overall morphology Hematoxylin and eosin (H&E) 8raPns-

Collagen Masson's trichrome

Elastin Verhoeff-van Gieson
„. , . . . , , Tissue Sample
Glycosoammoglycans Aician blue

(GAGs) The tissue is obtained by either surgical excision (removal),
Collagen-elastic-GAGs Movat biopsy (sampling), or autopsy (postmortem examination). A
Bacteria Gram sharp instrument is used to remove and dissect the tissue to
„ . , , , . 1 j - j avoid distortion from crushing. Specimens should b e placed i n
rungi Methenamme silver or periodic acid- r • -i i <• i

Schiff (PAS) nxatives as soon as possible after removal.

Iron Prussian blue

Calcium phosphates (or von Kossa (or alizarin red)
calcium) Fixation

Fibrin Lendrum or phosphotungstic acid he- To preserve the structural relationships among cells, their
matoxylin (PTAH) environment, and subcellular structures in tissues, it is neces-

Amyloid Congo red sary to cross-link and preserve (i.e., fix) the tissue in a perma-

Inflammatory cell types Esterases (e.g., chloroacetate esterase nent state- Fixative solutions prevent degradation of the tissue
for neutrophils, nonspecific ester- when it is separated from its source of oxygen and nutrition
ase for macrophages) (i.e., autolysis) by coagulating (i.e., cross-linking, denaturing,

and precipitating) proteins. This prevents cellular hydrolytic
"Reproduced by permission from F. J. Schoen, Intervention^ and enzymes, which are released when cells die, from degrading

Surgical Cardiovascular Pathology: Clinical Correlations and Basic tissue components and spoiling tissues for microscopic analysis.
Principles, Saunders, 1989. Fixation also immobilizes fats and carbohydrates, reduces or



3.4 TISSUES 159

FIG. 8. Photomicrographs of tissue highlighted by special stains and other histologic techniques. (A) Elastin stain of artery
[elastin (arrow) is black]. The lumen of the vessel (asterisk), media (m), and adventitia (a) are noted. (B) von Kossa stain of
epiphyseal growth plate of bone (calcium phosphates are black). Cartilage (c) and calcified bony trabeculae (b) are noted. (C)
Fungal stain of infected heart valve (individual fungal organism designated by arrow). (D) Immunohistochemkal staining for
factor VHl-related antigen (von Willebrand factor), a specific marker for endothelial cells (reaction product dark, endothelial
cells designated by arrows). (E) Enzyme histochemical staining for alkaline phosphatase in bovine pericardia! bioprosthetic
heart valve (reaction products dark, designated by arrow).
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FIG. 8.—continued

eliminates enzymic and immunological reactivity, and kills mi- Following dehydration, the specimen is soaked in molten
croorganisms present in tissues. paraffin and placed in a mold larger than the specimen, so

A 37% solution of formaldehyde is called formalin; thus, that tissue spaces originally containing water, as well as a
10% formalin is approximately 4% formaldehyde. This solu- surrounding cube, are filled with wax. The mold is cooled, and
tion is the routine fixative in pathology for light microscopy. the resultant solid block containing the specimen can then be
For TEM and scanning electron microscopy (SEM), glutaralde- easily handled,
hyde preserves structural elements better than formalin. Ade-
quate fixation in formalin and/or glutaraldehyde requires tissue Sectioning
samples less than 1.0 and 0.1 cm, respectively, in largest dimen- Tissue Specimens are sectioned on a microtome, which has
sion. For adequate fixation, the volume of fixative into which a blade similar to a singie.edged razor blade, that is advanced
a tissue sample is placed should generally be at least 5-10 through the specimen block. The shavings are floated on water
times that of the tissue block. ancj pjckecj Up on g[ass glides. Sections for light microscopic
_ . . ^ j » •_ J_M analysis must be thin enough to both transmit light and avoid
Dehydration and Embedding . , . & . ° . ,.0 superimposition or various tissue components. Typically see-

In order to support the specimen during sectioning, speci- tions are approximately 5 ju,m thick—slightly thicker than a
men water (approximately 70% of tissue mass) must be re- human hair, but thinner than the diameter of most cells. If
placed by paraffin wax or other embedding medium, such as thinner sections are required (e.g., for TEM analysis, approxi-
glycolmethacrylate. This is done through several steps, begin- mately 0.06 /u,m thick ultrathin sections are necessary), a harder
ning with dehydration of the specimen through increasing con- supporting (embedding) medium (usually epoxy plastic) and
centrations of ethanol (eventually to absolute). However, since a correspondingly harder knife are used (usually diamond),
alcohol is not miscible with paraffin, xylol (an organic solvent) Section for TEM analysis are cut on an ultramicrotome. Be-
is used as an intermediate solution. cause the conventional paraffin technique requires overnight

FIG. 9. Photomicrographs taken in an electron microscope, (A) Myocardial biopsy, showing capillary lumen (*), endothelial
cell (e), and heart muscle cell (hm) with sarcomeres (between open arrows). (B) Porcine bioprosthetic heart valve tissue,
demonstrating fibroblast, including nucleus (nu) and cytoplasm (c), surrounded by collagen fibrils (cf). In (A) bar = 2 jj.m; in
(B) bar = 0.7 /u.m.
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processing, frozen sections can be used to render an immediate Electron Microscopy
diagnosis (e.g., during a surgical procedure that might be modi-
fied according to the diagnosis). In this method, the specimen Contrast in the electron microscope depends on relative
itself is frozen, so that the solidified internal water acts as a electron densities of tissue components. Sections are stained
support medium, and sections are then cut in a cryostat (i.e., with salts of heavX metals (osmium, lead, and uranium),
a microtome in a cold chamber). Although frozen sections are which react differentially with different structures, creating
extremely useful for immediate tissue examination, the quality patterns of electron density that reflect tissue and cellular
of the appearance is inferior to that obtained by conventional architecture. Examples of electron photomicrographs are
fixation and embedding methods. shown in Fi§- 9-

It is often possible to derive quantitative information from
routine tissue sections using various manual or computer-aided

Staining methods. Morphornetric or stereotogic methodology, as these
Tissue components have no intrinsic contrast and are of techniques are called, can be extremely useful in providing an

fairly uniform optical density. Therefore, in order for tissue objective basis for otherwise subjective measurements (Loud
to be visible by light microscopy, tissue elements must be an" Anversa, 1984).
distinguished by selective adsorption of dyes (Luna, 1968).
Since most stains are aqueous solutions of dyes, staining
requires that the paraffin in the tissue section be removed
and replaced by water (rehydration). The stain used routinely Three-Dimensional Interpretation
m histology involves sequential incubation in the dyes hema-
toxylin and eosin (H&E). Hematoxylin has an alkaline Interpretation of tissue sections depends on the reconstruc-
(basic) pH that stains blue-purple; substances stained with tlon of three-dimensional information from two-dimensional
hematoxylin are said to be "basophilic" (e.g., cell nuclei). observations on tissue sections that are usually thinner than a
In contrast, substances that stain with eosin, an acidic pig- sm8le celL Therefore, a single section may yield an unrepresen-
ment that colors tissue components pink-red, are said to be tatlve view of the whole- A Particular structure (even a very
"acidophilic" or "eosinophilic" (e.g., cell cytoplasm, colla- simPle one) can look veIT different, depending on the plane
gen), The tissue sections shown in Fig. 3 were stained with of sectlon* Flgure 10 shows how multiple sections must be
hematoxylin and eosin examined to appreciate the actual configuration of an object

or a collection of cells.

Special Staining

There are special staining methods for highlighting com- Artifacts
ponents that do not stain well with routine stains (e.g.,
microorganisms) or for indicating the chemical nature or Artifacts are unwanted or confusing features in tissue see-
the location of a specific tissue component (e.g., collagen, tlons that result from errors or technical difficulties in either
elastin (Table 4). There are also special techniques for demon- obtaining, processing, sectioning, or staining the specimen,
strating the specific chemical activity of a compound in Recognition of artifacts avoids misinterpretation. The most
tissues (e.g., enzyme histochemistry). In this case, the specific frequent and important artifacts are autolysis, tissue shrink-
substrate for the enzyme of interest is reacted with the tissue; aSe' separation of adjacent structures, precipitates formed
a colored product precipitates in the tissue section at the by Poor buffering or by degradation of fixatives or stains,
site of the enzyme. In contrast, immunohistochemical staining folds or wrlnkles, knife nicks, or rough handling (e.g.,
takes advantage of the immunological properties (antigenic- crushing) of the specimen.
ity) of a tissue component to demonstrate its nature and
location by identifying sites of antibody binding. Antibodies
to the particular tissue constituent are attached to a dye,
usually a compound activated by a peroxidase enzyme, and
reacted with a tissue section (immunoperoxidase technique), CONCLUSIONS
or the antibody is attached to a compound that is excited by
a specific wavelength of light (immunofluorescence). Although Cells, tissues, and organs are adapted to the complex yet
some antigens and enzymatic activity can survive the conven- highly organized and regulated activities that make up body
tional histological processing technique, both enzyme activity functions. Key concepts of biological structure-function corre-
and immunological reactivity are often largely eliminated by lation include compartmentalization, differentiation, the basic
routine fixation and embedding. Therefore, histochemistry tissues, organs, regeneration following injury, and muhicellular
and immunohistochemistry are frequently done on frozen communication. Although a wide variety of techniques are
sections, although special preservation and embedding tech- available for observing tissue structure and function, the micro-
niques now available often allow immunological methods to scopic study of tissue slices, called histology, is the most impor-
be carried out on carefully preserved tissue. Special histologic tant tool used to investigate functional tissue architecture in
techniques are illustrated in Fig. 8. clinical or laboratory investigation.
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n\M. IW. Considerations for three-dimensional interpretation of two-dimensional information in relatively
thin tissue sections. (A) Sections through a subject in different levels and orientations can give different
impressions about its structure, here illustrated for a hard-boiled egg. (B) Sections through uniform structures
can be misleading. Examination of the section indicated, shown as lower panel in B, would suggest that there
were two populations of cells, one without nuclei, and even that cells of the same size had different-sized
nuclei. (Reproduced by permission from A. Ham, Histology, 7th ed. Copyright © 1974 Lippincott.)
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4.1 INTRODUCTION *'„*??• (c. Modification or normal healing
Frederick J. Schoen Encapsulation

Foreign body reaction
Most implanted medical devices serve their recipients well Pannus formation

for extended periods of time by alleviating the conditions for d. Infection
which they were implanted, improving quality of life and, with e> Tumorigenesis
some device types, enhancing survival. However, some im- 2- systen"c and remote

plants and extracorporeal devices ultimately develop complica- ' _, .
. . , . , . , • \ 1 • j Thrombus

tions (adverse patient-device interactions) that constitute de- Biomaterial
vice failure, and thereby may cause harm to or death of the k Hypersensitivity
patient. All implants interact to some extent with the tissue c. Elevation of implant elements in blood
environment in which they are placed; the biomaterials-tissue d. Lymphatic particle transport
interactions encountered most frequently are summarized in B Effect of the host on the impiant

the table. The important complications of medical devices are j Physical-mechanical effects
largely based on biomaterials—tissue interactions that include a. Abrasive wear
both effects of the implant on the host tissues and effects of the b. Fatigue
host on the implant. Several of the most important interaction c. Stress-corrosion cracking
mechanisms in clinical and experimental implants and medical d- Corrosion
devices will be discussed in this section of the book, including e; Degeneration and dissolution
inflammation and the "foreign body reaction," immunological 2" Biol°gical effects

i • • LI j r • ^ • M a. Absorption of substances from tissuessequelae, systemic toxicity, blood—surface interactions, throm- , „ . , , .
. . . . . . . . . . . . . ~, b. Enzymatic degradation
bosis, device-related infection, and tumorigenesis. To a great C 1 fi t'
extent, these interactions comprise aberrations of physiological

Biomaterial—Tissue Interactions , L , , £ , .
processes that function as common host defense mechanisms
(such as inflammation or thrombosis).

A. Effect of the implant on the host
1. Local

a. Blood—material interactions « ^ • ... «.
Protem absorption 4.2 INFLAMMATION, WOUND HEALING, AND
Coagulation THE FOREIGN BODY RESPONSE
Fibrinolysis , ,, A ,
n, , j, . . , James M. Andersonrlatelet adhesion, activation, release
Complement activation
Leukocyte adhesion/activation Inflammation, wound healing, and foreign body response
Hemolysis are generally considered as parts of the tissue or cellular host

Biomaterials Science
. -. _ Copyright © 1996 by Academic Press, Inc.
I O J All rights of reproduction in any form reserved.
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TABLE I Sequence of Local Events by injury to vascularized connective tissue (Table 2). Since
Following Implantation blood and its components are involved in the initial inflam-

— matory responses, blood clot formation and/or thrombosis
Injury also occur. Blood coagulation and thrombosis are generally
4cute inflammation considered humoral responses and may be influenced by
„. . . ,, , other homeostatic mechanisms such as the extrinsic and
Chronic inflammation . . . . . , , ,

intrinsic coagulation systems, the complement system, the
Granulation tissue fibrinolytic system, the kinin-generating system, and platelets.
Foreign body reaction Blood interactions with biomaterials are generally considered
Fibrosis under the category of hematocompatibility and are discussed

elsewhere in this book.
The predominant cell type present in the inflammatory re-

sponse varies with the age of the injury. In general, neutrophils
predominate during the first several days following injury and
then are replaced by monocytes as the predominant cell type.

responses to injury. Table 1 lists the sequence of these events Three factors account for this change in cell type: neutrophils
following injury. From a biomaterials perspective, placing a are short lived and disintegrate and disappear after 24-48 hr;
biomaterial in the in vivo environment involves injection, inser- neutrophil emigration is of short duration; and chemotactic
tion, or surgical implantation, all of which injure the tissues factors for neutrophil migration are activated early in the in-
or organs involved. flammatory response. Following emigration from the vascula-

The placement procedure initiates a response to the injury ture, monocytes differentiate into macrophages and these cells
by the body, and mechanisms are activated to maintain homeo- are very long lived (up to months). Monocyte emigration may
stasis. The degrees to which the homeostatic mechanisms are continue for days to weeks, depending on the injury and im-
perturbed and the pathophysiologic conditions created and planted biomaterial, and chemotactic factors for monocytes
resolved are a measure of the host's reaction to the biomaterial are activated over longer periods of time,
and may ultimately determine its biocompatibility. While it is The sequence of events following implantation of a biomate-
convenient to separate homeostatic mechanisms into blood- rial is illustrated in Fig. 1. The size, shape, and chemical and
material or tissue—material interactions, it must be remembered physical properties of the biomaterial may be responsible for
that the various components or mechanisms involved in ho- variations in the intensity and duration of the inflammatory
meostasis are present in both blood and tissue and are a part or wound-healing process. Thus, intensity and/or time duration
of the physiologic continuum. Furthermore, it must be noted of inflammatory reaction may characterize the biocompatibility
that host reactions can be tissue-dependent, organ-dependent, of a biomaterial.
and species-dependent. Obviously, the extent of injury varies While injury initiates the inflammatory response, the chemi-
with the implantation procedure. cals released from plasma, cells, and injured tissue mediate the

OVERVIEW
TABLE 2 Cells and Components of

Inflammation is generally defined as the reaction of vascular- Vascularized Connective Tissue
ized living tissue to local injury. Inflammation serves to contain,
neutralize, dilute, or wall off the injurious agent or process. Intravascular (blood) ceils
In addition, it sets into motion a series of events that may heal Neutrophils
and reconstitute the implant site through replacement of the Monocytes
injured tissue by regeneration of native parenchymal cells, for- Eosmophils
mation of fibroblastic scar tissue, or a combination of these Lymphocytes

Basophils
two processes. Platelets

Immediately following injury, there are changes in vascular
flow, caliber, and permeability. Fluid, proteins, and blood cells Connective tissue cells

f i i i • • , • Mast cellsescape from the vascular system into the injured tissue in a p., , .
process called exudation. Following changes in the vascular „ ,
system, which also include changes induced in blood and its lymphocytes
components, cellular events occur and characterize the in- „ „ . .
n ~n, rr r i • • i , i - Extracellular matrix componentsflammatory response. The effect of the injury and/or biomate- ,-. „

• i • •* i n J u • i r Collagensrial in situ on plasma or cells can produce chemical factors Elastin
that mediate many of the vascular and cellular responses of in- Proteoglycans
flammation. Fibronectin

Regardless of the tissue or organ into which a biomaterial Lamimn
is implanted, the initial inflammatory response is activated
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FIG. 1. The temporal variation in the acute inflammatory response, chronic inflammatory response, granula-
tion tissue development, and foreign body reaction to implanted biomaterials. The intensity and time variables
are dependent upon the extent of injury created by implantation and the size, shape, topography, and chemical
and physical properties of the biomaterial.

response. Important classes of chemical mediators of inflam- ACUTE INFLAMMATION
mation are presented in Table 3. Several points must be noted
in order to understand the inOammatory response and how it Acute inflammation is of relatively short duration, lasting
relates to biomaterials. First, although chemical mediators are from minutes to daySj depending on the extent of injury. Its
classified on a structural or functional basis, different mediator main characteristics are the exudation of fluid and plasma
systems interact and provide a system of checks and balances
regarding their respective activities and functions. Second,
chemical mediators are quickly inactivated or destroyed, sug-
gesting that their action is predominantly local (i.e., at the
implant site). Third, generally the lysosomal proteases and
oxygen-derived free radicals produce the most significant dam-
age or injury. These chemical mediators are also important in
the degradation of biomaterials.

TABLE 3 Important Chemical Mediators of Inflammation
Derived from Plasma, Cells, and Injured Tissue

Mediators Examples

Vasoactive amines Histamines, serotonin

Plasma proteases
Kinin system Bradykinin, kallikrein
Complement system C3a, C5a, C3b, C5b-C9
Coagulation/fibrinolytic Fibrin degradation products;

system activated Hageman factor (FXIIA)

Arachidonic acid metabolites
Prostaglandins PGI2, TxA2

Leukotrienes HETE, leukotriene B4

Lysosomal proteases Collagenase, elastase

Oxygen-derived free radicals H2O2, superoxide anion

Platelet activating factors Cell membrane lipids

Cytokines Interleukin 1 (IL-1); tumor necrosis
factor (TNF)

Growth factors Platelet-derived growth factor
(PDGF); fibroblast growth factor
(FGF); transforming growth factor HG 2 Acute inflammation with inflammatory exudatc aad pdymorphonu-
(1 Gr-a or 1 Gr-p) clear leukocytes adjacent to the outer surface of an ePTFE vascular graft. Hema-

-^^^^—~——^—^,~--—--—-^-—-—---~.—^-——-^————-—^^-—-——.^-^^^ toxylin and eosin stain, x 140.



168 4 HOST REACTIONS TO BIOMATERIALS AND THEIR EVALUATION

fIC. 3. Focal chronic inflammation with the presence of lymphocytes and monocytes in the subsynovial
capsule from an elbow prosthesis. Polyethylene wear debris is seen as open clefts surrounded by macrophages
and foreign body giant cells. The wear debris is present but transparent to light in this histological preparation.
Hematoxyiin and eosin stain. x88.

proteins (edema) and the emigration of leukocytes (predomi- factors called "opsonins." The two major opsonins are immu-
nantly neutrophils) (Fig. 2). Neutrophils and other motile white noglobulin G (IgG) and the complement-activated fragment,
cells emigrate or move from the blood vessels to the perivascu- C3b. Both of these plasma-derived proteins are known to
lar tissues and the injury (implant) site. Leukocyte emigration adsorb to biomaterials, and neutrophils and macrophages
is assisted by "adhesion molecules" present on leukocyte and have corresponding cell membrane receptors for these opsoni-
endothelial surfaces. The surface expression of these adhesion zation proteins. These receptors may also play a role in the
molecules can be induced, enhanced, or altered by inflamma- activation of the attached neutrophil or macrophage. Owing
tory agents and chemical mediators. White ceil emigration is to the disparity in size between the biomaterial surface and
controlled, in part, by chemotaxis, which is the unidirectional the attached cell, frustrated phagocytosis may occur. This
migration of cells along a chemical gradient. A wide variety process does not involve engulfment of the biomaterial but
of exogenous and endogenous substances have been identified does cause the extracellular release of leukocyte products in
as chemotactic agents. Specific receptors for chemotactic an attempt to degrade the biomaterial.
agents on the cell membranes of leukocytes are important Henson has shown that neutrophils adherent to comple-
in the emigration or movement of leukocytes. These and ment-coated and immunoglobulin-coated nonphagocytosable
other receptors may also play a role in the activation of surfaces may release enzymes by direct extrusion or exocytosis
leukocytes. Following localization of leukocytes at the injury from the cell. The amount of enzyme released during this pro-
(implant) site, phagocytosis and the release of enzymes occur cess depends on the size of the polymer particle, with larger
following activation of neutrophils and macrophages. The particles inducing greater amounts of enzyme release. This
major role of the neutrophils in acute inflammation is to suggests that the specific mode of cell activation in the inflam-
phagocytose microorganisms and foreign materials. Phagocy- matory response in tissue depends upon the size of the implant
tosis is seen as a three-step process in which the injurious and that a material in a phagocytosable form (i.e., powder or
agent undergoes recognition and neutrophil attachment, en- particulate) may provoke a different degree of inflammatory
gulfment, and killing or degradation. In regard to biomateri- response than the same material in a nonphagocytosable form
als, engulfment and degradation may or may not occur, (i.e., film).
depending on the properties of the biomaterial.

Although biomaterials are not generally phagocytosed by
neutrophils or macrophages because of the disparity in size,
(i.e., the surface of the biomaterial is greater than the size CHRONIC INFLAMMATION
of the cell), certain events in phagocytosis may occur. The
process of recognition and attachment is expedited when Chronic inflammation is less uniform histologically than
the injurious agent is coated by naturally occurring serum acute inflammation. In general, chronic inflammation is charac-
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FIG. 4. Foreign body reaction to polyethylene wear debris in the subsynovial capsule of a total knee
prosthesis. Foreign body giant cells and macrophages are present at the surfaces of small fragments of
polyethylene wear debris and macrophages are present containing metallic wear debris. Hematoxylin and
eosin stain. x56.

terized by the presence of macrophages, monocytes, and lym- The specialized cells in these tissues may be responsible for
phocytes, with the proliferation of blood vessels and connective systemic effects in organs or tissues secondary to the release
tissue (Fig. 3). It must be noted that many factors can modify of components or products from implants through various
the course and histoiogic appearance of chronic inflammation. tissue—material interactions (e.g., corrosion products, wear de-

Persistent inflammatory stimuli lead to chronic inflamma- bris, degradation products) or the presence of implants (e.g.,
tion. While the chemical and physical properties of the biomate- microcapsule or nanoparticle drug delivery systems),
rial in themselves may lead to chronic inflammation, motion The macrophage is probably the most important cell in
in the implant site by the biomaterial may also produce chronic chronic inflammation because of the great number of bio-
inflammation. The chronic inflammatory response to biomate- logically active products it can produce. Important classes
rials is usually of short duration and is confined to the implant of products produced and secreted by macrophages include
site. The presence of mononuclear cells, including lymphocytes
and plasma cells, is considered chronic inflammation, while
the foreign body reaction with the development of granulation
tissue is considered the normal wound healing response to TABL£ 4 Jissues an£} ̂  of Mps and R£S

implanted btomatenals (i.e., the normal foreign body reaction, .____________________________^^
Fl§- 4^- Tissues Cells

Lymphocytes and plasma cells are involved principally in
immune reactions and are key mediators of antibody produc- implant sites Inflammatory macrophages
tion and delayed hypersensitivity responses. Their roles in non- yyer Ku « r c n
immunologic injuries and inflammation are largely unknown.
, - i - i j. L i • j ii Lung Alveolar macrophagesLittle is known regarding humoral immune responses and cell- r e
mediated immunity to synthetic biomaterials. The role of mac- Connective tissue Histiocytes
rophages must be considered in the possible development of Bone marrow Macrophages
immune responses to synthetic biomaterials. Macrophages pro- Spleen and lymph nodes Fixed and free macrophages
cess and present the antigen to immunocompetent cells and Serous cavities pleural and pedtoneal maCrophageS

thus are key mediators in the development of immune reactions. XT .... .. , „
, , , l i t i i Nervous system Microghal cells
Monocytes and macrophages belong to the mononuclear

phagocytic system (MPS), also known as the reticuloendothe- Bone Osteoclasts
Hal system (RES). These systems consist of cells in the bone Skin Langerhans' cells
narrow, peripheral blood, and specialized tissues. Table 4 lists Lymphoid tissue Dendritic cells
the tissues that contain cells belonging to the MPS and RES.
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FIG. 5. Granulation tissue with capillaries, fibroblasts, collagen, and macrophages at the outer surface of
an ePTFE vascular graft. A thin, linear array of macrophages and foreign body giant cells is seen at the
tissue—biomaterial interface to the left. Hematoxylin and eosin stain. x70.

neutral proteases, chemotactic factors, arachidonic acid me- The new small blood vessels are formed by budding or
tabolites, reactive oxygen metabolites, complement compo- sprouting of preexisting vessels in a process known as neovas-
nents, coagulation factors, growth-promoting factors, and cy- cularization or angiogenesis. This process involves prolifera-
tokines. tion, maturation, and organization of endothelial cells into

Growth factors such as platelet-derived growth factor capillary tubes, Fibroblasts also proliferate in developing gran-
(PDGF), fibroblast growth factor (FGF), transforming growth ulation tissue and are active in synthesizing collagen and pro-
factor-^ (TGF-/3), TGF-a/epidermal growth factor (EGF), teoglycans. In the early stages of granulation tissue develop-
and interleukin-1 (IL-1) or tumor necrosis factor (TNF) are ment, proteoglycans predominate but later collagen, especially
important to the growth of fibroblasts and blood vessels and type m collagen, predominates and forms the fibrous capsule,
the regeneration of epithelial cells. Growth factors released by Some fibroblasts in developing granulation tissue may have the
activated cells can stimulate production of a wide variety features of smooth muscle cells. These cells are called myofi-
of cells; initiate cell migration, differentiation, and tissue broblasts and are considered to be responsible for the wound
remodeling; and may be involved in various stages of contraction seen during the development of granulation tissue,
wound healing. Macrophages are almost always present in granulation tissue.

Other cells may also be present if chemotactic stimuli are gen-
erated.

The wound healing response is generally dependent on
GRANULATION TISSUE the extent or degree of injury or defect created by the

implantation procedure. Wound healing by primary union
Within 1 day following implantation of a biomaterial (i.e., or first intention is the healing of clean, surgical incisions

injury), the healing response is initiated by the action of mono- in which the wound edges have been approximated by
cytes and macrophages. Fibroblasts and vascular endothelial surgical sutures. Healing under these conditions occurs with-
cells in the implant site proliferate and begin to form granula- out significant bacterial contamination and with a minimal
tion tissue, which is the specialized type of tissue that is the loss of tissue. Wound healing by secondary union or second
hallmark of healing inflammation. Granulation tissue derives intention occurs when there is a large tissue defect that must
its name from the pink, soft granular appearance on the surface be filled or there is extensive loss of ceils and tissue. In
of healing wounds and its characteristic histologic features wound healing by secondary intention, regeneration of paren-
include the proliferation of new small blood vessels and fibro- chymal cells cannot completely reconstitute the original archi-
blasts (Fig. 5). Depending on the extent of injury, granulation tecture and much larger amounts of granulation tissue are
tissue may be seen as early as 3—5 days following implantation formed that result in larger areas of fibrosis or scar formation,
of a biomaterial. Granulation tissue is distinctly different from granulomas,
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cells at the surface (Fig. 7). Fabric materials generally have a
surface response composed of macrophages and foreign body
giant cells, with varying degrees of granulation tissue subjacent
to the surface response.

As previously discussed, the form and topography of the
surface of the biomaterial determines the composition of the
foreign body reaction. With biocompatible materials, the com-
position of the foreign body reaction in the implant site may
be controlled by the surface properties of the biomaterial, the
form of the implant, and the relationship between the surface
area of the biomaterial and the volume of the implant. For
example, high surface-to-volume implants such as fabrics or
porous materials will have higher ratios of macrophages and
foreign body giant cells in the implant site than smooth surface
implants, which will have fibrosis as a significant component
of the implant site.

The foreign body reaction consisting mainly of macrophages
and/or foreign body giant cells may persist at the tissue-
implant interface for the lifetime of the implant (Fig. 1.). Gener-
ally, fibrosis (i.e., fibrous encapsulation) surrounds the bioma-
terial or implant with its interfacial foreign body reaction,
isolating the implant and foreign body reaction from the local
tissue environment. Early in the inflammatory and wound heal-
ing response, the macrophages are activated upon adherence
to the material surface.

While it is generally considered that the chemical and
physical properties of the biomaterial are responsible for
macrophage activation, the subsequent events regarding the

FIG. 6. Dense fibroconnective tissue capsule (fibrous capsule) at the interface activity of macrophages at the surface are not clear. Tissue
of a silicone rubber mammary prosthesis. Note the lack of vessels in the fibrous macrophages, derived from Circulating blood monoCVtCS, may
capsule. The mammary prosthesis was ruptured, and small oval spaces, indicative i r i • i i r • 1 1 u r
of silicone gel, are seen at the tissue-material interface at the top of the photomi- coalesce to form multmucleated foreign body giant Cells. It
crograph. Hematoxylin and eosin stain. x88. is not uncommon to see very large foreign body giant

cells containing large numbers of nuclei on the surface of
biomaterials. While these foreign body giant cells may persist
for the lifetime of the implant, it is not known if they

, . . 11 11 • r IT i i j i i remain activated, releasing their lysosornal constituents, or
which are small collections or modified macrophages called , .

. . . . . . . . . ,. j j L • r become quiescent.
epithehoid cells that are usually surrounded by a rim or
lymphocytes. Langhans' or foreign body-type giant cells may
surround nonphagocytosable particulate materials in granu-
lomas. Foreign body giant cells are formed by the fusion of
monocytes and macrophages in an attempt to phagocytose FIBROSIS AND FIBROUS ENCAPSULATION
the material.

The end-stage healing response to biomaterials is generally
fibrosis or fibrous encapsulation. However, there may be excep-
tions to this general statement (e.g., porous materials inocu-

FOREIGN BODY REACTION lated with parenchymal cells or porous materials implanted
into bone). As previously stated, the tissue response to implants

The foreign body reaction to biomaterials is composed of is in part dependent upon the extent of injury or defect created
foreign body giant cells and the components of granulation in the implantation procedure.
tissue. These consist of macrophages, fibroblasts, and capillar- Repair of implant sites can involve two distinct processes:
ies in varying amounts, depending upon the form and topogra- regeneration, which is the replacement of injured tissue by
phy of the implanted material. Relatively flat and smooth sur- parenchymal cells of the same type, or replacement by connec-
faces such as those found on breast prostheses have a foreign tive tissue that constitutes the fibrous capsule. These processes
body reaction that is composed of a layer of macrophages one are generally controlled by either (1) the proliferative capacity
to two cells in thickness (Fig. 6). Relatively rough surfaces such of the cells in the tissue or organ receiving the implant and the
as those found on the outer surfaces of expanded poly(tetraflu- extent of injury as it relates to the destruction, or (2) persistence
oroethylene) (ePTFE) vascular prostheses have a foreign body of the tissue framework of the implant site,
reaction composed of macrophages and foreign body giant The regenerative capacity of cells allows them to be
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FIG* 7. Fibrous capsule in the end-stage healing response to an ePTFE vascular graft. A normal focal foreign
body reaction (i.e., macrophages and foreign body giant cells) is present at the tissue—ePTFE interface. Fibrous
tissue and adipose (fat) tissue encapsulate the ePTFE vascular graft with its interfacial foreign body reaction.
Hematoxyiin and eosin stain, x 140.

classified into three groups: labile, stable (or expanding), Following injury, cells may undergo adaptations of growth
and permanent (or static) cells (see Chapter 3.3). Labile cells and differentiation. Important cellular adaptations are atrophy
continue to proliferate throughout life; stable cells retain (decrease in cell size or function), hypertrophy (increase in cell
this capacity but do not normally replicate; and permanent size), hyperplasia (increase in cell number), and metaplasia
cells cannot reproduce themselves after birth. Perfect repair (change in cell type). Other adaptations include a change by
with restitution of normal structure can theoretically only cells from producing one family of proteins to another (pheno-
occur in tissues consisting of stable and labile cells, while typic change), or marked overproduction of protein. This may
all injuries to tissues composed of permanent cells may give be the case in cells producing various types of collagens and
rise to fibrosis and fibrous capsule formation with very little extracellular matrix proteins in chronic inflammation and fi-
restitution of the normal tissue or organ structure. Tissues brosis. Causes of atrophy may include decreased workload
composed of permanent cells (e.g., nerve cells, skeletal muscle (e.g., stress-shielding by implants), and diminished blood sup-
cells, and cardiac muscle cells) most commonly undergo an ply and inadequate nutrition (e.g., fibrous capsules surround-
organization of the inflammatory exudate, leading to fibrosis. ing implants).
Tissues composed of stable cells (e.g., parenchymal cells of Local and systemic factors may play a role in the wound
the liver, kidney, and pancreas); mesenchymal cells (e.g., healing response to biomaterials or implants. Local factors
fibroblasts, smooth muscle cells, osteoblasts, and chon- include the site (tissue or organ) of implantation, the adequacy
droblasts); and vascular endothelial and labile cells (e.g., of blood supply, and the potential for infection. Systemic fac-
epithelial cells and lymphoid and hematopoietic cells) may tors may include nutrition, hematologic derangements, gluco-
also follow this pathway to fibrosis or may undergo resolution cortical steroids, and preexisting diseases such as atherosclero-
of the inflammatory exudate, leading to restitution of the sis, diabetes, and infection.
normal tissue structure. Finally, the implantation of biomaterials or medical devices

The condition of the underlying framework or supporting may be best viewed at present from the perspective that the
strorna of the parenchymal cells following an injury plays an implant provides an impediment or hindrance to appropriate
important role in the restoration of normal tissue structure. tissue or organ regeneration and healing. Given our current
Retention of the framework may lead to restitution of the inability to control the sequence of events following injury in
normal tissue structure while destruction of the framework the implantation procedure, restitution of normal tissue struc-
most commonly leads to fibrosis. It is important to consider tures with function is rare. Current studies directed toward
the species-dependent nature of the regenerative capacity of developing a better understanding of the modification of the
cells. For example, cells from the same organ or tissue but inflammatory response, stimuli providing for appropriate pro-
from different species may exhibit different regenerative capaci- liferation of permanent and stable cells, and the appropriate
ties and/or connective tissue repair. application of growth factors may provide keys to the control
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of inflammation, wound healing, and fibrous encapsulation as antibodies, complement components, and cytokines) are
of biomaterials. made by cells of the immune system and, in turn, often function

to regulate the activity of these same cells. Nonetheless, we
will maintain this distinction here.

The cells of the immune system arise from precursors (called
Bibliography stem cells) in the bone marrow (Fig. 1). These cells differ from

each other in morphology, function, and the expression of
Anderson, J. M. (1988). Inflammatory response to implants. ASAIO cey surface antigens that have been given the name cluster

11(2): 101-107. determinants or CDs (e.g., CD2, CD3, CD4). However, they
Anderson, F. M. (1993). Mechanisms of inflammation and infec- n , . ,- L - • • \\ c. . . , j j ^ ,- n i t i ,->wc I N a l l share the common feature or maintaining cell surface recep-tion with implanted devices. Cardtovasc. Pathol. 2(3)(Suppl.): 1 1 1 • ,, i - • f • - I T T

33S-41S tors that help recognize and/or eliminate foreign material. Hu-
Anderson, J. M., and Miller, K. M. (1984). Biomatenal biocompatibil- moral components of the immune system are generally proteins

ity and the macrophage. Biomaterials 5:5. that help facilitate various aspects of an immune response.
Clark, R. A. F., and Henson, P. M. (eds.) (1988). The Molecular and These components include antibodies, made by B cells, comple-

Cellular Biology of Wound Repair. Plenum Publ. New York. ment proteins made by hepatocytes and monocytes, and cyto-
Cotran, R. Z., Kumar, V., and Robbins, S. L. (eds.) (1994). Inflamma- kines made by a variety of cell types including T ceils, B cells,

tion and repair, in Pathologic Basis of Disease, 5th ed. Saunders, and monocytes. The vast majority of work on immune re-
Philadelphia, pp. 51-92. sponses elicited by biomaterials has focused on these humoral
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_ _ alternative pathway permits activation by various biomaterial
**.$ IMMUNOLOGY AND THE surfaces. Because complement activation can follow two dis-

COMPLEMENT SYSTEM tmct but interacting pathways, these pathways are treated sepa-

Richard J. Johnson rately-

The immune system acts to protect each of us from the
constant exposure to pathogenic agents, such as bacteria, fungi, Classical PathwAv
viruses, and cancerous cells, that pose a threat to our lives.
The shear multitude of structures that the immune system must The classical pathway (CP) is activated primarily by immune
recognize, differentiate from "self," and mount an effective complexes (ICs) composed of antigen and specific antibody,
response against, has driven the evolution of this system into The proteins of this pathway are Cl, C2, C4, Cl inhibitor
a complex network of proteins, cells, and distinct organs. An (Cl-Inh), and C4 binding protein (C4bp) (Fig. 2). Their proper-
immune response to any foreign element involves all of these ties are summarized in Table 1.
components, acting in concert, to defend the host from intru- Complement activation by the CP is illustrated in Fig. 2.
sion. Historically, the immune system has been viewed from This system is an example of an enzyme cascade in which each
two perspectives: cellular or humoral. This is a somewhat step in the series, from initiation to the final product, involves
subjective distinction, since most humoral components (such enzymatic reactions that result in some amplification. The com-
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FIG. 1. The functional elements of the immune system. Cells of the immune system are produced from stem cells in the
bone marrow. These cells (PMN, monocytes, etc.) enter the blood and lymph, migrating to the various organs and tissues of
the body where they perform their immunosurveillance function. Many of the cells (B cells, T cells, monocytes) secrete proteins
(antibodies, cytokines, complement proteins) that are components of the humoral response. Together, these elements act to
protect the host from a diverse array of pathogens.

plement cascade is initiated when Cl binds to the Fc portion In the presence of a surface containing amino or hydroxyl
of an antigen-antibody complex that has adopted a specific moieties, about 5% of the C4b molecules produced react
conformation. The Cl protein is a multimeric complex com- through the thioester and become covalently attached to the
posed of three different types of subunits called Clq, Clr, and surface. This represents the first amplification step in the path-
Cls. The Clq subcomponent is an arrangement of 18 separate way since each molecule of Cl produces a number of surface-
protein chains that has been compared to a bouquet of flowers. bound C4b sites.
Two or more of the Clq globular heads bind to an 1C formed The C4b protein, attached to the surface, acts as a receptor
between an antigen and a molecule of pentameric immunoglob- for C2. After binding to C4b, C2 becomes a substrate for Cls.
ulin (Ig) M or several closely spaced IgG molecules. This inter- Cleavage of C2 yields two fragments: a 34,000-Da C2a portion
action is believed to produce a conformational change in the diffuses into the plasma, while the 70,000-Da C2b remains
Clq collagen-like stem which results in activation of the two bound to the C4b. The C2b protein is another serine protease
Clr and Cls subcomponents. Both Clr and Cls are zymogen that, in association with C4b, represents the classical pathway
serine proteases, bound to the Clq stem in a calcium-depen- C3/C5 convertase.
dent manner. Activation by an 1C results in autocatalytic prote- As the name implies, the function of the C4b • C2b complex
olysis of the two Clr enzymes, which then cleave the two Cls is to bind and cleave C3. The C3 protein sits at the juncture
subunits. The proteolysis of Cls completes the activation of of the classical and alternative pathways and represents one
Cl, which then proceeds to act on the next proteins in the of the critical control points. Cleavage of C3 by C2b yields a
cascade, C4 and C2. 9000-Da C3a fragment and a 175,000-dalton C3b fragment

C4 is composed of three separate chains, a, ft and y (Fig. 3), that is very similar to C4b in both structure and function. As
bound together by disulfide bonds. Activated Cls cleaves C4 with C4b, generation of C3b exposes a thioester that permits
near the amino terminus of the a chain, yielding a 77-amino covalent attachment of 10—15% of the resulting C3b to the
acid polypeptide called C4a and a much larger (190,000 Da) surface of the activator (Fig. 3). This is the second amplification
C4b fragment. The C4 protein contains a unique structural step in the sequence since as many as 200 molecules of C3b can
element called a thioester. This reactive bond is formed by become attached to the surface surrounding every C4b • C2b
condensation of a cysteine sulfhydryl group and glutamic acid complex. Eventually one of the C3b molecules reacts with a
residue that are four amino acids apart in the a chain. Thioes- site on the C4b protein, creating a C3b—C4b • C2b complex
ters have only been detected in two other plasma proteins, that acts as a C5 convertase.
a2-macroglobulin and C3. Upon cleavage of C4, the buried In contrast to C3, which can be cleaved in the fluid phase
thioester becomes exposed and available to nucleophilic attack. (see later discussion), proteolytic activation of C5 occurs only



FIG. 2. Complement activation by the classical pathway (CP). Upon binding to the
Fc region of an immune complex, Cl is activated and cleaves C4 (a), exposing its thioester,
which permits covalent attachment of C4b to the activating surface. C2 is cleaved (b),
producing C2b, which binds to C4b to form the CP C3 convertase (c). C2b is a serine
protease that specifically acts on C3 to generate C3b and C3a. Attachment of C3b
(through its thioester) to the C4b component of the C3 convertase alters the substrate
specificity of the enzyme, making it a C5 convertase (d). Production of C5b leads to
formation of the membrane attack complex (Fig. 5).
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TABLE 1 Proteins of the Classical Pathway of Complement after it is bound to the C3b portion of the C5 convertase on
•——— — the surface of an activator (e.g., the immune complex). Like

Plasma C3, C5 is also cleaved by C2b to produce fragments designated
Molecular concentration C5a {16,000 Da) and C5b (170,000 Da). The C5b molecule

Protein weight Subunits (Mg/ml) combines with the proteins of the terminal components to form

_ ^ membrane attack complex described later. C5a is a potent
Cjlc} 410,000 6A, 6B, 6C 70 inflammatory mediator and is responsible for many of the

Clr 85,000 1 35 adverse reactions normally attributed to complement activa-
Cls g5 goo 1 35 ti°n m vai"ious clinical settings.
CJ in? nnn 7S A number of control mechanisms have evolved to regulate

the actions of the CP. Control of Cl activation is mediated by
C4 200,000 a, ft, y 600 a protein caiiec| C1 esterase inhibitor (Cl-Inh). Cl-Inh acts by
Cl-Inh 104,000 1 200 binding to activated Clr and Cls subunits, forming a covalent
C4bp 570,000 8 230 bond. The stoichiometry is thus Clr • Cls- (Cl-Inh)2. The ef-

fectiveness of this interaction is illustrated by the short half-
life of Cls under physiological conditions (13 sec).

C3/C5 convertase activity is controlled in several ways. The

FIG. 3. Schematic illustration of C4 and C3 protein structures. O—C—S represents the reactive thioester bond that
permits covalent attachment of both C3b and C4b to surface nucleophiles. The pattern of proteolytic degradation and the
resulting fragments are also shown. Although factor I is the relevant in vivo protease, some of these same fragments can be
generated with trypsin, plasmin, and thrombin.
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TABLE 2 Proteins of the Alternative Pathway substrate for factor D, which cleaves the B protein to form an
of Complement alternative pathway C3 convertase: C3(H2O) -Bb. When it is

• cleaved by D to form Bb, a cryptic serine protease site is exposed
Plasma on the Bb protein. This C3(H2O) • Bb enzyme then can act to

Molecular concentration cieave more C3 to form C3b. The C3b can then follow several
P^tem weight Subunits (/ig/ml) paths First5 it may attach, through its thioester, to a surface

(Figs. 3 and 4) and lead to more C3 convertase (amplification),
* ' a' ^ or it may react with water and become metabolized. Since the

B 93,000 1 210 half-life of the thioester bond is about 60 jusec, most of the
D 24,000 1 1 C3b produced is hydrolyzed and inactivated, a process that
H 150,000 1 500 has been termed "C3 tickover."
I og QQQ Q 34 The C3 tickover is a continuous and spontaneous process

(\f. nnn -rn nnn ->' 4 on t'iat ensures t0at whenever an activating surface presents itself,
I I UOfcUUU*—JL Iji.UUi/ 2*—* ^L\j , /T> i i i 'iii " t i l i t /*

reactive C3b molecules will be available to mark the surface
~ as foreign. Recognition of the C3b by factor B, cleavage by

factor D, and generation of more C3 convertase leads to the
amplification phase (Fig. 4). During this stage, many more C3b
molecules are produced, bind to the surface, and in turn lead

half-life of the C4b-C2b complex is about 3 min at 37°C. to additional C3b-Bb sites. Eventually, a C3b molecule at-
Thus the enzyme spontaneously decays by dissociation of the taches to one of the C3 convertase sites by direct attachment to
C2b catalytic subunit. This rate of dissociation is increased by the C3b Protem component of the enzyme. This C3b-C3b • Bb
C4 binding protein (C4bp), which competes with C2 for a complex is the alternative pathway C5 convertase and, in a
binding site on C4b. C4bp also acts as a cofactor for another manner reminiscent of the CP C5 convertase, converts C5 to
control protein called factor I, which destroys the C4b by ^" an" C5a.
proteolytic degradation (Fie 3) ^s w't'1 t^ie classic^ pathway, there are a number of control

mechanisms that operate to regulate this pathway. The intrinsic
instability of the C3b thioester bond (half-life = 60 /u,sec)

Alternative Pathway ensures that most of the C3b (80—90%) is inactivated in the
fluid phase. Once formed, the half-life of the C3 convertase

The alternative pathway (AP) was originally discovered in (C3b • Bb complex) is only 1.5 to 4 rnin and this rate of dissocia-
the early 1950s by Pillemer et al. (1954). Pillemer's group tion is increased by factor H. After displacement from the C3b,
studied the ability of a yeast cell wall preparation, called zymo- Bb is relatively inactive. Aside from accelerating the decay of
san, to consume C3 without affecting the amount of Cl, C2, C3 convertase activity, factor H also promotes the proteolytic
or C4. A new protein, called properdin, was isolated and impli- degradation of C3b by factor I (Figs. 3 and 4). Factors H and
cated in initiating C3 activation independent of the CP. This I also combine to limit the amount of active C3(H2O) produced
new scheme was called the properdin pathway. However, this in the fluid phase.
work fell into disrepute when it was realized that plasma con- In addition to factor H, there are several cell membrane-
tains natural antibodies against zymosan, which implied CP bound proteins that have similar activities and act to limit
involvement in Pillemer's experiments. The pathway was redis- complement-mediated damage to autologous, bystander cells,
covered in the late 1960s with the study of complement activa- Decay-accelerating factor, or DAF, displaces Bb from the C3
tion by bacterial lipopolysaccharide and with the discovery of convertase and thus destroys the enzyme activity. DAF is found
a C4-deficient guinea pig. The 1970s witnessed the isolation on all cells in the blood (bound to the plasma membrane
and characterization of each of the proteins of this pathway through a unique lipid group) but is absent in a disease called
until it was possible to completely reconstruct the entire AP proximal nocturnal hemoglobinuria (PNH), which manifests
by recombining each of the purified proteins (Schreiber et al., a high spontaneous rate of red blood cell lysis. In addition to
1978). The AP is responsible for most of the complement DAF, there are two other cell-bound control proteins: mem-
activation produced by biomaterials, although the CP may also brane cofactor protein (MCP) and CR1 (complement receptor
be involved to some degree. 1, see later discussion). MCP is found on all blood cells except

The proteins of this pathway are described in Table 2. Their erythrocytes, while CR1 is expressed on most blood cells. Both
actions can be conceptually divided into three phases: initia- function like factor H to displace Bb from the C3 convertase
tion, amplification, and regulation (Fig. 4). Initiation is a spon- and act as a cofactor for the factor I-mediated cleavage of C3b.
taneous process that is responsible for the nonselective nature A soluble recombinant form of CR1 (sCRl) is now being
of complement. During this stage, a small portion of the C3 evaluated for its efficacy in mitigating complement-mediated
molecules in plasma (0.005%/min) undergo a conformational damage in several settings of acute inflammatory injury,
change that results in hydrolysis of the thioester group, produc- Properdin, the protein originally discovered by Pillemer,
ing a form of C3 called C3(H2O). functions by binding to surface-bound C3b and stabilizing the

For a short period this C3(H2O) looks like C3b and will C3 and C5 convertase enzymes. The normal half-life of the
bind to factor B in solution. This interaction requires Mg2+ C3b -fib complex is increased to 18—40 min. Although proper ~
and can be inhibited by EDTA. The C3(H2O) -B complex is a din is not necessary for activation of the alternative pathway,
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FIG. 4. Complement activation by the alternative pathway (AP). The spontaneous conversion of C3 to C3(H2O)
permits the continuous production of C3b from C3, a process called C3 tickover. In the presence of an activating
surface, the C3b is covalently bound and becomes the focal point for subsequent interactions. Binding of factor B
results in C3 convertase formation and amplification of the original signal. Interaction of factors H and I lead to
control of the pathway and production of C3 fragments that are recognized by specific receptors on neutrophils
and monocytes.

a genetic deficiency of this protein has been associated with death. The sequence of events in MAC formation is outlined
an increased susceptibility to rneningococcal infections. in Fig. 5.

Following cleavage of C5 by C5 convertase, the C5b remains
weakly bound to C3b in an activated state in which it can bind

MEMBRANE ATTACK COMPLEX ^ to ^orm a stable complex called C5b6. This complex binds
to C7 to form C5b67, which has ampiphilic properties that

_. . . __ , , . „. , . . allow it to bind to, and partially insert into lipid bilayers. The
Both the CP and the AP lead to a common point: cleavage ^c^^-, i i L - j /-o j • • \t • \ \- • j

, „- , „-, * r^c r-c • - a C5b67 complex then binds C8 and inserts itself into the lipid
or C5 to produce C5b and C5a. C5a is a potent inflammatory ... „, „.. ,_n , ,, . . ,

,. , . , . j , . , r bilayer. The C5b678 complex disrupts the plasma membrane
mediator and is discussed later in the context of receptor- / . „ , „ \ i - i t fj. j i - 1 1 j ii • Ti j rVru and produces small pores (r = 1 nm) that permit leakage ofmediated white blood cell activation. The production or C5b ,f , , „, r- , . , . , . ,
. . . i r • r i i i r small molecules. 1 he final step occurs when multiple copies or
initiates the formation of a macromolecular complex of „„, . , , „., ,_0 , , . . , ,

„ , , , , i / A * A / ~ \ / - r ui C9 bind to the C5b678 complex and insert into the membrane,proteins called the membrane attack complex (MAC) (Table „. . , . ! . , / • » i i t i • i
t,, , ,. , „ , ,. . , i . | i j. |. This enlarges the pore to about 10 nm and leads to lysis and
3) that disrupts the cellular lipid bilayer, leading to cell 11 H h

As with the other stages of complement activation, there
are several control mechanisms that operate to limit random
lysis of "bystander" blood cells. The short half-life of the acti-

_,__,,, n . £ i » * i A i r- i vated C5b (2 min) and the propensity of the C5b67 complex
TABLE 3 Proteins of the Membrane Attack Complex ,, . i . /• , i i . . » » * ^ r

to self-aggregate into a nonlytic form help limit MAC forma-
pl tion. In addition, a MAC inhibitor, originally called S protein

Molecular concentration ant* recently shown to be identical to vitronectin, binds to
Protein weight Subunits (/Ag/ml) C5b67 (also C5b678 and C5b679) and prevents cell lysis.

Recently another group of control proteins called homologous
C5 190,000 a, ft 70 restriction factors (HRF) have been discovered. They are called
Cg 120 000 1 60 HRFs because they control assembly of the MAC on autolo-
C7 1()5 OQO j 6Q gous cells (i.e., human MAC on human cells) but do not stop

heterologous interactions (e.g., guinea pig MAC on sheep red
C8 150,000 a, ft 55 blood cdls) Qne weii_characterized member of this group is
C9 75,000 1 55 called CD59. It is widely distributed, found on erythrocytes,
S-protein 80,000 1 500 white blood cells, endothelial cells, epithelial cells, and hepato-

— cytes. CD59 functions by interacting with C8 and C9, prevent-
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FIG. 5. Formation of the membrane attack complex (MAC). C5b, formed by either the CP or the AP, binds C6 and C7 to
form a complex that associates with the plasma membrane. This C5b67 multimer then binds C8, which results in the formation
of a small hole in the lipid bilayer that allows small molecules to pass through. Association of multiple C9 proteins enlarges the
pore, leading to loss of membrane integrity and cell death.

ing functional expression of C56-8 and C56-9 complexes on a member of the/32-integrin family of cell adhesion proteins that
autologous cells. includes leukocyte functional antigen-1 (LFA-1) and p!50,95.

LFA-1, CR3, and p!50,95 are routinely referred to as CD 11 a,
GDI Ib, and GDI Ic respectively. Each of these proteins associ-
ates with a molecule of GDIS to form an a-ft heterodimer that

COMPLEMENT RECEPTORS *s tnen transported and expressed on the cell surface. These
proteins help mediate the cell—cell interactions necessary for

Except for the cytotoxic action of the MAC, most of the suc
r
h activities as chemotaxis and cytotoxic killing. A genetic

biological responses elicited by complement proteins result deficiency in CR3/LFA proteins leads to recurrent Ufe-threaten-
from ligand-receptor-mediated cellular activation. These li- mg infections. Finally, CR4 is a protein found on neutrophils
gands are listed in Table 4 and are discussed briefly here. and platelets. CR4 also binds C3d, but is antigemcaliy distinct

The ability of complement to function in the opsonization from CR2- CR4 can also bmd iC3b and may facilitate the
of foreign elements is accomplished in part by a set of receptors accumulation of neutrophils and platelets at sites of immune
that recognize various C3 and C4 fragments bound to these complex deposition.
foreign surfaces. For example, complement receptor 1 (CR1) is In contrast to the ligands discussed earlier, which remain
found on a variety of cells including erythrocytes, neutrophils, attached to activating surfaces, C3a, C4a, and C5a are small
monocytes, B cells, and some T cells. CR1 recognizes a site cationic polypeptides that diffuse into the surrounding medium
within the C3c region of C3b (Fig. 3). On neutrophils and to activate specific cells. These peptides are called anaphylatox-
monocytes, activated CR1 will facilitate the phagocytosis of ins because they stimulate histamine release from mast cells and
C3b- and C4b-coated particles. As discussed before, CR1 is cause smooth muscle contraction, which can produce increased
also involved in the regulatory phase of complement. A second vascular permeability and lead to anaphylactic shock. These
type of complement receptor, CR2, recognizes the C3d frag- activities are lost when the peptides are converted to their des
ment. This receptor has been found on B cells and has been arg analogs (i.e., with the loss of their carboxyl terminal argi-
implicated in the process of antigen—immune complex-driven nine residue). This occurs rapidly in vivo and is catalyzed by
B cell proliferation. CR3 represents another complement recep- serum carboxypeptidase N.
tor that binds to iC3b, /3-glucan structures found on zymosan, In addition to its anaphylatoxic properties, C5a and
and, on activated monocytes, CR3 has been shown to bind C5adesarg bind to specific receptors found on neutrophils,
fibrinogen and factor X (of the coagulation cascade). CR3 is monocytes, and macrophages. This C5a—receptor interaction
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TABLE 4 Receptors for Complement Proteins immune diseases such as systemic lupus erythematosus. Glo-
—— ————• merular deposition of these immune complexes results in local

Receptors Cellular inflammation and can contribute to kidney damage. Adult
name/ligand Structure distribution/response respiratory distress syndrome (ARDS) is an illness character-
————— — jzgcj ^ severe pulmonary edema and respiratory failure that

CR1/C3B, C4b 200,000-Da single RBC, PMN, mono- has an associated fatality rate of 65%> The dlsease can be

cham cftes' B an<JT cells/ initiated by fat emboli (e.g., bone marrow from a broken bone)
clearance or immune , . , . , . , . , ,. , . ,

• i or severe bacterial infection and is believed to involve extensivecomplexes, phagocy-
tosis facilitates cleav- activation of the complement system. This can lead to white
age of C3b to C3dg blood cell activation through the C5a—receptor interaction,
by Factor I which may result in inadvertent tissue damage. Consistent with

CR2/C3dg 140,000-Da single B cells/regulate B cell this hypothesis, Stevens et al. (1986) demonstrated that pre-
cnain proliferation treatment of baboons with an anti-C5a antibody (to block its

CR3/iC3b,jB-glu- 185,000 a chain PMN, monocyte/phago- activity) attenuated ARDS pathology.
can fibrinogen, 95,000 ft chain cytosis of microorgan- One of the maJor settmSs wbere complement has been imph-
factor X isms; respiratory cated in adverse clinical reactions is during extracorporeal ther-

burst activity apies (e.g., hemodialysis, cardiopulmonary bypass, and aphe-
C5a/C5a 47,000-Da PMN, monocytes, fi- resis therapy). The same nonspecific mechanism that permits

C5a binding chain may broblasts/chemo- the alternative pathway to recognize microbes results in corn-
have another taxis, degranulation, plement activation by the various biomaterials found in differ-
40,000-Da subunit hyperadherence, re- ent medical devices. One of the most investigated materials

spiratory burst, IL-1 (from the perspective of complement activation) is the cellulosic
production Cuprophan membrane used extensively for hemodialysis. The

C3a/C3a, C4a, C5a Mast cells/histamine re- following discussion relates principally to clinical experience
lease with Cuprophan hemodialysis membranes, but the same se-

Clq/Clq 70,000 Da PMN, monocytes, B quela have been noted with cardiopulmonary bypass and
cells/respiratory apheresis membranes.
burst activity Some of the adverse reactions that occur during clinical use

H/H 50,000 Da (3 chains) B cells, monocytes/secre- of a Cuprophan dialyzer are listed in Table 5. In 1977, Crad-
tion of factor I, respi- dock et al. showed that some of these same manifestations
ratory burst activity (neutropenia, leukosequestration, and pulmonary hyperten-

sion) could be reproduced in rabbits and sheep when the ani-
mals were infused with autologous plasma that had been incu-
bated in vitro with either Cuprophan or zymosan. This effect
could be abrogated by treatment of the plasma to inhibit com-
plement activation (heating to 56°C or addition of EDTA),

leads to a variety of responses, including chemotaxis of these thu§ ̂  these effects ̂  complemenL The development
cells into an inflammatory locus; activation of the cells to and use of spedfic radioimmunoassavs {RIAs) to measure C3a
release the contents of several types of secretory vesicles and and C5a by Dennis chenoweth (1984) }ed to the identification
produce reactive oxygen species that mediate ce 1 killing; in- of thes£ complement components in the plasma of patients
creased expression of CR1, CR3, and LFA-1, resulting in cellu- during diaiysis therapy.
lar hyperadherence; and the production of other mediators
such as various arachidonic acid metabolites and cytokines,
e.g., IL-1, -6, and -8. Many of the adverse reactions seen during
extracorporeal therapies, such as hemodialysis, are directly
attributable to C5a production. TABLE 5 Clinical Symptoms Associated with

Cuprophan-Induced Biocornpatibility Reactions

Clinical Correlates Cardiopulmonary: Pulmonary hypertension

The normal function of complement is to mediate a localized ypoxerma
. n f • • i TM i Respiratory distress (Dyspnea)
inflammatory response to a foreign material. The complement xT • < \ \ \ • \, ,. n , . , Neutropenia (pulmonary leukosequestration)
system can become clinically relevant in situations where it Tachvcardia
either fails to function or where it is activated inappropriately. Angina pectoris
In the first instance, a lack of activity due to a genetic deficiency Cardiac arrest
in one or more complement proteins has been associated with Other: Nausea? vomiting> dtarrhea

increased incidence of recurrent infections, glomerulonephritis, Fever chills malaise
and other pathologies. The second instance, inappropriate acti- Urticaria, pruritus
vation, occurs in a variety of circumstances. Activation of the Headache
classical pathway by immune complexes occurs in various auto- .,
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FIG. 6. A typical response pattern to dialysis with a Cuprophan membrane.
Blood was taken from the venous line of a patient during dialysis and analyzed
for white blood cells using a Coulter counter and for C3a antigen using RIA.
The relative neutropenia (i.e., loss of neutrophils correlates with the increase in
C3a, which peaks at 15 min.) (Reproduced with permission from D. E. Cheno-
with, Complement activation during hemodialysis: Clinical observations, pro-
posed mechanisms, and theoretical implications, Artif. Organs 8: 281-287,
1984.)

A typical patient response to a Cuprophan membrane is
shown in Fig. 6. The C3a (and C5a) levels rise during the first
5—12 min, peaking between 10—20 min. During this period
the white blood cells become hyperadherent and are trapped
in the lung, resulting in a peripheral loss of these cells (neutro-
penia). This is a very consistent response and many authors
have noted a direct correlation between the extent of comple-
ment activation and the degree of neutropenia seen with various
dialysis membranes. A variety of additional responses have
been described in these patients (Fig. 7) including increased
expression of CR1 and CR3 on neutrophils and monocytes
and increased plasma levels of secondary mediators such as
thromboxane A2 and various interleukins.

Based on our understanding of the biochemistry of comple-
ment and its biological actions, the following scenario can be
drawn (Fig. 7). Blood contact with the membrane results in
deposition of C3b and consequent formation of C3 and C5
convertase enzymes. Liberation of C5a leads to receptor-medi-
ated neutrophil and monocyte activation. This accounts for
much of the pathophysiology seen clinically and outlined in
Fig. 7. The critical role of C5a in mediating many of these
adverse reactions was recently confirmed in experiments em-
ploying purified sheep C5a. Infusion of this isolated peptide
into sheep, in a manner that would simulate exposure to this
molecule during hemodialysis, produced a dose-dependent re-
sponse identical to that which is seen when the sheep are
subjected to dialysis (Fig. 8).

As the hemodialysis community became aware of the rela-
tionship between complement and many of the patient reac-
tions outlined here (Table 5), membrane manufacturers began
addressing the phenomena by developing new membranes (Fig.
9). These membranes tend to fall into two groups: moderately

activating modified cellulosics and low activating synthetics.
Based on the foregoing discussion, the reasons for the improved
biocompatibility of these membranes may be as follows.

With the exception of Hemophan, all these materials have
a diminished level of surface nucleophiles. In theory, this should
result in lower deposition of C3b, and in fact this has been
verified experimentally. The diminished capacity to bind C3b
results in lower levels of C3 and C5 convertase activity and
consequently an abated production of C3a and C5a. Patient
exposure to C5a is reduced even further by materials that allow
for transport through the membrane to the dialysate (e.g.,
high flux membranes such as polysulfone will do this) or by
absorbing the peptide back onto the surface (e.g., the negatively
charged AN69 has been shown to have a high capacity for
binding C5a). Thus, limiting C3b deposition and C5a exposure
are two proven mechanisms of avoiding the clinical conse-
quences of complement activation.

The same result can be also accomplished by facilitating
the normal control of C3 convertase by factor H. Kazatchkine
et al. (1979) have shown that heparin coupled to either zymo-
san or Sepharose limits the normal complement activation that
occurs on these surfaces by augmenting C3b inactivation
through factors H and I. Mauzac et al. (1985) have prepared
heparinlike dextran derivatives that are extensively modified
with carboxymethyl and benzylamine sulfonate groups. These
researchers have shown that these modifications diminish com-
plement activation by the dextran substrate. Recently, another
advance was made with the discovery that maleic acid groups
attached to a cellulose membrane (Cuprophan) inhibited the

FIG. 7. The biochemical basis for complement-mediated adverse reactions
during extracorporeal therapy. Production of C5a leads to receptor-dependent
white blood cell activation. This results in profound neutropenia, increased
concentrations of degradative enzymes, and reactive oxygen species that ulti-
mately may lead to tissue damage and dysfunction of these important immune
cells. Generation of secondary mediators, such as arachidonic acid metabolites
(TxA2, LTB4) and cytokines can have profound consequences on whole organ
systems. Finally, formation of the MAC(C5b-9) has been linked with increased
hemolysis during cardiopulmonary bypass and shown to increase platelet pro-
thrombinase activity in vitro. This last observation suggests that surfaces that
activate complement aggressively may be more thrombogenic.



flu. 8. Infusion of purified sheep C5a into sheep mimics the response of these animals to hemodialysis with
complement-activating membranes (CF, Cuprophan; CA, cellulose acetate). C5a produces a dose-dependent
neutropenia (A), thromboxane response (B), and pulmonary hypertension (C), that is identical to the responses
seen during dialysis of these animals. C5a doses are shown in parentheses in units of /ng/kg.
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FIG. 9. Structures of various commercial dialysis membranes. Hemophan
contains a low-level incorporation of DEAE (diethyl aminoethyl) groups that,
for ease of illustration, has been arbitrarily placed on the 2' hydroxyl group.
Most cellulose acetate membranes have a degree of substitution in the range of
2.5 to 2.7.

complement-activating potential of these materials by over
90% (Johnson et al., 1990). Again, increased binding of factor
H to surface-bound C3b appears to account for the improved
biocompatibitity of maleated cellulose. Thus materials that
limit complement activation through normal regulatory mecha-
nisms are on hand and may prove to be the next generation
of complement-compatible membranes.

CYTOKINES

Cytokines are a group of proteins involved in regulating
the cellular response of the immune system (Mizel, 1989).
Since most of their putative functions concern communication
between leukocytes, many have been given the designation
interleukin (IL). However, some have retained their original
names, which were based on a particular aspect of their activity;
for example, interferons (IFNs) for antiviral activity and tumor
necrosis factor (TNF) for cytotoxic activity against tumor cells.
All cytokines are extremely potent, generally active in the pico-
molar range, and act through specific cell surface receptors.

They range in size from 100 to 200 amino acids and most are
glycosylated. Many have multiple overlapping activities and
when tested together can have synergistic or antagonistic ef-
fects.

A summary of the various known cytokines is given in Table
6, along with some of their reported activities. These activities
have largely been determined with recombinant cytokines and
isolated cell cultures; the relationship between in vitro and in
vivo actions must still be determined in many instances. Broadly
speaking, there are three areas that appear to be the principal
focus of cytokine activity: (1) as growth factors for immune
cells, (2) as regulators of the immune response and (3) as
mediators of inflammation.

A number of cytokines help drive the process of hemato-
poiesis, i.e., the development of mature blood elements from
primitive cells in the bone marrow (stem cells). These include
IL-3, also called multi-colony-stimulating factor (CSF) be-
cause it supports the development of a number of ceil
types including granulocytes, macrophages, megakaryocytes,
eosinophils, basophils and, especially, mast cells. IL-3 can
also activate some mature blood cells such as eosinophils
and mast cells. Granulocyte-macrophage colony stimulating
factor {GM—CSF) has been shown to produce granulocytes
and macrophages in bone marrow cultures. As a clinically
used therapeutic, GM—CSF has proven effective in raising
levels of neutrophils, eosinophils, and macrophages in periph-
eral blood. GM—CSF also has a multitude of effects on
mature neutrophils and macrophages, including priming of
oxidative activity, degranulation, and arachidonic acid re-
lease. It also increases the phagocytic and cytotoxic activities
of these cells. G—CSF has characteristics similar to GM—CSF
except its activity is largely restricted to neutrophils, while
M—CSF appears to stimulate monocyte production and cyto-
toxic activity. IL-5 has been shown, in vitro and in vivo,
to stimulate the proliferation of eosinophils and activated B
cells, while IL-7 appears to induce the growth of immature
B cells and thymocytes from bone marrow. Two recently
discovered cytokines, IL-9 and IL-11, are also involved in
hemopoietic cell development. IL-11 is a growth factor for
megakaryocytes (a platelet progenitor eel!) and stimulates
an increase in peripheral platelet counts. Like IL-6, IL-11
also stimulates acute phase protein synthesis. IL-9 appears
to act as an enhancing factor that augments the activity of
other cytokines, such as IL-2, IL-3, IL-4, and erythropoietin,
in promoting the growth of Th, rnast, and erythroid cells.

Many cytokines are involved in regulating the immune re-
sponse through their actions on T cells, B cells, and antigen-
presenting cells (APC). APCs include macrophages, dendritic
cells, and B cells, and, as their name implies, these cells process
antigens and present them to T cells. The APCs also make IL-1
during this process. IL-1 can stimulate the T cell to make IL-2,
the IL-2 receptor and interferon-y (IFN-y). IL-2 acts as a T-cell
growth factor and is an example of autocrine stimulation, i.e.,
the same cell that makes the molecule also responds to its
presence. IL-2 can also activate some non-T lymphocytes, most
notably the lyrnphokine-activated killer or LAK cells. These
cells become tumoricidal after exposure to IL-2, a phenomenon
that serves as the basis of the LAK cell therapy developed by
Steven Rosenberg and his colleagues at the National Institutes
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TABLE 6 Cytokines*

Mediator Source Induced by Actions/activities

IL-1 Macrophages Endotoxin, C5a, TNF/IL1 Hepatic acute phase response, leukocyte adherence ro
(13-17 kDa)a Endothelium EC; production of PGI2, PGE2, PAF, and TF activ-

NK cells ity from EC; fibroblast collagen synthesis; neutro-
Glial cells philia; T, B and NK cell activation; PMNL TxA2 re-
Keratinocytes lease; fever (PGE2); ACTH production
Smooth muscle

IL-2 (15,5 kDa) T cells IL-1 + Antigen Proliferation and differentiation of T, B, and LAK
cells; activation of NK cells

IL-3 (28 kDa) T cells, NK cells Hemopoietic growth factor for myeloid, erythroid,
and megakaryocyte lineages

IL-4 (20 kDa) T cells Mitogens (Con A) Proliferation and differentiation of B cells, isotype
switching (IgE), mast and T cell proliferation, antag-
onistic with IFN-y

IL-5 T cells Mitogens (Con A) Proliferation and differentiation of B cells and eo-
(45 kDa) sinophils, increased secretion of IgM and IgG from

activated B cells

IL-6 T cells IL-1 Acute phase response (hepatic), proliferation and Ig se-
(23—30 kDa) Monocytes cretion by activated B cells, T-cell activating factor

Fibroblasts
Endothelium

IL-7 Bone marrow stroma Proliferation of large B progenitors, thymic matura-
(25 kDa) cells tion of T cells

IL-8 T cells, PMN Antigen T-cell and neutrophil chemotactic factor
(14 kDa) Monocytes Mitogen

IL-1 TNF-a
IL-9 T cells Enhancing hemopoietic growth factor for Th, mast

and erythroid cells (synergizes with IL-2, IL-3 and
IL-4)

IL-10 T cell, B cells Immunosuppression: inhibits cytokine actions and ex-
(18 kDa) Monocytes/macrophages pression, stimulates IL-lra expression, stimulates

Keratinocytes proliferation of B cells and mast cells
IL-11 Bone marrow stromal Hemopoietic growth factor for megakaryocytes, my-

(23 kDa) cells eloid progenitor cells, synergizes cytokines, stimu-
lates acute cytotoxic activities of NK and LAK cells,
growth factor for activated T cells and NK cells

L-12 B lymphoblastoid cell Enhances cytotoxic activities of NK and LAK cells,
(75 kDa) line growth factor for activated T cells and NK cells

IL-13 T cells IL-4-like activities on 15 monocytes and B cells, does
(15 kDa) not stimulate T cells, same properties as Il-l except

TNF for T cell responses
(17 kDa)

IFN-y T cells Viruses Macrophage-activating factor (antimicrobial activity);
(20-25 kDa) NK Cells Bacteria giant cell formation; acts as a cofactor in the differ-

IL-2 entiation of cytolytic T cells, B cells, and NK cells
GM-CSF T cells IL-1, TNF endotoxin Proliferation and activation of granulocytes (PMN)

Fibroblasts and monocytes from bone marrow
Endothelium

"kDa, kilodaltons; NK, natural killer cells; TF, tissue factor; EC, endothelial cells.

of Health. INF-y can activate APCs, making them more effec- role in regulatory T cells, B ceil activation, and antibody pro-
tive in antigen presentation. These various interrelationships duction. IL-4 was originally called B cell growth factor because
are illustrated in Fig. 10. of its ability to stimulate proliferation of activated B cells. IL-4

Upon activation by antigen and/or IL-1, T cells can produce also induces the production of IgGl and IgE from activated B
a number of additional cytokines that appear to play a major cells and antagonizes the effects of INF-y on B cells. IL-13, a
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FIG. 10. Cytokines and cellular interactions involved in antigen presentation and T-cell activation. The
activated T cell may then participate in immunosurveillance functions or facilitate antibody production by
B cells,

newly discovered cytokine, exhibits many IL-4-like actions on much of what follows is also true for TNF-« and IL-6. Systemic
B cells. IL-5, in in vitro assays, and in conjunction with IL-4, exposure to IL-1 produces a number of physiological changes,
appears to promote the production of IgA from activated B including fever, hepatic acute phase protein synthesis, increased
cells. IL-6 was originally identified as B cell stimulating factor production of the stress hormone adrenocorticotropin (ACTH)
because it can induce B cell differentiation and IgM production. and hypotension. In vitro, IL-1 stimulates endothelial cells (EC)
IL-10 has immunosuppressive activity on some immune cells. to make the vasodilators, prostaglandin I2 and PGE2. IL-1
It downregulates major histocompatibility complex (MHC) induces the synthesis of adhesive receptors on ECs that promote
class II protein on monocytes and interferes with APC activities. neutrophil adherence to the endothelium. IL-1 stimulates the
IL-10 inhibits the production of inflammatory cytokines (TNF- production of platelet-activating factor (PAF) from EC and
a IL-la, IL-6, IL-8, GM—CSF) from monocytes, Th and NK thromboxane A2 (TxA2) from neutrophils. Both PAF and TxA2

cells. In contrast, IL-10 stimulates B cells, upregulating MHC can promote binding and activation of platelets on the endothe-
class II antigens and augmenting the proliferation and differen- lium. In addition, IL-1 promotes the release of tissue factor
tiation of activated B cells. IL-12 stimulates the cytotoxic activi- from EC. Taken together, these activities can promote coagula-
ties of NK and LAK cells and acts as a growth factor for tion and cellular accumulation at an inflammatory site. IL-1
activated T cells and NK cells. IL-12 is now being evaluated has also been shown to be mitogenic for fibroblasts and to
clinically for its efficacy as an antitumor agent. induce the synthesis of types I, III, and IV collagen. This activity

Finally, a number of cytokines are known to contribute to has implicated IL-1 in wound repair and fibrosis (Miller and
inflammation,, including INF-y, GM—CSF, TNF-a, IL-6, IL-8 Anderson, 1989).
and IL-1. INF-y, as noted earlier, can activate macrophages Clinically, both TNF-a and IL-1/3 levels have been shown
to increase their adhesive properties to promote cell-cell inter- to increase in the plasma of patients during hemodialysis. This
actions. This cytokine also increases the microbicidal activity effect has been attributed to direct monocyte membrane con-
of these cells. GM—CSF not only helps to produce more leuko- tact, C5a production, and endotoxin exposure. IL-1 production
cytes but also directs them to the site of inflammation by in these patients has been associated with fever, muscle cramps,
augmenting the action of other chemotaxins (e.g., C5a and sleepiness, hypotension, and diminished T-cell responses. IL-1
IL-8). IL-8 is the most well-known member of a subfamily of has been infused into humans and induces most of these
cytokines, know as chemokines. (including GRO, j8-thrombo- same symptoms.
globulin, platelet facter 4, IP-10, ENA-78 and RANTES). These Control mechanisms for these inflammatory cytokines, es-
cytokines stimulate the directed migration of neutrophils and pecially IL-1, have recently been defined. A protein called IL-
some resting T cells to sites of inflammation. IL-8 has been 1 receptor antagonist (ILl-ra) is made by the same cells that
shown to increase the expression of /32-integrins (CDllb/CR3) produce IL-1, usually shortly after they begin to generate IL-1.
on neutrophils, which facilitates their interaction with the IL-lra is highly homologous to IL-1 and binds to the same
endothelium. Finally, three of the cytokines listed above, cellular receptors. However, unlike IL-1, ILl-ra does not stimu-
TNF-«, IL-6, and IL-1, manifest many of the same activities. late the cells. Thus by occupying the IL-1 receptors, IL-lra
These three cytokines can induce the production of each other, competitively inhibits IL-1 activity. In addition, many cells
and, when added to an assay system together, often produce make two types of IL-1 receptors (RI and RII). IL-1RII binds
synergistic (i.e., more than additive) responses. IL-lfi but does not appear to transmit a signal to activate the

The remaining discussion centers on IL-1 since it has been cell. Also IL-1 RII is released from the cell and may bind to
the most widely studied cytokine (Dinarello, 1988). However, IL-1/3 and inhibit its activity. A similar phenomenon has been
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FIG. 11. The general structure of immunoglobins. The basic structure is composed of two heavy chains
(50,000 Da) and two light chains (25,000 Da) arranged in a Y shape and stabilized by multiple disulfide
bonds. IgM contains five of these basic structures connected by a protein called the J protein (for joining).
IgA contains two of these structures.

shown to occur with a number of other cytokines. Receptors that can be separated based upon differences in their charged
forTNF-a, GM—CSF, G-CSF, IL-2, IL-4, and IL-6 are released amino acids. One fragment, which constitutes the two arms
by cells, bind to free cytokine, and thus potentially inhibit their of the Y structure, contains the antigen combining site and
activity in a competitive fashion. Thus the response elicited by is therefore called Fab (for fragment-antigen binding). The
various cytokines depends upon what cells they bind to, what remaining fragment is similar enough in most Ig preparations
receptors they bind to, what inhibitors may be present, and to be crystallized. This fragment is called the Fc portion (for
what other cytokines may be available to augment or antago- fragment-crystallizable). The Fc portion of IgG and IgE con-
nize the response. tains sites that are recognized by a class of cellular receptors

called FcyR or FceR (for receptors that bind IgG or IgE, respec-
tively), fey receptors are found primarily on polymorphonu-
clear leukocytes (PMNs), monocytes, macrophages, and NK

ANTIBODIES AND ANTIBODY RECEPTORS cells> and helP (along with C3b receptors) in the phagocytosis
of immune complexes and antibody-coated foreign elements.

~, £ , £ , , , . Fee receptors are found on mast cells, basophils, and some BThe final components of the humoral immune responses are .. T .5 .. , , .., , ,.
, . , , ,. —, , £ , . • cells. 1st and its receptor are largely responsible tor allergic re-

the immunoglobulms. The general structure or these proteins is ° r ° ! r °
shown in Fig. 11. They are composed of two heavy chains
(50,000 Da) and two light chains (25,000 Da) that are disulfide-
bonded to each other to form a Y-shaped molecule. Different
types of immunoglobulin are produced (by antigen-activated
B cells) that differ in the amino acid sequence of their heavy CELLULAR COMPONENTS OF THE IMMUNE SYSTEM
chains. IgM has a heavy chain (called H^t) that permits cross-
linking of the five basic Ig structures shown in Fig. 10 to The cells of the immune system include leukocytes and
produce a pentamer. IgA is made with Ha heavy chains that lymphocytes that can be differentiated based upon their stem
permit cross-linking of two basic Ig structures to produce di- cell origin, appearance, antigen expression, and function. The
mers. IgA is secreted by epithelia cells and provides some pro- most numerous immune cell is the neutrophii, also called the
tection for mucosal surfaces (nose, mouth, lungs). polymorphonuclear leukocyte. It composes 60—70% of white

IgG and IgE have Hy and He heavy chains and have the blood cells and after leaving the bone marrow has a life span
structure shown in Fig. 11. Papain digestion of IgG cleaves the of only 1 or 2 days. These cells contain receptors for C5a,
molecule in the hinge region to produce two distinct fragments C3b, Fey, and IL-1 and TNF. Upon stimulation (e.g., by C5a)
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these cells become hyperadherent by increasing expression of about 17% of peripheral blood lymphocytes. B cells differenti-
CR3 (CDllb/CD18) and other cell-adhesion proteins. This ate, upon stimulation by antigen, T cells and cytokines into
permits the cell to attach to the vascular endothelium and plasma cells whose major task is the production of antibody,
migrate out of the vascular space into the site of inflammation. Mature B cells can be activated several ways. These cells express

PMNs contain several different types of granules that are surface immunoglobulin of the IgD and IgM isotype. Each cell
filled with proteases (e.g., elastase; cathepsins A, D, and G; is specific for a given antigen based upon the specificity of the
andcollagenase),Iysozyme, myeloperoxidase, and other bacte- plasma membrane Ig molecule it expresses. Upon binding of
ncidal proteins. They also produce (when stimulated) H2O2 these surface Igs to their respective antigen, the B cell can
and activated oxygen species (O-T and OH'), which are ex- differentiate into an IgM-producing plasma cell. This is the
tremely cytotoxic. These cells represent the first line of defense most direct route to antibody production and explains why
against infection, migrating to an inflammatory site to present the initial humoral response to an antigen is largely of the IgM
their impressive armature against invading microbes. Defects in isotype. An alternative pathway involves the action of antigen-
chemotaxis, granular constituents, or oxidative capacity have specific activated T cells that stimulate B cells by both direct
been discovered in individuals and are associated with an in- interaction and by the production of cytokines (IL-4, IL-5, and
creased incidence of infections. In the hemodialysis setting, 1L-6). These interactions effect proliferation, differentiation,
chronic exposure to dialysis membranes has been shown to and isotype switching (i.e., IgM to IgG, IgA, or IgE isotypes).
lead to decreased chemotactic responsiveness and diminished The second major type of lymphocyte is derived from the
oxidative metabolism (H2O2 and O2 production) in both thymus and is called a T cell. These cells represent about 24%
PMNs and monocytes (Lewis and Van Epps, 1987). These of white blood cells, of which 60% are the helper or inducer
dysfunctions have been suggested as contributing to the rela- phenotype (Th) and 30% function as cytotoxic T cells. The
tively high infection rate noted in these patients. Th cells regulate the immune response by interacting with APC

Monocytes originate in the bone marrow and constitute and specific B cells as described earlier. These cells are identified
about 5% of peripheral white blood cells under normal condi- by a surface antigen called CD4 that facilitates the interaction
tions. Their average transit time in the blood is about 25 hr, of these cells with MHC class II-bearing cells (e.g., antigen-
after which the cells migrate into the tissues and serve as a presenting monocytes and B cells). Upon binding to a Th cell
continuous source of macrophages and histiocytes. Monocytes through its antigen receptor, the APC (monocyte) produces
share many characteristics with PMNs. For example, they con- II-1, and the combination of these two signals activates the Th
tain C5a, C3b, and Fc receptors and are activated in the same cell to make IL-2 and then the IL-2 receptor. This activated T
manner (at least in vitro) for directed migration (chemotaxis), cell can then proliferate and produce other cytokines (Table
phagocytosis (using C3b and Fey receptors), degranulation, 6) that regulate both cell-mediated and humoral immunity (see
and oxidative metabolism. However, monocytes are also a very Fig. 10).
different sort of cell. They are not terminally differentiated Activated Th cells are now recognized to exist in at least
cells, as are neutrophils, but function as precursors for alveolar two subclasses (Th-1 and Th-2) distinguished by particular
and peritoneal macrophages, Kupffer cells in the liver, and patterns of cytokine production. Th-1 cells produce IL-2 and
histiocytes found in many tissues. Macrophages can be acti- INF-y (but not IL-4 or IL-5) and are responsible for delayed-
vated to display different characteristics (e.g., peroxidase stain- type hypersensitivity responses, activation of macrophages, and
ing, C3b receptor density) based on their degree of activation cell-mediated cytoxicity. Th-2 type cells make IL-4, 5, 9 (and
and the type of stimulus producing the state. Thus, a single 10 in mouse Th cells) and stimulate B cell proliferation, differ-
monocyte may give rise to cells with varying properties, de- entiation, and isotype switching. Th-2 cells also inhibit macro-
pending upon their environment. phage activities, while Th-2 cell-derived cytokines IL-4 and

Monocytes and macrophages are also highly secretory, ac- IL-10 inhibit Th-1 cell cytokine production. Conversely, INF-y
tively synthesizing and secreting a variety of molecules. Some inhibits antigen-driven growth of Th-2 cell populations. Thus
of these are produced constitutively, such as a2-macroglobulin, these separate populations of T cells inversely control each
Clq, C2, C4, factors H and I, fibronectin, and lysozyme. Many other to balance the overall immune response. Dysregulation
more are induced upon activation and include factor B, C3, of this balance has been implicated in pathological responses
collagenase, IFNs, TNF, IL-1, and a variety of growth factors. to infection (HIV) and in autoimmune disease.
Finally, monocytes act as antigen-presenting cells. As discussed The cytotoxic T cells are recognized by the CDS surface
briefly earlier, this involves processing foreign antigens inter- marker, which facilitates interaction of these cells, through
nally (by proteolysis of opsonized particles), reexpressing the their antigen receptor to MHC class I-bearing cells (MHC class
processed antigen on the cell surface in association with the I antigens are found on all cells of the body). These cells perform
major histocompatibility complex proteins, and finally present- an immunosurveillance function by recognizing and destroying
ing the antigen to a specific T cell. This initiates an immune tissue grafts, tumor cells, and cells infected with either viruses
response against the antigen. Individuals with a genetic defi- or parasites.
ciency of C3b receptors have been found to have an abnormal The clinical relevance of the cellular immune response and
antibody response, presumably because their monocytes and its relationship to biocompatibility issues is complex and con-
B cells cannot bind and process antigen effectively. troversial. Most of the information available is restricted to

Lymphocytes make up about 28% of white blood cells and end stage renal disease (ESDR) patients subjected to chronic
are composed primarily of two distinct cell types called T cells hemodialysis. Many of these individuals are clearly immuno-
and B cells. B cells arise in the bone marrow and represent suppressed, as demonstrated by decreased cutaneous reaction
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to antigen stimulation, diminished ability to mount an antibody disease, an understanding of how biomaterials can both limit
response to hepatitis B vaccine, increased incidence of infection, and elicit a given response promises a rich harvest for
and prolonged survival of skin transplants. Many individuals medical therapy.
have been found to be lymphocytopenic (decreased absolute
numbers of T cells). T cells isolated from these patients have
been shown to be significantly less capable of activation by JMJ.H i,
mitogenic stimuli as measured by either IL-2 production, IL-2 lUDUOgfapliy

receptor expression, or [3H]thymidine incorporation (prolifer- Chenoweth, D. E. (1984). Complement activation during hemodialy-
ation assay). However, the relevance of these observations to sis: clinical observations, proposed mechanisms and theoretical
complement activation, IL-1 production, or direct cell mem- implications. Artificial Org. 8: 231-287.
brane interaction is, at present, not obvious. Many of the T Craddock, P. R., Fehr, J., Brigham, K. L,, Kronenberg, R. S., and
cell dysfunctions may relate to the underlying etiology of ESRD, Jacob, H. S. (1977). Complement and leukocyte-mediated pulmo-
to the many blood transfusions these people need, or to other nary dysfunction in hemodialysis. New Eng. J. Med. 296:769-774.
idiooathic causes Dinarello, C. A. (1988). Interleukin-1—Its multiple biological effects

and its association with hemodialysis. Blood Purif. 6: 164—172.
Johnson, R. J., Lelah, M. D., Sutliff, T. M., and Boggs, D. R. (1990). A

modification of cellulose that facilitates the control of complement
activation. Blood Purif. 8: 318-328.

CIIMM ADV AMn KIITIIDE niDCrnrkMC Kazatchkine, M., Fearon, D. T., Silbert, J. E. and Austen, K. F. (1979).
*UMMAKY ANO tU 1 UKt UIKtX.11UN5 Surface-associated heparin inhibits zymosan included activation of

the human alternative complement pathway by augmenting the
The immune response to a biomaterial involves both hu- regulatory action of control proteins, /. Exp, Med. 150: 1202-

moral and cellular components. Activation of the complement 1215.
cascade by either classical or alternative pathways leads to the Ross> G- D- (1986). Immunobiology of the Complement System. Aca-
deposition of C4b and C3b proteins. Recognition of these demk Press> New York-
molecules by receptors on granulocytes can cause activation Schreiber, R. D., Pangburn, M. K., Lesaure, P. H., and Muller-Eber-

f.t 11 I i- . .v j .• £ j j _• hard, H.J. (1978). Initiation of the alternative pathway of comple-of these cells, leading to the production of degradative enzymes .. , . . . . „,. r . ' .. , ,
, . . i t - r» • • c ^A\ ment: recognition of activators by bound C3b and assembly or the

and destructive oxygen metabolites. Recognition of C4b or . „, f 1 4 • ' D \r *; A j c •,7 &. i l l r • entire pathway from six isolated proteins. Proc. Natl. Acad. Set.
C3b by other proteins in the cascade leads to enzyme formation USA 75- 3948-3952
(C3 and C5 convertases), which amplifies the response and Stevens, J. H., O'Hanley, P., Shapiro, J. M., Mihm, F. G., Satoh,
can lead to the production of a potent inflammatory mediator, p. S., Collins, J. A., and Raffin, T. A. (1986). Effects of anti-C5a
C5a. C5a binds to specific receptors found on PMNs and antibodies on the adult respiratory distress syndrome in septic
monocytes. The interaction of C5a with these cells elicits a primates./. Clin. Invest. 77: 1812-1816.
variety of responses including hyperadherence, degranulation, Lewis, S. L., and Van Epps, D. E. (1987). Neutrophil and monocyte
superoxide production, chemotaxis, and IL production. Sys- alterations in chronic dialysis patients. Am. J. Kidney Dts. 9:
temic exposure to C5a during extracorporeal therapies has 381-395.
, . «. j .1 _ • A A- \ • Mauzac, M-, Maillet, F., [ozefonvicz, }., and Kazatchkine, M. (1985).been associated with neutropema and cardiopulmonary mam- . . . . . , , , . . „. . ,
, . ,— , . _. , , i t - Anticomplementary activity of dextran derivatives. Btomaterials
testations (Table 5) that can have pathologic consequences. ,. ^ 1 ^ 3
The other portion of the C5 protein, C5b, leads to formation MiUe'r> K M^ and Andersofl) j. M. (1989). ln vitro stimuiation of

of a membrane attack complex that causes cytolysis and has fibroblast activity by factors generated from human monocytes
been linked to increased hemolysis in the cardiopulmonary activated by biomedical polymers. /. Biamed. Mater. Res. 23:
bypass setting. 911-930.

The control of these processes is understood well enough Mizel, S. B. (1989). Interleukins. FASEB J. 3: 2379-2388.
to begin designing materials that are more biocompatible. Lim- Paul w- E. (1993). Fundamental Immunology, 3rd ed. Raven Press,
iting C3b deposition (nucleophilicity), adsorbing C5a to nega- ^ew York.
lively charged substituents, and facilitating the role of factors Pillemer> L" Blum' L" LeP°w> L H" Ross' °- A- Todd' E- W" and

H and I are three approaches that have been shown to be Wardlaw, A. C. (1954). The properdm system and immunity I.
/v • -r i • i i i • i Demonstration and isolation of a new serum protein, properdm,

effective. 1 ranslatmg the last mechanism into commercial ma- , • , . • , c . ifn ^^Q T O C, . , and its role in immune phenomena. Science 120: 279—285.
tenals is one of the major challenges facing the development
of truly complement-compatible membranes.

The past 20 years have witnessed an explosive growth in
understanding the molecular and cellular basis of the immune
response. The identification and cloning of specific cytokines, A A CvcTEiuir TVv»fM-iTV. . , „, .. . . . . . **•** I.VI3IUVIIV. lvr/k.lvjll
their receptors, and i-cell subsets have opened up whole
new research frontiers. The interaction of these components AND rilPLRSENSITIVITi
of the immune response with materials employed in medical Katharine Merritt
devices has only just begun. IL-1 production during hemodial-
ysis and T-cell dysfunction in ESRD are just two examples Systemic effects of biomaterials may be due to direct chemi-
of where initial studies have yielded intriguing results. Consid- cal toxicity, accumulation of products from wear, corrosion,
eririg the importance of the immune system in health and or degradation; excess inflammatory responses (Chapters 4.2
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TABLE 1 Target Organs and Signs and Symptoms in Local in vivo. Systemic reactions caused by degradation and wear
and Systemic Toxicity of biomaterials can be prevented by doing careful evaluative

— studies in vitro and in appropriate animal models. The details
Systemic responses of the toxicity of individual drugs and manifestations of

damage to target organs can be found in textbooks on
Lungs Alteration in air exchange and breathing patterns pharmacology and pathology. Nonimmune systemic toxicity
Kidney Alterations in urine excretion, pain caused by a biomaterial is generally dose related, with higher
Joints Pain, swelling, loss of function doses giving a more severe response. With nonimmune toxic-
Liver Alterations in blood chemistry W there is usually a threshold level for each product, below

. . . ,. ... . . , i i i which the material shows no toxicity: repeated exposures
Lympnoid swelling, alteration or blood count , , . 1 - 1 • -t

to the same substance give responses which are similar to
GI tract Diarrhea or constipation those of thg fifst exposure>

_. , „ .1 • i i i 1 1 - 1 1 1° contrast, systemic reactions caused by an immune re-
I he following usually give local responses but may also be involved , . - 1 1 - 1 i . \ i

. sponse to a biomaterial and its degradation and wear products
in systemic responses. v i i i i i i . i t i i

often have low threshold levels. Although the response may
Skin Rashes, swelling, discoloration . . • . « • - j L \ \ • ^ j" not be worse with increasing doses, following repeated expo-
Eyes Swelling, itching, watery sure tne response can occur at a lower dose or induce greater
Nose Itching, running, sneezing toxicity. For example, the cross-linking agents formaldehyde

and glutaraldehyde induce nonimmune cytotoxicity at high
The following usually do not give observable signs and symptoms doses, causing burns and cellular and protein damage. How-

until damage is extreme, ever^ some individuals are markedly hypersensitive to these
Brain, skeletal system, muscles chemicals and show sensitivity (immune) reactions at extremely

low doses.

and 4.3), including the production of the various oxygen radi- SYSTEMIC TOXICITY DUE TO THE
cals (Halliwell et al., 1988); generation of vasoactive products IMMUNE RESPONSE
in the activation of the complement system (Chapter 4.3); or
the reactions of the immune system. Tne Immune Response: General Concepts

The function of the immune response is to protect the
host from the onslaught of foreign substances. Healthy indi-

NONIMMUNE SYSTEMIC TOXICITY viduals have several mechanisms by which they combat
foreign substances. The first resistance mechanism in humans

Systemic toxicity is broadly defined as toxicity at some is the physical barrier, especially the skin and mucous mem-
distance from the site of the initial insult. The mechanisms by branes. Once this barrier is breached, as occurs with surgical
which substances are rendered toxic are varied and complex. introduction of a biomaterial, other host defense mechanisms
The testing of biomaterials for cellular toxicity is dealt with become involved. The internal defense mechanisms generally
in other chapters in this book (Chapters 5.2—5.5). Systemic begin with the inflammatory response (Chapters 4.2 and
toxicity following the use of biomaterials is typically caused 4.3), including phagocytosis. However, if this is not sufficient,
by the accumulation, processing, and subsequent reaction of and the substance is an antigen, a specific immune response
the host to degradation products and wear debris from the ma- may be induced. To be antigenic, a substance must be foreign
terial. and large, with a molecular weight above approximately

The manifestations of toxic reactions vary depending on 5000 Da. Proteins and nucleoproteins and carbohydrates are
the site at which the response occurs. Most systemic toxic usually antigenic; lipids are weakly antigenic; and nucleic
reactions are detected because damage to the target organ acids are not antigenic. Small molecules, called haptens, may
results in readily apparent signs and symptoms (Guyton, 1991; become antigenic by binding to host cells or proteins, thereby
Cotran, 1989) (Table 1). However, some systemic responses providing the foreign antigenic site (which is called an
may go undetected since the target organ does not exhibit easily epitope), while the host provides the large molecule. For
observable signs and symptoms. In addition, accumulation of example, drugs that bind to host cells and metal salts that
wear and degradation products can be substantial and yet cause bind to host components can stimulate the immune response,
no local or systemic toxicity. This is due in part to the nature Thus, a seemingly innocuous chemical may become a strong
of the biocompatibility of the materials and in part to the antigen and be toxic at low doses. The immune response
response of the individual host. recognizes that a substance is antigenic but it cannot distin-

Biomaterials should be carefully evaluated and studied guish bad foreign substances, such as bacteria, from good
for toxicity in vitro before being implanted. Such testing foreign substances, such as the biomaterial being implanted
must include the intact material, as well as the degradation in a therapeutic medical device,
and wear products which might be produced during function The immune system has two effector arms: The humoral
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FIG. 1. Immune pathway.

response is mediated by B cells with production of antibody
by plasma cells; the other is the cell-mediated response
mediated by T cells (Roitt 1989; Benjamini and Leskowitz,
1991). The pathways of the immune response are shown in
Fig. 1. It is not possible to predict which arm of the immune
response a previously unstudied antigen will stimulate. Most
antigens are first encountered and processed by a macrophage
and subsequently "presented" to T cells and B cells, small
lymphocytes found in the blood and lymphoid tissues such
as lymph nodes and spleen. B and T lymphocytes are morpho-
logically identical and can be distinguished only by analysis
of cell markers, specific detectable molecules that differ
between the cell types. Reagents used for differentiating these
cell types are available.

Recognition and presentation of an antigen stimulates the
production of B or T cells reactive to the specific antigen. B

FIG. 2. Antibody structure.

cells stimulated by a processed antigen undergo cell division
followed by differentiation to plasma cells, which are protein
factories that produce antibodies specific to the antigen (called
immunoglobulins). The basic structure of ail antibody mole-
cules is a four-chain structure with two identical light chains
and two identical heavy chains as diagrammed in Fig. 2. The
site that interacts with the antigen is called the Fab portion
while the terminal portion of the heavy chain is called the
Fc portion.

Five structurally and functionally different types of immu-
noglobulins are classified by their heavy chain structure
(Table 2) (Roitt 1989; Benjamini and Leskowitz, 1991). The
Fab portion of the antibody molecule is specific for the
antigen that stimulated its production. Thus, in contrast to
the nonspecific inflammatory response that is similar for all
foreign substances, a specific immune response recognizes a
single molecule entity. In addition, antibodies can be used
as sensitive and specific tools for detecting and quantitating
substances and are therefore the basis of many clinical
tests for hormone levels and biomaterial—protein interactions
(Benjamini and Leskowitz, 1991; Merritt, 1986). The subject
of antigen-antibody reactions and their applications is exten-

TABLE 2 Classification of Immunoglobulins

Type Structure Fc domains Function

IgE Dimer 5 Cell binding, causes allergy
symptoms

IgA Dimer 4 Secretory antibody, protective
at surfaces

IgD Dimer 4 On surface of B cells

IgG Dimer 4 Protective antibody

IgM Pentamer 5 Protective antibody, first class
produced on surface of B
cells
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sive and of potential value to the biomaterials scientist Systemic Toxicfty as A Consequence of
(Rose and Friedman, 1986; Benjamini and Leskowitz, 1991). Immune Response (HypersensMvlty)
Radioimmunoassays (RIA), enzyme-linked irnmunosorbent
assays (ELISA), and immunomicroscopic tests with fluores- The immune response designed to protect the body against
cent, enzyme, or particulate-labeled antibody have all been insult by foreign substances can inadvertently damage the host,
important in the field of biomaterials for quantification and Disorders that result from unusual, excessive, or uncontrolled
identification of products and responses. The fluorescence- immune reactions are called hypersensitivity reactions. Damage
activated cell sorter (FACS) can be used to identify and generally results from the release of chemicals normally con-
collect cells with specific surface structures by tagging these fined to the internal contents of cells, or by overstimulation of
structures with antibodies. the inflammatory response. It is not possible to predict systemic

An important recent development is a method for produc- toxicity caused by immune reactions to a biornaterial or its
ing large quantities of specific antibodies. A body's serum degradation and wear products, since the immune response
antibodies reflect its whole history of contact with foreign will depend on the genetics of the individual and the nature,
substances, such as vaccinations, bacteria, and viruses, and dose, and location of release of the products. Thus, some bio-
thus there are many antibodies and many specificities. How- materials may release large quantities of wear and degradation
ever, since each plasma cell produces an antibody of a single products that may be spread systematically and cause no host
specificity, a large quantity of specific antibody could be response, while others may cause a strong reaction to those
produced by a single plasma cell proliferating in tissue substances. Moreover, the human immune response varies
culture. The in vitro technique for doing this is based on from individual to individual and may be very different from
the knowledge that some lymphoid cells are cancer cells that in experimental animals. Therefore, animal models can
(myeloma cells) and grow "forever" in culture. By chemically reveal some but not all potential problems. Hypersensitivity
or electrically fusing (hybridizing) a normal antibody-produc- reactions have been divided into four types (Roitt, 1989). These
ing B cell of the desired specificity with a myeloma cell, are depicted in Fig. 3.
myeloma cells can be "tricked" into producing the specific Type I reactions involve the interaction of antigen with
antibody of the normal B cells. The cell cultures are then antibody of the immunoglobulin class IgE, which attaches
tested for the specific antibody being secreted by the cell. to the host cells in the skin and other tissues (mast cells,
A small percentage of the fusions yield an immortal cell basophils, platelets, and eosinophils). An antigen encounter
with the genetic information from the specifically immunized results in release of the cell contents, including active mole-
B cell (a monoclonal antibody). These cells can then be cules such as histamine, heparin, serotonin, and other vaso-
maintained in culture as a monoclonal antibody factory. active substances, producing local or systemic symptoms that
Monoclonal antibodies currently are usually made using are manifest within minutes to a few hours following antigen-
mouse cells and have provided powerful tools for immuno- IgE interaction.
logic testing, with expanding use into many areas. This One common example of this type of hypersensitivity is hay
technique allows the investigator to use the extreme sensitivity fever, in which ragweed pollen reacts with the IgE antibody
and specificity of the immune reaction to identify and quan- localized in the respiratory tract. If a skin test is done to deter-
tify antigens. mine if the patient is sensitive to ragweed, the reaction is local.

A major use of the monoclonal antibody technique is in However, a severe reaction in the respiratory tract may lead
the recognition of specific subsets of T cells by markers known to systemic effects, including pulmonary problems such as
as cluster differentiation (CD) antigens. Three CD antigens asthma, and possibly to vascular collapse and death. Reports
distinct for T cells are important. CD3 is present on all mature of biomaterials evoking the IgE response are rare, although
T cells, and CD4 and CDS are characteristic of T-helper and IgE reactions to some components of biomaterials encountered
cytotoxic/suppressor cells, respectively. Attempts to decipher in other applications, such as nickel and chromium salts in
the immune response and its importance in various diseases occupational respiratory contact, are known (Fisher 1978),
are based on the use of monoclonal antibodies. and responses to silicone are controversial.

Antigen recognition by T cells is the initiating stimulus for Type II reactions have a clinical course similar to type I
T-cell activation. The receptors on T cells that are responsible reactions but have a different mechanism. In type II reactions,
for the highly specific recognition and response to antigen are the antibody is of the IgG or IgM class and in this case it is
composed of a complex of several integral plasma membrane the antigen, not the antibody, that is attached to platelets and
proteins collectively called the T-cell receptor. acts as a hapten. The drug-platelet combination stimulates the

The effector phases of specific immunity are in large part immune response that makes an antibody against the drug,
mediated and regulated by protein hormones called cytokines. The reaction of antibody with the platelet activates complement
Cytokines are predominantly secreted by mononuclear phago- and causes destruction of the platelet membrane, with release
cytes (macrophages), in which case they are called monokines, of its contents, including vasoactive substances. Documented
and lymphocytes, in which case they are called lymphokines. type II reactions to biomaterials are rare.
The functions of cytokines include (1) regulation of lymphocyte Type III reactions fall into the category of "immune com-
activation, growth and differentiation; (2) activation of macro- plex diseases" and are the consequences of stimulation of the
phages; and (3) stimulation of immature lymphocyte growth inflammatory response by immune complex damage. The signs
and differentiation. Examples of cytokines are interferons and symptoms occur days to weeks after antigen—antibody
(IFN), tumor necrosis factor (TNF), and interleukins (IL). interaction. The problem arises when both antigen and anti-
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FIG. 3. Types of hypersensitivity reactions.

body are present in the circulation at the same time, forming metallic biomaterials and acrylics. Deep tissue reactions of type
immune complexes that can lodge in the walls of blood vessels. IV hypersensitivity have been reported with the use of various
These reactions are unlikely for biomaterials applications ex- biomaterials, including metals, silicones, and acrylics,
cept for slowly releasing drug delivery and biodegradation
systems.

Type IV hypersensitivity reactions do not involve the pro-
duction of antibody, but rather involve the production of T CONCLUSIONS
cells that react with an antigen. This involves a complex interac-
tion of T cells, macrophages, and soluble mediators. The com- Systemic reactions to biomaterials that degrade or wear are
mon manifestation of type IV hypersensitivity is contact derma- possible. Toxic substances released from a biomaterial may
titis, which is readily apparent as a skin rash that occurs 24—48 damage a target organ. This can usually be tested for in pretrial
hr after local antigen contact, but systemic reactions are also screening of the biomaterial by analysis of the chemicals re-
possible. Type IV hypersensitivity occurs with plants such as leased and by tissue culture analysis of the material, leachables,
poison ivy, industrial chemicals such as metal salts and photo- and degradation and wear products. The biological response
chemicals, and metal objects such as jewelry and buttons. Con- to wear products is important and controversial. Many bioma-
tact dermatitis or oral lesions have been seen with the use of terials are composed of several components and the contribu-
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FIG. 3—continued

tion of the wear products often cannot be attributed to only of Biocompatibility Testing, (D. F. Williams, ed., Vol. II. CRC
one component, such as in total joint replacements where the Press, Boca Raton, FL.
particles from wear can be metallic, polymeric (polyethylene Roitt' L> Bwstoff, J., and Male, D. (1989), Essential Immunology.
and/or polymethylmethacrylate), and ceramic. Moreover, the „ Blackwell So. Boston.

, . -i • r - 1 1 • j t Rose, N. R., and Friedman, H. (1980). manual or inimical Immunol-relative contributions of particle shape, size, and chemistry - A C ™ L • i vn u - r^ogy. Am. hoc. Microbiol., Washington, DC,
are uncertain.

Systemic reactions that are a result of the immune response
to the components of the biomaterial are harder to predict,
difficult to test for, and need to be evaluated carefully in clinical . — nirW"M% fr^Af TIS^IU Ami
trials. Since testing prior to release of a biomaterial for general **««J DL1MJU VAJ/wUlAIIUN AN1I
use is extensive, there are relatively few reported clinical reac- BLOOD—MATERIALS INTERACTIONS
tions of systemic toxicity, immune or nonimmune mediated, Stephen R. Hanson and Laurence A. Marker
to biomaterials applications.

Reactions believed to be caused by hypersensitivity to bio- The hemostatic mechanism is designed to arrest bleeding
materials have been most thoroughly studied with metallic from injured blood vessels The same process may produce

devices. Type IV reactions are the most common, but type I adverse consequences when artificial surfaces are placed in
or II reactions have also been reported. Immune responses to contact with blood) and invoives a complex set of interdepen-
collagen are of concern since these materials, especially when dent reactions between (1) the surface, (2) platelets, and (3)
they are of non human origin, can be potent antigens. Reactions coagulation proteins, resulting in the formation of a clot or
to sihcone, as stated before, are controversial; type I, II, and IV thrombus which may subsequently undergo removal by (4)
responses are possible but difficult to document. Drug delivery fibrinolysis. The process is localized at the surface by compli-
systems or other degradative systems that slowly and continu- cated activation and inhibition systems so that the fluidity of
ally release potentially antigemc substances into the body pro- Wood in the circuiation is maintained. In this chapter, a brief
vide a model for the production of type III responses. overview of the hemostatic mechanism is presented. Although

a great deal is known about blood responses to injured arteries
Biblioeraohv an£^ blood-contacting devices, important interrelationships are

not fully defined in many instances. A more detailed discussion
Benjamini, E., and Leskowitz,S. (1991). Immunology, A Short Course. is given in recent reviews (Coleman et al., 1994; Forbes and

Wiley-Liss, New York. Courtney, 1987; Thompson and Marker, 1983).
Cotran, R., Kumar, F., and Robbins, S. L. (1989). Pathologic Basis

of Disease. Saunders, Philadelphia.
Guyton, A. C. (1991). Textbook of Medical Physiology, 8th Ed. Saun- pi *Tri ETC

ders, Philadelphia. ' «AlfcLM»
Halliwell, B., et al., eds. (1988). Oxygen Radicals and Tissue Injury.

Fed. Am. Soc. Exp. Biol., Bethesda, MD. Platelets ("little plates") are non-nucleated, disk-shaped
Merritt, K. (1986). Immunologic testing of biomaterials. in Techniques cells having a diameter of 3—4 /urn, and an average volume of
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represents an expanded reactive surface to which plasma fac-
tors are selectively adsorbed. Platelets contain substantial quan-
tities of muscle protein (e.g., actin, myosin) which allow for
internal contraction when platelets are activated. Platelets also
contain three types of cytoplasmic storage granules: (1) a-
granules, which are numerous and contain the platelet-specific
proteins platelet factor 4 (PF-4) and /3-thromboglobulin ()8-
TG), and proteins found in plasma (fibrinogen, albumin, fi-
bronectin, coagulation factors V and VIII); (2) dense granules
which contain adenosine diphosphate (ADP), calcium ions
(Ca2+), and serotonin; and (3) lysosomal granules containing
enzymes (acid hydrolases).

Platelets are extremely sensitive cells that may respond
to minimal stimulation. Activation causes platelets to become
sticky and change in shape to irregular spheres with spiny
pseudopods, accompanied by internal contraction and extru-

„ _ *n * i m i j j • i i sion of the storage granule contents into the extracellular10 x 10~* mm . Platelets are produced in the bone marrow, . _. , , , , , ,
, . , , Tmnn/ \ ii environment. These secreted platelet products stimulate othercirculate at an average concentration of about 250,000 cells . . . .. , , . r . , , ,

t. , . i A TO/ r L i platelets, cause irreversible platelet aggregation, and lead toper microliter, and occupy approximately 0.3% of the total r. , ' . , , , f , , , ,r. ~ \
f, i , T j 1 1 • 11 • i c -., the formation or a fused platelet thrombus fig. 2).blood volume. In contrast, red cells typically circulate at 5 x r °
106 cells per microliter, and may comprise 40—50% of the
total blood volume. As described later, platelet functions are
designed to: (1) initially arrest bleeding through formation of Platelet Adhesion
platelet plugs, and (2) stabilize platelet plugs by catalyzing
coagulation reactions, leading to the formation of fibrin. Platelets adhere to artificial surfaces and injured blood ves-

Platelet structure provides a basis for understanding platelet sels. At sites of vessel injury, the adhesion process involves the
function. In the normal (nonstimulated) state, the platelet dis- interaction of platelet glycoprotein Ib (GP Ib) and connective
coid shape is maintained by a circumferential bundle (cytoskel- tissue elements which become exposed (e.g., collagen) and re-
eton) of microtubules (Fig. 1). The external surface coat of the quires plasma von Willebrand factor (vWF) as an essential
platelet contains membrane-bound receptors (e.g., glycopro- cofactor. GP Ib (—15,000 molecules per platelet) acts as the
teins Ib and Ilb/IIIa) that mediate the contact reactions of surface receptor for vWF. The hereditary absence of GP Ib or
adhesion (platelet-surface) and aggregation (platelet-platelet). vWF results in defective platelet adhesion and serious abnor-
The membrane also provides a phospholipid surface which mal bleeding.
accelerates coagulation reactions (see later discussion), and Platelet adhesion to artificial surfaces may also be mediated
forms a spongy, canal-like (canalicular) open network which through platelet glycoprotein Ob/IIIa, as well as through the GP

Ib-vWF interaction. GP Ilb/IIIa (~40,'000 copies per platelet) is
the platelet receptor for adhesive plasma proteins which sup-
port cell attachment, including fibrinogen, vWF, fibronectm,
and vitronectin. Resting platelets do not bind these proteins,
which normally occurs only after platelet activation causes
a conformational change in GP Ilb/IIIa. However, platelets
activated near surfaces (for example, by exposure to factors
released from already adherent cells) could adhere through
this mechanism (e.g., to surface-adsorbed fibrinogen). Also,
normally unactivated GP Ilb/IIIa receptors could react with
surface proteins which have undergone conformational
changes as a result of the adsorption process (Chapter 3.2).
The enhanced adhesiveness of platelets toward surfaces pread-
sorbed with fibrinogen supports this view. Following adhesion,
activation, and release reactions, the expression of functionally
competent GP lib/Ilia receptors may also support tight binding
and platelet spreading through multiple focal contacts with
fibrinogen and other surface-adsorbed adhesive proteins.

FIG. 2. Platelet reactions to artificial surfaces. Following protein adsorption
to surfaces, platelets adhere and release a-granule contents, including platelet
factor 4 (PF4) and j3-thromboglobulin (/3TG), and dense granule contents, includ- m i .**
ing ADP. Thrombin is generated locally through factor XHa and platelet procoag- rlMCICt AggfCffMIOn
ulant activity. Thromboxane A2 (TxA2) is synthesized. ADP, TxA2, and thrombin
recruit additional circulating platelets into an enlarging platelet aggregate. Following platelet adhesion, a complex series of reactions
Thrombin-generated fibrin stabilizes the platelet mass, is initiated involving: (1) the release of dense granule ADP,
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(2) the formation of small amounts of thrombin (see later rectly, and generates polymerizing fibrin, which adheres to the
discussion), and (3) the activation of platelet biochemical pro- surface of the platelet mass.
cesses to generate thromboxane A2. The release of ADP, throm-
bin formation, and generation of thromboxane A2 act in con-
cert to recruit platelets into a growing platelet aggregate (Fig.
2). Platelet stimulation by these agonists causes the expression Platelet Consumption

on the platelet surface of activated GP Ilb/ffla, which then fa m^ ^^ labeled Wlth radioiSotoPes are cleared from
binds p asma proteins that support platelet aggregation. In circulatmg blood in an approximately linear fashion over time
normal blood, fibnnogen, owing to its relatively high concen- ^ ̂  t uf of imate} 10 d Platelet

tration (Table 1), is the most important protein supporting rl • «. i • i v L. «. u _*., v -r-i i 1 , , • • i lifespan in experimental animals may be somewhat shorter,
platelet aggregation The platelet-platelet interaction involves Wkh ̂  continui thrombosis that mav be produced b car.
Ga -dependent bridging of adjacent platelets by fibnnogen diovascular devices, platelets may be remOved from circulating
molecules (platelets will not aggregate in the absence of fibrin- ,, , . . , T, , , • • .,

x-^J1. ,r,w ^ 7.- nrt f • i • i i - i . i blood at a more rapid rate. Thus steady-state elevations in the
ogen, GPlIb/llIa, or Ga ). I hrombm binds directly to platelets «. £ i .. i .. j .. *.- /i <. j • L *. • £ i *& ' ' ' f . i ., * rate or platelet destruction, as reflected in a shortening or plate-
and plays a key role in platelet aggregate formation by: (1) let lifespan, have been used as a measure of the thrombogenicity
a^vatogplatdets vi*iA then atdyzetbe production of more of artifidal suffaces and thedc devlces (Hanson et aL>

thrombin, (2) stimulating ADP release and thromboxane A2 * Qsrn
formation, and (3) stimulating formation of fibrin, which stabi-
lizes the platelet thrombus.

COAGULATION
Platelet Release Reaction

„,, . . . . 1 1 - 1 I n t h e test tube, a t least 1 2 plasma proteins interact i n a
The release reaction is the secretory process by which . , . . . . , , r , . . ~, . , .

, j • i i i j j r series of reactions leading to blood clotting. Their designation
substances stored in platelet granules are extruded from „ . , • j r » • t
. . . .__ . „ , . , , , . as Roman numerals was made in order of discovery, often

the platelet. ADP, collagen, epmephnne, and thrombin are , , . . , . , , , , „ J . ,
i . « • i. i • j • j • before their role in the clotting scheme was fully appreciated,

physiologically important release-inducing agents, and inter- „ , . . . , . . . ° • j • 4- i • * T • •
• i t - i i i . L -c L i i 1 heir biochemical properties are summarized in Table l.lnitia-act with the platelet through specific receptors on the platelet . , , r r . . . , . .. . , ,. ,

c ., i i ,_.„ , _ ~,^ , i won of clotting occurs either intrinsically by surface-mediated
surface. Alpha-granule contents (Pr-4, B-1G, and other pro- . • • n i i / i - j / r

. . j- i , j i i - i i • i reactions, or extnnsically through factors derived from tissues.
terns) are readily released by relatively weak agonists such ~, r i , 1 - 1

.' „ n . /- i j i 7\nn r* 2+ The two systems converge upon a final common path which
as ADP. Release of the dense granule contents (ADP, Ga , . , , , . <• • , , , /-, • , i , * •

, . , . i i • i • i leads to the formation of an insoluble hbrm gel when thrombin
and serotonin) requires platelet stimulation by a stronger r. . °

, , i - . • i • j- i i i acts on fibnnogen.agonist such as thrombin. Agonist binding to platelets also „ , . , , , ,, . „ ,
. . , , . f • 3- r • • Goagulation proceeds through a cascade of reactions
initiates the formation of intermediates that cause activation . . . . ,. . • /• / /• -I^TTS i

L , ., , . t , by which normally inactive factors (e.g., factor XII) become
of the contractile-secretory apparatus, production of throm- . . . . , ,, /• <•
, A , 1 - 1 - • r i • £ • H i enzymatically active following surface contact, or after pro-
boxane A2, and mobilization o f calcium from mtracellular 1 - 1 i i , f• t?i j i • i • • U U I L teolytic cleavage by other enzymes (e.g., surface contactstorage sites. Elevated cytoplasmic calcium is probably the . , ° ' , '. . ™f . . ,
c \ i- £ i i • J I A J activates factor X I I t o factor Xlla). T h e newly activated
final mediator of platelet aggregation and release. As noted, . . . „ . .

L i - i i j / * rxn\ i • j /-r> A \ enzymes in turn activate other normally inactive precursor
substances which are released (ADP), synthesized (TxA2), ,i , / e VTT t VT /• ^T \

, , , , , . , t £ i i • i • molecules (e.g., factor Xlla converts factor XI to factor XIa).and generated (thrombin) as a result of platelet stimulation _. , • • i /- i i
j i ft i i , j • i i • Because this sequence involves a series of steps, and because

and release affect other platelets and actively promote their , . . , . .
• i t T • one enzyme molecule can activate many substrate molecules,

incorporation into growing platelet aggregates. In vivo, mea- , . . . . , • / - , , . .,,
r , , i £ i i •£• • ,nr the reactions are quickly amplified so that significant amounts

surements of plasma levels of platelet-specific proteins (PF- , , , . n / , , - f t • •
, „ ~^v , , . , , j • j- £ of thrombin are produced, resulting in platelet activation,
4, fl-TG) have been widely used as an indirect measure of r, . , . r . , . .° ,. r _, .

, , . • • , fibrin formation, and arrest of bleeding. The process is
platelet activation and release. . .. , .. . . . . . . ° ,r

localized (i.e., widespread clotting does not occur) owing to
dilution of activated factors by blood flow, the actions of
inhibitors which are present or are generated in clotting

Platelet Coagulant Activity blood, and because several reaction steps proceed at an
effective rate only when catalyzed on the surface of activated

When platelets aggregate, platelet coagulant activity is pro- platelets or at sites of tissue injury.
duced, including expression of membrane phospholipids which Figure 3 presents a scheme of the clotting factor interac-
accelerate two critical steps of the blood coagulation sequence: tions involved in both the intrinsic and extrinsic systems
factor X activation and the conversion of prothrombin to and their common path. Except for the contact phase, calcium
thrombin (see later discussion). Platelets may also promote the is required for most reactions and is the reason why chelators
proteolytic activation of factors XII and XI. The surface of the of calcium (e.g., citrate) are effective anticoagulants. It is
aggregated platelets thus serves as a site where thrombin can also clear that the in vitro interactions of clotting factors,
form rapidly in excess of the capacity of the anticoagulant clotting, is not identical with coagulation in vivo, which is
mechanisms of blood. Thrombin also activates platelets di- triggered by artificial surfaces and by exposure of the cell-
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TABLE 1 Properties of Human Clotting Factors

Normal plasma
Molecular weight concentration

Clotting factor (No. of chains) (/ng/rnl) Active form

Intrinsic system

Factor XII 80,000(1) 30 Serine protease
Prekallikrein 80,000 (1) 50 Serine protease

High-molecular- 105,000 (1) 70 Cofactor
weight kininogen

Factor XI 160,000 (2) 4 Serine protease

Factor IX 68,000 (1) 6 Serine protease

Factor VIII 265,000(1) 0.1 Cofactor

VWF 1-15,000,000" 7 Cofactor for
platelet adhesion

Extrinsic system

Factor VII 47,000 (1) 0.5 Serine protease
Tissue factor 46,000 (1) 0 Cofactor

Common pathway

Factor X 56,000 (2) 10 Serine protease
Factor V 330,000 (1) 7 Cofactor

Prothrombin 72,000 (1) 100 Serine protease

Fibrinogen 340,000 (6) 2500 Clot structure

Factor XIII 320,000 (4) 15 Transgiutaminase

''Subunit molecular weight of factor VIII/vWF is around 220,000 with a series of multimers found in circu-
lation.

associated protein, tissue factor. There are also interrelation- is an essential cofactor in the intrinsic activation of factor X,
ships between the intrinsic and extrinsic systems such that and factor VIII first requires modification by an enzyme, such
under some conditions "crossover" or reciprocal activation as thrombin, to exert its cofactor activity. In the presence of
reactions may be important (Coleman et al, 1994; Bennett calcium, factors IXa and Villa form a complex on phospholipid
et al., 1987). surfaces (as expressed on the surface of activated platelets) to

activate factor X. This reaction proceeds slowly in the absence
of an appropriate phospholipid surface, and serves to localize
the clotting reactions to the surface (vs. bulk fluid) phase.

MECHANISMS Of COAGULATION The extrinsic system is initiated by the activation of factor
VII. When factor VII interacts with tissue factor, an intracellu-

In the intrinsic system, contact activation refers to reactions lar protein (i.e., one not found in plasma), factor Vila becomes
following adsorption of contact factors onto a negatively an active enzyme which is the extrinsic factor X activator,
charged surface. Although these reactions are well understood Tissue factor is present in many body tissues; is expressed by
in vitro, their pathologic significance remains uncertain. In stimulated white cells; and becomes available when underlying
hereditary disorders, only low levels of factor XI are associated vascular structures are exposed to flowing blood upon vessel
with abnormal bleeding. Involved are factors XII, XI, prekalli- injury.
krein, and high-molecular-weight kininogen (HMWK) (Fig. 4). The common path begins when factor X is activated by
All contact reactions take place in the absence of calcium. either factor Vila-tissue factor by or the factor IXa—Villa com-
Kallikrein also participates in the fibrinolytic system and in- plex. After formation of factor Xa, the next step involves factor
flammation (Bennett et al, 1987). V, a cofactor, which (like factor VIII) has activity after modifi-

A middle phase of intrinsic clotting begins with the first cation by another enzyme such as thrombin. Factor Xa-Va,
calcium-dependent step, the activation of factor IX by factor in the presence of calcium and platelet phospholipids, then
XIa. Factor IXa subsequently activates factor X. Factor VIII converts prothrombin (factor II) to thrombin. Like the conver-
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FIG. 3. Mechanisms of clotting factor interactions. Clotting is initiated by either an intrinsic or
extrinsic pathway with subsequent factor interactions which converge upon a final, common path.

sion of factor X, prothrombin activation is effectively surface
catalyzed. The higher plasma concentration of prothrombin
{Table 1), as well as the biologic amplification of the clotting
system, allows a few molecules of activated initiator to generate
a large burst of thrombin activity. Thrombin, in addition to
its ability to modify factors V and VIII and activate platelets,
acts on two substrate: fibrinogen and factor XIII. The action of
thrombin on fibrinogen releases small peptides from fibrinogen
(e.g., fibrinopeptide A) which can be assayed in plasma as

FIG. 4. Contact activation. The initial event in vitro is the adsorption of
factor XII to a negatively charged surface (hatched, horizontal ovoid) where it
is activated to form factor XHa. Factor XHa converts prekallikrein to kallikrein.
Additional factor XHa and kallikrein are then generated by reciprocal activation.
Factor Xlla also activates factor XIa. Both prekallikrein and factor XI bind to
a cofactor, high-molecular-weight kininogen (HMWK; dotted, vertical ovoid),
which anchors them to the charged surface.

evidence of thrombin activity. The fibrin monomers so formed
polymerize to become a gel. Factor XIII is either trapped within
the clot or provided by platelets, and is activated directly by
thrombin. A tough, insoluble fibrin polymer is formed by inter-
action of the fibrin polymer with factor XHIa.

CONTROL MECHANISMS

Obviously, the body has mechanisms for avoiding massive
thrombus formation once coagulation is initiated. At least four
types of mechanisms may be considered. First, blood flow may
reduce the localized concentration of precursors and remove
activated materials by dilution into a larger volume. Also re-
lated to blood flow is the rapid removal of inactivated factors
by passage through the liver. Second, the rate of several clotting
reactions is fast only when the reaction is catalyzed by a surface.
These reactions include the contact reactions, the activation
of factor X by factor VII-tissue factor at sites of tissue injury,
and reactions which are accelerated by locally deposited plate-
let masses (activation of factor X and prothrombin). Third,
there are naturally occurring inhibitors of coagulation enzymes,
such as antithrombin III, which are potent inhibitors of throm-
bin and other coagulation enzymes (plasma levels of thrombin—
antithrombin III complex can also be assayed as a measure of
thrombin production in vivo). Fourth, during the process of
coagulation, enzymes are generated which not only activate
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FIG. 5. Integrated hemostatic reactions between a foreign surface and platelets, coagulation factors, the vessel endotheiium,
and the fibrinolytic system.

coagulation factors, but also degrade cofactors. For example, nett et al., 1987). A simplified scheme of the fibrinolytic path-
the fibrinolytic enzyme plasmin (see below) degrades fibrinogen way is shown in Fig. 6.
and fibrin monomers, and can inactivate cofactors V and VIII. The most well-studied fibrinolytic enzyme is plasmin, which
Thrombin is also removed when it binds to thrombomodulin, circulates in the inactive form as the protein plasminogen.
a protein found on the surface of blood vessel endothelial Plasminogen adheres to a fibrin clot, being incorporated into
cells. The thrombin—thrombomodulin complex then converts the mesh during polymerization. Plasminogen is activated to
another plasma protein, protein C, to an active form which plasmin by the actions of plasminogen activators which may
can also degrade factors V and VIII. The relative importance of be present in blood or released from tissues, or which may be
these inactivation pathways is only now becoming understood administered therapeutically. Important plasminogen activa-
(Hanson et al., 1993). tors occuring naturally in man include tissue plasminogen acti-

In summary, the platelet, coagulation, and endothelial sys- vator (tPA) and urokinase. Following activation, plasmin di~
tems interact in a number of ways which promote localized gests the fibrin clot, releasing soluble fibrin—fibrinogen
hemostasis while preventing generalized thrombosis. Figure 5 digestion products (FDP) into circulating blood, which may
depicts some of the relationships and inhibitory pathways be assayed as markers of in vivo fibrinolysis (e.g., the fibrin
which apply to blood reactions following contact with both D-D dimer fragment),
natural and artificial surfaces.

Flbrinotysis

The fibrinolytic system removes unwanted fibrin deposits
to improve blood flow following thrombus formation, and to
facilitate the healing process after injury and inflammation. It is
a multicomponent system composed of precursors, activators,
cofactors and inhibitors, and has been studied extensively
(Coleman etal., 1994; Forbes and Courtney, 1987; Thompson
and Marker, 1983). The fibrinolytic system also interacts with
the coagulation system at the level of contact activation (Ben-

FIG. 6. Fibrinolytic sequence. Plasminogen activators, such as tissue plasmin-
ogen activator (tPA) or urokinase, activate plasminogen to form plasmin. Plasmin
enzymatically cleaves insoluble fibrin polymers into soluble degradation products
(FDP), thereby effecting the removal of unnecessary fibrin clot.
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Complement surfaces that activate complement), resulting in their marked
depletion from circulating blood. Activated white cells,

The complement system is primarily designed to effect a through their enzymatic and other activities, may produce
biologic response to antigen-antibody reactions (Chapter 4.3). organ dysfunction in other parts of the body. In general,
Like the coagulation and fibrinolytic systems, complement pro- the importance of white cell mechanisms of thrombosis and
terns are activated enzymatically through a complex series of thrombolysis, in relation to other pathways, remains to
reaction steps (Bennett et al., 1987). Several proteins in the j,e determined,
complement cascade function as inflammatory mediators. The
end result of these activation steps is the generation of an
enzymatic complex which causes irreversible damage (by lytic
mechanisms) to the membrane of the antigen-carrying cell
(e.g., bacteria). CONCLUSIONS

There are a number of interactions between the comple-
ment, coagulation, a n d f i b r i n o l y t i c systems which have been . 1 1 1 , 1 , - - • - ,

i i u /u ' i ino-7\ -ru ^u u Interrelated blood systems respond to tissue injury m orderreviewed elsewhere (Bennett e t al., 1987). Ihus, there has . . . . . . , , , , , , , ,
, - j . i • i 11 c i to quickly minimize blood loss, and later to remove unneededbeen considerable interest in the problem of complement ^ • f i ,. i i TO« -r • , /-

, -c • i c. u - u u u * j deposits after healing has occurred. When artificial surfacesactivation bv artificial surfaces, which has been prompted r . . , r , , , . .
. , ', , . , , - , - , c are exposed, an imbalance between the processes of activationm particular by observations that devices having large surface , , , .. . . , . . , . ,

, , j. , , / 1 Y - , . - and inhibition of these systems can lead to excessive thrombusareas (e.g., hemodialyzers) may cause (1) reciprocal activation /• • j j - n «rn •»
, i j u- u j formation and an exaggerated inflammatory response, whilereactions between complement enzymes and white cells, and , . . . . f° „ . , . ,

,-v , . - , • , ,. ^ i .1 , . many of the key blood cells, proteins, and reaction steps have(2) complement activation which may mediate both white , .. . / . , , . , : , . . . . f , r,
n j i i JL • r i £ T? u u been identified, their roles in limiting the usefulness of mostcell and platelet adhesion to artificial surfaces. Further obser- ,. i , • • <• „ r > ^ - •,»

j. i , • • •, • cardiovascular devices is not fully understood. This will ensurevations regarding the complement activation pathways in- . . . , - t , , . - , ,
i j • , i j • i • *• n i * • u nature interest in studying blood reactions triggered by sur-volved in blood-materials interactions are likely to yield , ' ° && /

. , , face contact.important insights.
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4.6 TUMORIGENESIS AND BlOMATERIALS A11 tumors» beni§n and malignant, have two basic compo-
F /y ' h I S h nents: (1) proliferating neoplastic cells that constitute their

parenchyma, and (2) supportive stroma made up of connective
tissue and blood vessels. Although the parenchyma of neo-

GENE.RAL CONCEPTS plasms represents their underlying nature, the growth and evo-
lution of neoplasms are critically dependent on the stroma,

Neoplasia, which literally means "new growth," is the pro- usually composed of blood vessels, connective tissue, and in-
cess of excessive and uncontrolled cell proliferation (Cotran flammatory cells. The characteristics of benign and malignant
et aL, 1994). The new growth is called a neoplasma or tumor tumors are summarized in Table 1.
(i.e., a swelling, since most neoplasms are expansile, solid
masses of abnormal tissue). Benign tumors do not penetrate
(invade) adjacent tissues, nor do they spread to distant sites.
They remain localized, and surgical excision can be curative ASSOCIATION Of IMPLANTS WITH HUMAN AND
in many cases. In contrast, malignant tumors, or cancers, not ANIMAL TUMORS
only have a propensity to invade contiguous tissues, but also
have the ability to gain entrance into blood and lymph vessels. The possibility that implant materials could cause tumors
Thus, cells from a malignant neoplasm can be transported to or promote tumor growth has long been a concern of surgeons
distant sites, where subpopulations of malignant cells take up and biomaterials researchers. Although cases of both human
residence, grow, and again invade as satellite tumors (metasta- and veterinary implant-related tumors have been reported, neo-
ses). Most cancers do not have an identifiable cause and the plasms occurring at the site of implanted medical devices are
general mechanisms of carcinogenesis remain largely obscure. unusual, despite the large numbers of implants used clinically

The primary descriptor of any tumor is its cell or tissue of over an extended period of time (Black, 1988; Pedley et aL,
origin. Benign tumors are identified by the suffix "oma," which 1981; Schoen, 1987).
is preceded by reference to the cell or tissue of origin (e.g., Whether there is a causal role for implanted medical devices
adenoma—from an endocrine gland; chondroma—from carti- in local or distant malignancy remains controversial. However,
lage). The malignant counterparts of benign tumors carry simi- recent cohorts of patients with both total hip replacement and
lar names, except that the suffix carcinoma is applied to cancers breast implants show no detectable increases in tumors at the
derived from epithelium (e.g., squamous-or adeno-carcinoma) implant site (Berkel et aL, 1992; Deapen and Brody, 1991;
and sarcoma (e.g., osteo-or osteogenic or chondro-sarcoma) to Mathiesen et aL, 1995). Indeed, a recent clinical and experi-
those of mesenchymal origin. Neoplasms of the hernatopoietic mental study suggested a protective effect of silicone against
system, in which the cancerous cells are circulating in blood, breast cancer (Su et aL, 1995). However, one study suggested
are called leukemias; solid tumors of lymphoid tissue are called a small increase in the number of lung and vulvar cancers in
lymphomas. The major classes of tumors are illustrated in patients with breast implants (Deapen and Brody, 1991).
Fig. 1. The vast majority of malignant neoplasms induced by clinical

Cancer cells express varying degrees of resemblance to the and experimental foreign bodies in both animals and humans
normal precursor cells from which they derive. Thus, neoplastic are sarcomas of various histologic subtypes, incuding fibrosar-
growth entails both abnormal cellular proliferation and modi- coma, osteosarcoma (osteogenic sarcoma), chondrosarcoma,
fication of the structural and functional characteristics of the malignant fibrous histiocytoma, angiosarcoma, etc., and are
cell types involved. Malignant cells are generally less differenti- characterized by rapid and locally infiltrative growth. Carcino-
ated than normal cells. The structural similarity of cancer cells mas, reported far less frequently, have usually been restricted
to those of the tissue of origin enables specific diagnosis (source to situations where an implant has been placed in the lumen of
organ and cell type); moreover, the degree of resemblance an epithelium-lined organ. Reported cases of human implant-
usually predicts the biologic behavior of the cancer (which related tumors include sarcomatous lesions arising adjacent
determines the expected outcome for, often called prognosis to metallic orthopedic implants (including fracture fixation
of, the patient). Therefore, poorly differentiated tumors gener- devices and total joint replacements) and vascular grafts. Illus-
ally are more aggressive (i.e., display more malignant behavior) trative reported cases are noted in Table 2; descriptions of
than those that are better differentiated than their malignant other cases are available (Goodfellow, 1992; Jennings et aL,
counterparts. The degree to which a tumor mimics a normal 1988; Jacobs et aL, 1992). A tumor forming adjacent to a
cell or tissue type is called its grade of differentiation. The clinical vascular graft is illustrated in Fig. 2. A distant primary
extent of spread and other effects on the host determine its tumor (gastric cancer) metastasizing to a total knee replacement
stage. has also been reported (Kolstad and Hogstorp, 1990).

Neoplastic growth is unregulated. Neoplastic cell prolifera- Caution is necessary in implicting the implant in the forma-
tion is therefore unrelated to the physiological requirements tionof a neoplasma; demonstration of a tumor occurring adja-
of the tissue, and is unaffected by removal of the stimulus which cent to an implant does not necessarily prove that the implant
initially caused it. These characteristics differentiate neoplasms caused the tumor. Neoplasms are common in both humans
from (1) normal proliferations during fetal or postnatal growth, and animals and can occur naturally at the sites at which
(2) normal wound healing following an injury, and (3) hyper- biomaterials are implanted. Most clinical veterinary cases have
plastic growth to adapt to a physiological need, but which been observed in dogs, a species with a relatively high natural
ceases when the stimulus is removed. frequency of osteosarcoma and other tumors at sites where
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FIG. 1. Types of malignant tumors. (A) Carcinoma, exemplified by an adenocarcinoma (gland formation noted by arrow).
(B) Sarcoma (composed of spindle cells). (C) Lymphoma (composed of malignant lymphocytes). All stained with hematoxyiin
and eosin; all x310.

orthopedic devices are implanted. Moreover, spontaneous hu- injected as a soft tissue sclerosing agent (Weiss et al., 1978),
man musculoskeletal tumors are not unusual. However, since and foreign body reaction to silicone that has migrated from
sarcomas arising in the aorta and other large arteries are rare, either finger joint or breast prostheses to lymph nodes could
the association of primary vascular malignancies with clinical cause a mass lesion that stimulates a neoplasm on physical
polymeric grafts may be stronger than that with orthopedic examination (Christie et al., 1977; Hausner et al., 1978).
devices. Despite the possibility that the initiating factor for Implant-related tumors have been reported both short and
orthopedic implant tumorigenesis could be metal particulates long term following implantation. The period of latency is
that are worn off the implant (Harris, 1994), no unequivocal usually relatively long, but over 25% of tumors associated
case of metal particles provoking malignant transformation of with foreign bodies have developed within 15 years, and over
tissue has been reported. 50% within 25 years (Brand and Brand, 1980). Cancer at

Benign but exuberant foreign body reactions may simulate foreign body sites may be mechanistically related to that which
neoplasms. For example, fibrohistiocytic lesions resembling occurs in association with asbestosis (i.e., lung damage caused
malignant tumors may occur as a reaction to silica, previously by chronic inhalation of asbestos), lung or liver scarring, or
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TABLE 1 Characteristics of Benign and Malignant Tumors chronic bone infections; all are diseases in which tissue fibrosis
———— is a prominent characteristic (Brand, 1982). However, in con-

Characteristics Benign Malignant trast to the mesenchymal origin of most implant-related tu-
— ~ — — — mors, other cancers associated with scarring are generally de-
Differentiation Well defined; structure Less differentiated rive£j from adjacent epithelial structures (e.g., mesothelioma

may be typical of tis- with bizarre (ana- wkh asebestosis). Moreover, chemical carcinogens, such as
sue of ongui plastic) cells; of- nitrosamines or those in tobacco smoke, may potentate scar-

ten atypical . ,
associated cancers,structure

Rate of growth Usually progressive and Erratic, and may be
slow; may come to a slow to rapid; mi- PATHOBIOLOGY Of FOREIGN
standstill or regress; toses may be ab- BODY TUMORIGENESIS
cells in mitosis are sent to numerous
rare and abnormal

, . . n 11 i • T 11 The pathogenesis of implant-induced tumors is not well
Local invasion Usually cohesive, expan- Locally invasive, in- , « • i i • i- i i • i

sile, well-demarcated filtrating adja- understood, yet most experimental data indicate that physical
masses that neither in- cent normal effects rather than the chemical characteristics of the foreign
vade nor infiltrate tissues body primarily determine tumorigenicity (Brand et al, 1975).
the surrounding nor- Tumors are induced experimentally by materials of any kind
mal tissues or composition, including those that could be considered essen-

Metastasis Absent Frequently present; tially nonreactive, such as certain glasses, gold or platinum,
larger and more and other relatively pure metals and polymers. Solid materials
undifferentiated with a high surface area are most turnorigenic. Materials lose
primary tumors their tumorogenicity when implanted in pulverized, finely
are more likely shredded, or woven form, or when surface continuity is inter-
to metastasize rupted by multiple perforations. This trend is often called the

Oppenheimer effect. Thus, foreign body neoplasia is a transfor-
mation process mediated by the physical state of implants and
is largely independent of their composition, so long as they
are sufficiently chemically inert.

TABLE 2 Tumors Associated with Implant Sites in Humans—Representative Reports

Postimplantation
Device (adjacent material)* Tumor* References (years)

Fracture fixation
Intramedullary rod (V) L MacDonald (1981) 17

Srmth-Petersen (V) OS Ward et d. (1987) 9

Total hip

Charnley—Mueller 2
(UHMWPE, PMMA) MFH Bago-Granell et al. (1984)

Mittlemeier (A12O3) STS Ryu et al. (1987) 1 +
Charnley-Mueller 10

(UHMWPE) OS Martin et al. (1988)
Charnley-Mueller 12

(SS, PMMA) SS Lamovec et al. (1988)

Total knee
Unknown (V) ES Weber (1986) 4

Vascular graft
Abdominal aortic graft (D) MFH Weinberg et al (1980) 1 +
Abdominal aortic graft (D) AS Fehrenbacker et al. (1981) 12

"Materials: D, Dacron; PMMA, poly(methacrylate) bone cement; SS, stainless steel, UHMWPE, ultrahigh molecu-
lar-weight-polyethylene; V, Vitallium.

*Tumor types: AS, angiosarcoma; ES, epithelioid sarcoma; L, lymphorna; MFH, malignant fibrous histiocytoma;
OS, osteosarcoma; SS, synovial sarcoma; STS, soft tissue sarcoma.
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FIG. 2. Sarcoma arising 1 year following and in association with Dacron graft repair of abdominal aortic aneurysm, (A)
and (B) Gross photographs (graft designated by arrow). (C) and (D) Histologic appearance of tumor. (C) and (D) Stained with
hematoxylin and eosin. (C) x49, (D) x300. [(A), (C), and (D) reproduced by permission from D. S. Weinberg and B. S. Maini,
Cancer 46, 398-402, 1980.]
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TABLE 3 Steps in Implant- clonal preneoplastic cells with the foreign body surface; (4)
Associated Tumorigenesis: A Hypothesis" final maturation of preneoplastic cells; and (5) sarcomatous

• proliferation.
1 Cellular foreign body reaction The essential hypothesis is that initial acquisition of neoplas-
2. Fibrous capsule formation tic potential and the determination of specific tumor character-
3. Preneoplastic cells contact implant surface dur- istics does not depend on direct physical or chemical reaction

ing quiescent tissue reaction between susceptible cells and the foreign body, and, thus, the
4. Preneoplastic cell maturation and proliferation foreign body Per se P^bably does not initiate the tumor. How-
. ~ , ever, although the critical initial event occurs early during the3, iumor growth ,- . , , . ,, . . . °

foreign body reaction, the final step to neoplastic autonomy
•Following K. G. Brand and colleagues. is accomplished only when preneoplastic cells attach them-

selves to the foreign body surface. Subsequently, maturation
and proliferation of abnormal mesenchymal cells occur in this
relatively quiescent microenvironment, a situation not permit-
ted with the prolonged active inflammation associated with
less inert implants.

Solid-state tumorigenesis depends on the development of Thus, the critical factors in sarcomas induced by foreign
a bland fibrous capsule around the implant. Tumorigenicity bodies include implant configuration, fibrous capsule develop-
corresponds directly to the extent and maturity of tissue ment, and a period of latency long enough to allow progression
encapsulation of a foreign body and inversely with the to neoplasia in a susceptible host. The major role of the foreign
degree of active cellular inflammation. Thus, an active, body itself seems to be that of stimulating cell maturation
persistent inflammatory response inhibits tumor formation and proliferation. The rarity of human foreign body-associated
in experimental systems. Host (especially genetic) factors tumors suggests infrequent cancer-prone cells in human foreign
also affect the propensity to form tumors as a response to body reactions.
foreign bodies. Humans are less susceptible to foreign
body tumorigenesis than are rodents, the usual experimental
model. In rodent systems, tumor frequency and latency
depend on species, strain, sex, and age. Questions have
recently been raised over the possibility that foreign body CONCLUSIONS
neoplasia can be induced by the release of needlelike parti-
cles from composites in a mechanism that is analogous Neoplasms associated with therapeutic clinical implants are
to that of asbestos-related mesothelioma. However, animal rare; causality is difficult to demonstrate. Experimental im-
experiments suggest that particles require very high length- plant-related tumors are induced by a large spectrum of materi-
to-diameter ratios (>100) to produce this effect. Such parti- als and biomaterials, dependent primarily on the physical and
cles are highly unlikely to arise as wear debris from orthope- not the chemical configuration of the implant. The mechanism
die implants. of tumor formation, yet incompletely understood, appears re-

Chemical induction of tumors is possible and merits lated to the implant fibrous capsule.
concern. Implants of chromium, nickel, cobalt, and some of
their compounds, either as foils or debris, are carcinogenic
in rodents (Swierenza et al, 1987). Moreover, even "nonbio-
degradable" and "inert" implants have been shown to contain Bibliography
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devices retrieved from infected surgical wounds (Gristina etai, tant to infection (by virtue of cell membranes and eukaryotic
1980a, b). The authors hypothesized that microbial adhesion extracellular polysaccharides). Bacterial colonies, if they are
to biomaterials and compromised tissues, and production of established on biomaterial surfaces, destroy tissue and are resis-
extracapsular polysaccharides (slime) were the molecular tant to antibodies and host defense mechanisms,
mechanisms for and explained in part (1) the susceptibility of The density of an implanted biomaterial is directed by a
biomaterial sites to infection (Gristina et al., 1980a, b), (2) virtual "race for the surface" between bacteria, tissue cells,
resistance to antibiotic treatment and host defenses, (3) diffi- and matrix molecules. Adhesive or integrative processes for
culties in identifying the organisms involved, and (4) the persis- bacteria or tissue cells, respectively, are based on similar molec-
tence of infection until the prosthesis was removed (Gristina ular mechanisms (Fig. 1).
et al., 1980a, b). In natural environments bacteria are surface creatures

In 1980, Beachey emphasized that bacterial adherence to and 99% of their biomass exists on surfaces rather than in
tissue cells was the primary molecular mechanism for bacterial floating or planktonic forms. Exposure at surgery or from
infection in man and animals. In 1980 and 1981, Gristina et bacteremia later as a result of dental immunologic diseases
al. (1980a, b), Costerton and Irvin (1981), Peters etal. (1981), may allow ubiquitous microorganisms to colonize a biomate-
and Beachey (1981) reported bacterial adhesion to metals and rial first, resulting in infection and preventing tissue integra-
polymers as a cause of biomaterial-centered infection. tion. Bacteria have adapted to colonize inanimate substrata

In 1985, Gristina (Gristina et al., 1985) indicated that com- in nature as well as specific cell surfaces in animal and plant
promised tissues and bone were the target substrata for bacte- hosts. The colonization potential of most synthetic surfaces
rial colonization in osteomyelitis. In 1988, cartilage and colla- for bacteria is high compared with tissue cells because such
gen were clearly identified as the specific ligands and substrata surfaces are acellular, inanimate, and resemble substrata in
for bacterial adhesion in intraarticular sepsis (Voytek et al., nature. Materials and damaged tissues are ideal sites of
1988). colonization; infection is thus spread to and damages adjacent

tissues. It is logical that infection may be prevented by
encouraging colonization (integration) of material surfaces

THE RACE FOR THE SURFACE by healthy tissue cells, which then occupy available binding
sites on biomaterials and form a new layer somewhat resistant

A r i t j j- r u • ,. • «. • to bacterial colonization.A full understanding of host—environment interactions in
the pathogenesis of infection also requires an appreciation
of how tissue cells respond to biomaterials. Biomaterials
cause significant perturbations both locally and systemically IMPLANT INFECTION (FOREIGN BODY EFFECT)
in recipient milieus. A stage is set at the site of implantation
on which the players (bacteria, host cells, and organic moie- The features of implant-associated sepsis include (1) a bio-
ties) interact and compete and for which the host is a material or damaged tissue substratum, (2) adhesive bacterial
reactive audience, colonization of the substratum, (3) resistance to host defense

Infection around biomaterials and damaged tissues is caused mechanisms and antibiotic therapy, (4) characteristic bacteria
by bacterial adhesion to those surfaces. Tissue integration, the such as S. epidermidis and Pseudomonas aeruginosa, (5) speci-
adhesion (chemical bonding) of tissue cells to a biomaterial, ficity of phenomena (material, organism, host location), (6)
has not been programmed by natural evolution. The processes the transformation of nonpathogens or opportunistic patho-
of tissue integration and bacterial adhesion are biochemically gens into virulent organisms by the presence of a biomaterial
parallel, may be competitive, and may be mutually exclusive. substratum, (7) polymicrobiality, (8) persistence of infection
Surfaces well colonized by healthy tissue cells tend to be resis- until removal of the substratum, (9) the absence of tissue inte-

FIG. 1. At the instant of insertion, a biomaterial represents a ready surface for colonization. The outer atomic layers
of biomaterial surfaces interact instantly with the juxtaposed biologic environment. Macromolecules, bacteria, and tissue
cells compete for surface domains at the reactive interface. (Reprinted with permission from Science 237:1588-1595,1987.)
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FIG. 2. Ruthenium red-stained material encompasses bacteria within clusters, and flocculent material appears to provide
continuity with lens surface. (Reprinted with permission from Science 237: 1588—1595, 1987.)

gration at the biomaterial-tissue interface, and (10) the pres- S. aureus is frequently the major pathogen isolated from
ence of tissue cell damage or necrosis. metallic-related bone, joint, and soft tissue infections. It is

the most common pathogen isolated in osteomyelitis when
damaged or dead bone acts as a substratum (Cierny et al.,
1986; Gristina et al., 1985). Infection by S. aureus, which is a

BACTERIAL PATHOGENS (CLINICAL AND natural tissue pathogen, may be directed in part by the damaged
i AB/tDATrtDv r\ncEDi/ATis\iuc\ tissue and matrix environment around implants,
LABORATORY OBSERVATIONS) Pseudomonas aeruginosa, S. epidermidis, and bacterial ker-

atitis organisms are the primary causes of infection from ex-
Studies of clinical retrievals indicate that a few species seem tended-wear contact lenses (Slusher et al., 1987; Wilson et al.,

todominatebiomatenal-centeredinfections.S.^^m^and 1981) Pseudomonas aeruginosa appears to be the primary
S. aureus have been most frequently isolated from infected pathogen at special sites (extended-wear contact lenses; Slusher
biomaterial surfaces, but Escherichia coli, Pseudomonas aeru- eta\^ 1987) ancj &e totai artificiai heart (Christina etal, 1988)
ginosa, Proteus mirabilis, /8-hemolytic streptococci, and entero- (fig. 2).
cocci have also been isolated (Christensen et al, 1985; Gristina Substratum-centered infections are also frequently polymi-
etal., 1987; Surgarman and Young, 1984). Pseudomonas aeru- crobial. Two-thirds of osteomyelitic infections in adults are
ginosa, P. maltophila, and P. stutzeri in combination with S. polymicrobial (Gristina et al, 1985). The pathogens isolated
epidermidis are associated with Jarvik VII infections, along are S. aureus and S. epidermidis, and Pseudomonas, Enterococ-
with Candida albicans (Dobbins et al., 1988). cus, Streptococcus, Bacillus, and Proteus species.

S. epidermidis, a commensal human skin saprophyte, is a Bacteria are divided into two major groups: gram positive
primary cause of infection of implanted polymeric biomaterials and gram negative organisms. Within each of these major cate-
such as total artificial hearts, total joints, vascular grafts, cathe- gories, there are a number of different genera and species that
ters, and shunts (Gristina et al., 1987). have short reproduction times, allowing for significant changes
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FIG. 3. In vitro comparison of colonization of S. epidermidis (SE-360) and S. aureus (SA-WF1) strains of different
biomaterials [i.e., PMMA, multiphase cobalt chromium nickel alloy (MP35N), 316-stainless steel, and vitalliumj.
At 1 hr, S. aureus reaches a temporary maximum. Slime was visible after 4 hr. At 24 hr, there was significantly
greater colonization of polymers over metals by S. epidermidis and of metals over polymers by S. aureus. Observed
maximum colonization was at 24 hr.

in genetic and phenotypic expression. Thus, when studying of streptococcus was altered by changing the culture nutrients,
bacterial adhesion mechanisms, great variability in expression pH, and surface hydrophobity, such varying degrees of adher-
of these mechanisms can be expected. ence occurred that no correlation could be made for surface

Reviews of the literature on bacterial adherence to biomate- hydrophobity and adherence. The differences seen with differ-
rials suggest that binding is very species specific. Dankert and ent growth conditions in their study were attributed to the
Hogt (Dankert et al., 1986) have presented data indicating organism's ability to phenotypically change with environmen-
that S, epidermidis species bind more readily to hydrophobic tal conditions. These observations are chemically relevant to
than to hydrophilic surfaces (polytetrafluorethylene-cohex- treating biomaterial-adherent organisms with antibiotics since
afluoropropylene versus cellulose acetate), again noting a spe- bacterial metabolism on a biomaterial surface is different that
cies specificity. for planktonic or suspended forms, resulting in phenotypic

Data from our laboratory reveal that binding of S. epider- changes in adherent organisms (Gristina et al., 1989) which
midis strains to stainless steel, ultrahigh-molecular-weight increase resistance to antibiotics.
polyethylene (UHMWPE), and poly(methyl methacrylate) Direct examination of in situ retrievals of biomaterials, tis-
(PMMA) is influenced by the biomaterial composition and the sues, and osteomyelitic bone from infected sites indicates that
organism's ability to elaborate an extracellular polysaccharide. causative bacteria grow in biofilms that adhere to biomaterials
Three species of S. epidermidis adhered more to PMMA than and tissues. Scanning and transmission electron microscopy
the other biomaterials. The production of exopolysaccharide demonstrate that the infecting bacteria aggregate in coherent
slime increased adherence to the biomaterials by one order microcolonies in an extensive adherent biofilm. Accurate mi-
of magnitude. crobiological sampling of adhesive infections is difficult. The

Laboratory studies of comparative colonization of bioma- analysis of joint fluids, swabs of excised tissue, and prosthetic
terials (S. epidermidis and S. aureus) have indicated that surfaces usually yields growth of only one species from what
initial attachment times for S. epidermidis were longer than is frequently a polymicrobial population. Combined electron
for S. aureus to all materials. Slime production is evident microscopic and multiple laboratory studies of tissue homoge-
after 4 hr of incubation for both strains. S. epidermidis has nates show additional species. Antibiotics chosen by conven-
a significantly greater preference for polymers than metals. tional minimum incubation concentration (MIC) methods, that
S. aureus has a greater affinity for metals than polymers) is, tests of antibiotic effects on suspension populations from
Gristina et al., 1987) (Fig. 3). Knox et al. (1985) demon- inaccurate retrievals of organisms present in biofilm infections,
strated that when the culture environment for a single species will not be effective (Gristina et al., 1989).
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MOLECULAR MECHANISMS Of quence of glycoprotein adsorbates, have not been elucidated.
CELL-TO-SURFACE ADHESION Interactions can be assumed to be specific to the host environ-

ment, the material involved, and the type of cells involved in

Molecular mechanisms in cell-to-surface adhesion are sug- adhesion or integration (Baier et al, 1984; Dankert et al,
gested by generalizations from colloid chemistry, microbiology, 19o6).
biochemistry, and physics. Bacterial particles less than I pm The substratum and cell surface are usually negatively
in size may be thought intially to behave as in colloid systems. charged, repelling each other, van der Waals forces act to
The following model, in the main applicable to bacteria and position a particle or bacterium near the surface {Dankert et al.,
in part to tissue cells, is derived from the suggestions of 1986). Hydrophobic interactions also present at most bacterial
many authors. surfaces are stronger than repulsive forces and tend to attract

Microorganisms are exposed to the surface of a biomaterial, a bacterium to within a few nanometers of the surface. Within
foreign body, or tissue substrata by direct contamination, con- 1 nm of the surface, short-range chemical interactions (ionic,
tiguous spread, or hematogenous seeding. The outer atomic hydrogen, and covalent bonding) are possible between bacterial
layers of biomaterial surfaces are not completely saturated extracapsular molecules and the outer atomic layers of a surf ace
at the surface of a material implant and especially at grain or surface adsorbates.
boundaries and therefore present high energy sites and dangling Initial attachment (reversible nonspecific adhesion) depends
bond energy profiles that act as available binding sites (Tromp on the general physical characteristics of the bacterium, the
et ai, 1986). Metallic implants have a thin but variable (100 fluid interface, and the substratum. Subsequent to attachment,
to 200 A) oxide layer perturbed by inconsistencies of stoichi- specific irreversible adhesion may occur as a time-dependent
ometry that act as the true interface. Polymer surfaces also chemical process involving chemical binding, hydrophobic in-
present reactive sites. The numbers of binding sites are modified teractions, and specific receptor—ligand interactions, as well as
by surface texture, manufacturing processes, trace chemicals, nonspecific exopolysaccharide polymer-to-surface interactions
debris, and ionic and glycoproteinaceous constituents of the (Christensen, 1985; Savage, 1985) (Fig. 4).
host environment. Surface steps and kinks, especially at grain Fimbria, pili, curli, or other receptor appendages may
boundaries, may act as catalytic stages for molecular and cellu- interact with surfaces at distances greater than 15 nm,
lar activities (Gristina et al., 1987; Lehninger, 1982). Profiles bridging repulsive forces (Christensen, 1985; Oga et al.,
of biomaterial surfaces in biologic environments, including 1988). Fimbriae may also react nonspecifically (by charge
electronic state, oxidation layers, contamination level, and se- or hydrophobic interaction) with implant surfaces. Bacterial

FIG. 4. Molecular sequences in bacterial (B) attachment, adhesion, and aggregation to substratum. (Reprinted with permission
from Science 237: 1588-1595, 1987.)
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exopolysaccharides may also bind nonspecifically to surfaces ized tissue and bone in a biological environment are passive
or to surface adsorbates, facilitating cell-to-cell aggregation and susceptible substrata because they are inanimate and do
and the formation of rnicrocolonies (Gristina et al., 1988; not resist infection. In fact, regardless of "inertness," they are
Gibbons and van Houte, 1980; Savage and Fletcher, 1985). physiocochemically active and may directly modulate adhesion
When environmental conditions such as temperature, nutrient or interact with host defenses.
substrates, antagonists, and cation balance are favorable, Surface atoms and molecules of metal alloys and polymers
bacterial propagation occurs. It is unlikely that most biomate- are not bound on all sides by bulk phase atoms or molecules,
rials present a receptive substratum for tissue cells such as This imbalance causes changes in the distribution of constit-
bone cartilage or endothelial ceils. uents of the bulk phase (segregation) and rearrangement of

outer atomic layers (relaxation), depending on the ambient,
nonbulk, liquid, or gas environment. Even the most inert alloys
and polymers have oxide defects and reactive zones that will

MATRIX PROTEINS differentially influence adsorption and chemical interactions
at their surfaces. In a like manner, surfaces of tissue cells or

. „ r, - H • - j i - acellular biologic surfaces such a s articular cartilage o r dam-
Albumen, nbronectm, collagen, vitronectm, and other mi- , , ° -r i - j i i - f r

.. . , . , . -c II • aged bone present specific hgands or crystalline races tor recep-
heu proteins play an important role in specifically augmenting . . . .

LIi • L J L • j • £ L • i j • 11 tor binding.or blunting the adhesive tendencies of bacterial and tissue cells, »* , i • i • i c •
, ,. , . j , , . . Most important tor each material is the surface interaction

depending on the concentration and the presence of integnn ... . . . . . i • • i
e . . . 11 j • -i i or the outer atomic layers with environmental moieties, glyco-

receptors tor matrix proteins on tissue cells and a similar class . , , . , . i »
, r , . , „ ™, , , , . j. proteins, elemental constituents, or prokaryotic and eukaryotic

of receptors on bacterial cells. The exact role of each mtermedi- n u n ui-i • a •
. . j , .c i ii • i j cells. Ideally, we would like to influence interactions to promote

ate matrix protein is assumed to be specific to the cell involved, ...,. ,, . , . • f •
, . . . , . . . . ,, T T compatibility and/or integration and resistance to infections,

surface denatunzation, or folding interactions, as well as pH ,, ,' , . , ?
, . ° as well as formal host defense responses.

and cation concentration. ~. . ,, , . , , . , , , ,
T , i i . . , . ,, , , . 1 itanmm alloys used in dental implants have been suggested
Implanted biornatenals are rapidly coated by constituents , ,. ', . . . , / •

, , , j. • • i j- CL • to form a direct bone (osteocyte)-implant contact (osseomte-
of the serum and surrounding matrix, including nbronectm, . . . \ \ \ , k \ \ \ innn ^ •

,, . ri • i • • ii gration at the ultrastructural level (Albrektsson, 1989: Gnst-
osteonectm, vitronectm, albumin, hbrmogen, lammin, colla- r , < n o r , ~. , . ,, , ,. ,

j i i L . j i L • I - L - j //- • ma etal., 1985). utamum and titanium alloy surfaces dtrectlvgen, and covalently bound, short-chain ohgosacchandes (Grist- i j i \\ • n L j • '
• / 1rtn-7 n • i i « o x \ n • i j • 11 colonized by osteoblasts or tissue cells may be protected inma et ai, 1987; Baier et al., 1984). Bacterial and tissue cells , . . , , . . . „ ,

i ii - ,- i • ri r i L part against colonization by bacterial pathogens. Porous coated
m a y then adhere t o constituents o f this him. Eukaryocytes have /• j - i 1 1 1 1 1 « j
, , ,, , j • v ci • j surtaces used without methyl methacrylates have been reported
been shown to adhere to surtaces coated with nbronectm and , , . , /• • f • -r-i \ \

,, ._ mo-? ^ r w? L i mo-7\ /- • recently as having a lower rate of infection. Ihere has beencollagen (Proctor, 1987; Van Wachem et al., 1987 . Certain ' , ,.,, & . . , . , .
. r r, r - j -j- j r- i - i no reported ditterence in mtection rates between porous andstrains of S. aureus, S. epiaermtais, and h. colt have receptors , , , , . , ,, -,, .

, , /, • j n • / T T smooth surfaces ot the same material or alloy. I he increase inor sets of receptors tor nbronectm and collagen epitopes (Her- , . . . . . . / . ,
i 1^00 \ ? j / i n o / i \ c j- i i surtace area in these applications is less than one order ormann etaL. 1988; Vaudaux etal., 1984). Studies have shown , n i • . •

, i • i • i i r j- • • measure and not likely to increase colonization,that pathogenic bacteria have greater numbers ot conditioning r ,. , . .. , , i n - i
Ci i j • -i c L Studies have indicated greater bacterial adhesion to poly-
mm protein receptors than do similar strains ot nonpatho- . . , „ . . . 1 . 1 - , •

. . . mers than to metals tor i. epidermtdis, both tn vitro and tn
g me c ena. ^o /gartj1 et ai ^939. Gristina et al., 1987). Interestingly,

The interaction between conditioning mm proteins and tis- -i • • j i i t • \-\ • • \
, . . , ,, , , , i i • i antibiotic resistance and host defense inhibition may be greater

sue and bacterial cells also depends on the physical state , . , , , ,„ , , ' nri,, , , , , • i i • • i /- for infections centered on polymers (Earth et aL. 1989).
and quantity ot bound proteins on the biomatenal surtace. '
In vitro studies of fibronectin-coated biomaterials demon-
strate that a low concentration of bound fibronectin enhances
bacterial adherence, while a high concentration of bound
fibronectin inhibits binding by the same bacteria (Hermann BIOFILMS
et a/., 1988). Bacterial adhesion may also be decreased by
the presence of albumin. Thus, conditioning protein molecules ,, ,. . . . . , , .

, . r i • L • i JL • j j- Microorganisms in colonies on surtaces rorm layers two tom a y play a variety o t roles in bacterial adhesion, depending i . t ? - 1 - 1 i / n , - i
i • • j - i j- • /T> • hundreds ot organisms thick composed of cellular material,on their concentration and environmental conditions (Baier . . . , . . . . . . . ,
/ 19S4^ extracellular polysacchandes, environmental adsorbates, and

debris. This surface composite is called the biofilm or slime.
In nature, biofilms accumulate to significant thicknesses and
may impede flow in hydraulic systems.

Most organisms within a mature microcolony are not
BIOMATERIALS—THE NATURE Of SURFACES attached to a two-dimensional surface but are fixed within the

three-dimensional structure of the biofilm. Bacterial species in
This section considers the general characteristics of biomate- consortia have shown higher metabolic activities than those

rials as substrata with special regard for their interactions with of free organisms, a characteristic that may be related to cross-
bacteria and tissue. Many implants consist of one or more feeding and the development of suitable microenvironments
metals or polymers. Biomaterials, foreign bodies, and devital- within the adherent biofilm (Paerl, 1985).
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FIG. 5. Surface disruption by wear, corrosion, trauma, or bacterial mechanisms frees metabolites or ions, which are then
available to bacteria (B) within a biofilm microenvironment. At microzones, metal ions required by pathogenic bacteria are not
lost by diffusion and may be shielded from host protein-binding complexes. Bacteria are also protected by biofilms and may
metabolize polymer or tissue components. Interactions occur between exposed receptors on bacteria or surfaces.

Many different species of bacteria may thrive within the tion. For example, iron is an essential element in bacterial
biofilm, with significant interaction and even interdependency growth and virulence (Bullen et al., 1974; Bullen, 1981). How-
between organisms (Hamilton, 1987), such as the growth and ever, free ionic iron is not usually available in the extracellular
activity of anaerobic species within a biofilm that is itself lo- matrix of the human host (Weinberg, 1974). In serum, the
cated in a highly aerobic bulk environment (Gibbons and van concentration of free iron is kept at a low level through binding
Home, 1975; Hamilton, 1984; Paerl, 1985). For example, the by the protein transferrin (Bullen et al., 1974).
formation of dental caries involves a succession of microbes. Biomaterials disrupt these mechanisms (Bullen et a/., 1974)
The primary colonizing aerobic species grows on salivary glyco- by providing a surface for bacterial adhesion, and corrosion of
proteins. Facultative and anaerobic organisms than use the the biomaterial surface, which provides nutrients for bacterial
metabolic products of the primary colonizer and produce dele- propagation and growth.
terious organic acids (Hamilton, 1987). In oil pipelines, hydro- Bacteria may use trace ions such as Mg2+ and Ca2+ to
carbon-degrading bacteria create the anaerobic conditions and stabilize (via acidic groups) expolysaccharides in a gel, which
produce the necessary nutrients for sulfate-reducing bacteria, enhances cell-to-cell and cell-to-surface adhesion and increases
which are the prinicipal cause of anaerobic corrosion (Hamil- resistance to antagonists (Gristina et al., 1987; Fletcher, 1980).
ton 1987) Some synthetic polymers, such as polyurethane and methyl

methacrylate, contain ester bonds that may be hydrolyzed by
staphylococci (Ludwicka et al., 1983).

The formation of slime-enclosed microcolonies allows bac-
teria to compete with host proteins for iron and other nutrients.

WEAR AND TEAR: SUBSTRATA AND MICROZONES Bacteria may accumulate ions such as iron by localization of
metabolites and siderophores (Sriyoschati and Cox, 1986) and

Damage to substrata by wear, corrosion, toxins, viral ef- by sequestering them from binding by transferrin or lactoferrin.
fects, bacterial mechanisms, or biosystemic chemical degrada- The release of free iron from the biomaterial surface may also
tion establishes environmental conditions that microorganisms serve to saturate the iron-binding proteins. The sequence of
can exploit. Surfaces provide an interface for the concentration inflammation, corrosion, reduced pH, increased iron concen-
of charged particles, molecules, and nutrients, or may them- tration, and saturation of iron-binding proteins may result
selves be metabolized (Fig. 5). in increased virulence and inhibition of macrophage function

The microzone may be thought of as an environmental, (Weinberg, 1974; Bullen et al., 1974; Lehninger, 1982).
metabolic microclimate at a surface created by a complex bio- Biofilm development involves not only phases of attach-
film (Paerl, 1985; Stenstrom, 1985). This concept may be ap- ment, growth, and polysaccharide production, but also a phase
plied to implant surfaces on which adhesive, possibly polymi- of detachment (Hamilton, 1987). Portions of the slime-en-
crobial, colonization creates a microclimate of favorable closed microcolony may eventually be detached secondary to
conditions and excludes antagonistic environmental factors. hemodynamic forces or trauma. Detachment may also be a

Under normal conditions, host defense mechanisms are normal feature of a dynamic equilibrium resulting, for example,
available to limit the nutrients necessary for bacterial propaga- from nutrient or oxygen depletion arising within the film (How-
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ell and Atkinson, 1976). These pathogenic inocula may then support the theory that excess extracellular slime impairs
serve as a source of secondary infection and hematogenous phagocytosis by polymorphonuclear leukocytes. Conversely,
septic emboli. the presence of slime alone cannot fully explain the impairment

of host defense mechanisms.
The interaction between phagocytes and a foreign body

ARTIFICIAL ORGANS may somenow exhaust or preempt killing mechanisms. Klock
and Bainton (1976) observed that granulocytes exposed to

_,, i -r • 11 i -r • i • i nylon fibers retained their chemotactic response but had an
The total artificial heart and artificial organs present special • • j L - - j i C J - L L L
. . . . i /• • i T-I impaired bactericidal response. Studies have shown that neu-

problems because they are composed or many materials. I hey t _ - i - - j ^ n « j - • i •• L-Lr . . i . i i . . . . . trophus inside Teflon cages placed in peritoneal cavities exhib-
are implanted in damaged tissue cavities in immuno-compro- • j j j i • j u * • - j i .. „• i j. r . , • -i - i - i • i j rted decreased phagocytic and bactericidal potential and re-
mised patients, and require compatibility between material and , , -J J • IT I ' * 1 tQOA\ A • 'IF . ' „ M . . . F. i l l • duced superoxide production (Zimmcrh et al., 1984). A similar
adjacent tissues. Complexity is increased by the requirement ,, , , , , . , , ,

' „ . . . . i • n • i pattern was noted when normal rabbit alveolar macrophages
for proadhesive tissue system integration and antiadhesive he- j T» \* \*A i. i\t \ * i iaoa\ c\ . ' .. ... ° _ . were exposed to PMMA spheres (Myrvik et al., 1989). rrom
modynamic system compatibility. External power sources , , . if i • i_ j c
, , . , . , - 1 1 • • i j these results, it appears that foreign body surfaces trigger a
(drive lines), traversing body cavities, mucous membranes, and ti , , „ , „ ,, I T • / • L u
\ . . , • c 1 1 slow burst and preempt a second burst it the phagocyte
skin provide a septic gateway tor external pathogens. , , • c • • T • ir r r o subsequently encounters an mtectious organism, it is almost

certain that the killing capacity of such preempted phagocytes
is impaired. If a biomaterial implant surface can be found that

HOST DEFENSE RESPONSE promotes normal tissue integration rather than triggering an
exhausting foreign body inflammatory response, host defense

Host defense or immune mechanisms are invariably dis- mechanisms could be expressed normally.
rupted by the implantation of biomaterials and tissue trans-
plants. The mechanisms of this disruption are unknown.

The quality of the immune and defense responses defines
susceptibility to and the specificity and outcome of infection. ANTIBIOTIC RESISTANCE
Spontaneous bacteremia, trauma, and surgery are common
contributors to infection. For the most part, however, because T r - • i • i • • i j j
, i i r i • i i /• • ! • • j Intections involving biomaterials or damaged tissues are

of normal defense mechanisms and the use of antibiotics and r . .f. . , , . , ,
. . . . i i • • • • often resistant to antibiotic therapy and require the removal

antibiotic prophylaxis in surgery, sepsis is uncommon. L , , , , . ;• . ™ j i
„ . . . , . r , . ot the substrata to resolve the infection. We compared the
Certain patient groups with immune system depression or ., . . . . . . , . . 1 1 1 ^ • j • / •

. . i - 1 i i r,i • i • • antibiotic sensitivities ot biomatenal-adherent i. epidermtdts
aberrations a r e predictably a t risk. Rheumatoid patients mam- J c - 1 1 . . . . , , ,
, j i • • • • • /T^ 11 and i- aureus with the sensitivities of standard suspension
test a spontaneous and somewhat cryptic sepsis in joints (Kell- , , , .... . • j V.

i •,n!-n^ t^- i • e 1 - 1 i t i • cultures to r natcillm, vancomycm, gentamycin, and Dapto-
gren et al.. 195 8). Diabetics, infants, children, the aged, patients . , , . . . . , .,?. . . . /0. , . j. j i j TTT-17 • mycm, and examined antibiotic killing kinetics on surfaces
with vascular disease, drug abusers, and HIV patients are at /xl • , «naa\ T-I i • • i t j • i

, . , ,. -c • • - i (Nayior et al., 1988). 1 he biomaterials colonized were stainless
increased risk from specific organisms, as are patients with , n x * x * A j T TT ™ *\vmr -n . . . . , . ,
, , • i f- i , . j. steel, PMMA, and UHMWPE. The sensitivities obtained were
hematologic abnormalities a n d neoplastic disease. - i r A £ u i . - L £ L - - i j i i - i

XT , . j. . , , , .,- . e , 2- to 250-fold higher for biomatenal-adherent bactena than
Normal individuals rarely it ever contract infections due to , , . . °^ . , . , , , , .

„ . , ... , r u t . j r L tor bacteria in suspension, and were independent ot slime pro-3. eptdermtats unless some aspect o t t h e host defense is abro- , . . .r \ t \ - \ . .
j • j T-I 1-1 i r i i duction and specific not only for the organism but also thegated or compromised. I he most likely component ot the host , . . , „ . „ . „» ,»„ .

j £ , . . j - j - r j biomaterial. Bactena adhering to PMMA were more resistantdefense system to become impaired or compromised in infected . . . . . ° .. . , .
, . . , . , . , , to antibiotics than organisms adhering to stainless steel,
biomaterial implants is the phagocyte system. r1 , . . °, . , ° . / x ^ n ^ x j

r , , . 11 i • j i /• i Elevated minimum bacterial concentrations (MBC) mde-
Staphylococci are extracellular parasites, and therefore the , , ,. , . , . .
. i j /• i • i j i £ pendent ot slime production suggest that extracapsular poly-

major host defense mechanisms involve deployment of two , . , TV?, . , . ., . .
. , , , 1 1 1 / I N sacchandes m a y n o t present a diffusion barrier t o antibiotics

classes of phagocytes: polymorphonuclear phagocytes (early) ^ 1988; Nichols et al., 1988).
and macrophages (late). To promote deployment, chemotactic
factors generated at the site of infection direct phagocytes to
the implant surface—host tissue interface, the focal point of
infection. However, when staphylococci colonize biomaterial
surfaces, the host defense mechanisms seem to be greatly im- FUTURE STRATEGIES
paired.

Extracellular slime produced by S. epidermidis has been The following strategies show promising possibilities:
reported to inhibit T-cell and B-cell blastogenesis, polymorpho-
nuclear leukocyte chemotaxis, opsonization, and chemilumi- 1. Antibiotics, systemically delivered or placed in situ in
nescence, and to enhance the virulence of S. epidermidis in biomaterials, should be more effective because they are
mice (Peters, 1988). Johnson et al, (1986) showed that phago- at surfaces before biomaterial-modified bacterial behav-
cytosis by polymorphonuclear leukocytes of S. epidermidis ior and colonization can occur.
grown on a plastic surface decreased over time. Because slime 2. Pathogens may be predicted for each biomaterial and
production by S. epidermidis is time-dependent, these results tissue type of infection, allowing the selection of correctly



4.7 IMPLANT-ASSOCIATED INFECTION 213

FIG. 6. Biomaterial surface, at left, (e.g., artificial vessel) is programmed by
(1) surface energy state, (2) polysaccharide coating, or (3) glycoprotein coating
for abhesion or adhesion. At site of junction with biologic surface at right (e.g.,
vessel, bone), adhesion or integration by tissue cells (endothelial) is encouraged.

targeted preventive and not resistant-strain-producing
antibiotics.

3. Precolonization of surfaces by healthy tissue cells (osteo-
blasts, fibroblasts, endothelial cells) before implantation
should reduce infection and increase binding to adja-
cent tissue.

4. Genetic modification of eukaryotic host cells should im-
prove tissue integration. Genetic coding for qualities of
increased adhesion may be transformed to endothelial
cells, for example, to allow better endothelialization of
preseeded grafts.

5. Analogs such as peptides and oligosaccharides designed
to fit specific ligand or receptor sites may be used to
block or reverse bacterial adhesion.

6. In a similar fashion, analogs and lectins preadsorbed to
biomaterial surfaces may also encourage adhesion of
specific macromolecules or cells.

7. Biomaterial surfaces will be characterized and interfacial
phenomena defined by advanced instrumentation such
as scanning tunneling microscopy, atomic force micros-
copy, Auger electron spectroscopy, electron spectros-
copy for chemical analysis, and other techniques being
developed.

8. Biomaterial surfaces can be modified for controlled bio-
logic response (Fig. 6) (Gristina et al., 1987, 1988).

In the future, surfaces will be modified by advanced tech-
niques that create a known interface response based on pro-
grammed surface quantum states, directing desired molecular
or cellular interactions. Heavy ion implantation, chemical va-
por deposition, and vacuum evaporation may be used to create
a surface that "directs" tissue or macromolecular integration
to build tissue and hemodynamic systems, rather than bacte-
rial adhesion.
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5 1 INTRODUCTION t^ie Perf°rmance and biological response of the same sheet of
n j j r-» n * cellulose used as a dialysis membrane in an artificial kidney (aBuddy D. Ratner , . . _. }

 f . . . . / v

device). I he pros and cons of testing materials (a relatively low-
cost procedure providing opportunities for carefully controlled

How can biomatenals be evaluated to determine if they are experiments) versus evaluation in a device configuration (an
biocompatible and whether they function appropriately m the expensive and difficult-to-control, but completely relevant, sit-
in vivo environment? This section discusses testing procedures. uation) must always be weighed
A few general comments will clarify key themes and ideas that Jestmg always kads to expenmental vanabllity, particu-
are common to biological testing of all biomatenals. [arly ̂  in Hvmg system$ The more complex the system (

Some biomatenals fulfill their intended function m seconds. a human yersus cdls in culturc)f the larger the variability that
Others are implanted for a lifetime (10 years? 70 years?). Are might be expected. In order to draw defensible conclusions
6-month implantations useful for learning about a device in- from expensive testing? statistics provides an assurance that
tended for 3-mm insertion or another device developed for wjthin a defined probability5 the resuits are meamngfui. Statis-
hfetime implantation? These are not simple questions How- dcs should be used at ̂  stag£S -n tesd biomaterials. Before

ever, they must be addressed and carefully considered in design- an experiment 1S performed, statistical expenmental design
ing a biomatenals testing protocol. wlll indkate ̂  minimum number of samples that must be

Evaluation under m vitro (literally "in glass") conditions evaluated to yield meaningful results. After the experiment is
can provide rapid and inexpensive data on biological interac- completed, statistics will help to extract the maximum useful
tion. However, the question must always be raised whether information (see Chapter 9.7 for further insights on this issue),
the m vitro test is truly measunng what will occur m the much Assistance in the design of many biomaterials tests is avail-
more complex environment m vivo In vitro tests tests minimize aWe through national and internationa| standards organiza-
the use of animals m research, a desirable goal However, this tions ThuS5 ̂  American Sodety for Testing and Materials

must be tempered with an appreciation that the results of m (ASJM) and ̂  International Standards Organization (ISO)
vitro tests may not be relevant to the implant situation. can often provide detailed protocols for widdy accepted? care.

Animals are used in testing biomaterials to model the envi- m thought QUt t£Sting procedures (aiso see chapter W2)

ronment that might be encountered in humans. However there Qther tegting protocols are available through government agen-
is great range in animal anatomy physiology and biochemis- Qes ( Ae Food and Drug Administratlon and the Natlonal

try. WiU the animal model provide data useful for predicting Institutes of Health) and through commercial testing labora-
how a device performs in humans? Without validation through tories
human clinical studies, it is often difficult to draw strong con-
clusions from performance in animals. The first step in design-
ing animal testing procedures is to choose an animal model
that offers a reasonable parallel anatomically or biochemically c ? Mr VfTHO ASSESSMENT Of
to the situation in humans. Experiments designed to minimize _ _
the number of animals needed, ensure that the animals are * '̂ bllE VAJMPATIlSlLITi
treated humanely (e.g., National Institutes of Health guidelines Sharon J. Northup
for the use of laboratory animals), and maximize the relevant
information generated are essential. The term "cytotoxicity" means to cause toxic effects (death,

This is a book on biomaterials, with the emphasis on materi- alterations in cellular membrane permeability, enzymatic inhi-
als. However, there are important differences between implant- bition, etc.) at the cellular level. It is distinctly different from
ing a sheet of cellulose in an animal (a material), and evaluating physical factors that affect cellular adhesion (surface charge of

Biomaterials Science
_ , _ Copyright © 1996 by Academic Press, Inc.
/- 1 J All rights of reproduction in any form reserved.
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a material, hydrophobicity, hydrophilicity, etc.). This chapter culture methods from whole animal studies, which evaluate
reviews the evaluation of biomaterials by methods that use the exposure dose and do not determine the target cell dose
isolated, adherent cells in culture to measure cytotoxicity and of the test substance. This difference in dosage at the cellular
biological compatibility. level accounts for a significant portion of the difference in

sensitivity (i.e., quantitation range) of cell culture methods
compared with whole animal toxicity data. To properly com-
pare the sensitivity of cell culture methods with in vivo studies,

HISTORICAL OVERVIEW data from local toxicity models such as dermal irritation, im-
plantation, and direct tissue exposure should be compared.

Cell culture methods have been used to evaluate the biologi- These models reduce the uncertainties of delivered dose associ-
cal compatibility of materials for more than two decades (Nor- ated with absorption, distribution, and metabolism that are
thup, 1986), Most often today the cells used for culture are inherent in systemic exposure test models,
from established cell lines purchased from biological suppliers
or cell banks (e.g., the American Type Tissue Culture Collec-
tion, Rockville, MD). Primary cells (with the exception of Safety Factors
erythrocytes in hemolysis assays) are seldom used because they
have less assay repeatability, reproducibility, efficiency, and, A highly sensitive test system is desirable for evaluating the
in some cases, availability. Several methods have been validated potential hazards of biomaterials because the inherent charac-
for repeatability (comparable data within a given laboratory) teristics of the materials often do not allow the dose to be
and reproducibility (comparable data among laboratories). exaggerated. There is a great deal of uncertainty in extrapoiat-
These methods have been incorporated into national and inter- ing from one test system to another, such as from animals to
national standards used in the commercial development of new humans. To allow for this, toxicologists have used the concept
products. In addition, there are a wide variety of methods of safety factors to take into account intra- and interspecies
in the research literature that have been used in specialized variation. This practice requires being able to exaggerate the
applications and that are on the leading edge of scientific devel- anticipated human clinical dosage in the nonhuman test system,
opment. These are not discussed in this chapter. As the science In a local toxicity model in animals, there is ample opportunity
of biomaterials evolves, some of these research methods may for reducing the target cell dose by distribution, diffusion,
become incorporated into routine products. metabolism, and changes in the number of exposed cells (be-

cause of the inflammatory response). On the other hand, in
cell culture models, in which the variables of metabolism, distri-
bution, and absorption are minimized, the dosage per cell is

BACKGROUND CONCEPTS maximized to produce a highly sensitive test system.

Toxicity
. , . , , . , . , , , Solubility Characteristics

A toxic material is denned as a material that releases a
chemical in sufficient quantities to kill cells either directly or The principal components in medical devices are water-
indirectly through inhibition of key metabolic pathways. The insoluble materials (polymers, metals, and ceramics), meaning
number of cells that are affected is an indication of the dose that less than one part of the material is soluble in 10,000
and potency of the chemical. Although a variety of factors parts of water. Other components may be incorporated into
affect the toxicity of a chemical (e.g., compound, temperature, the final product to obtain the desired physical, functional,
test system), the most important is the dose or amount of manufacturing, and sterility properties. For example, plastics
chemical delivered to the individual cell. may contain plasticizers, slip agents, antioxidants, fillers, mold

release agents, or other additives, either as components of the
formulation or trace additives from the manufacturing process.

Delivered and Exposure Doses ^e s°lu^e components may be differentially extracted from
the insoluble material. Till et al. (1982) have shown that the

The concept of delivered dose refers to the dose that is migration of chemicals from a solid plastic material into liquid
actually absorbed by the cell. It differs from the concept of solvents is controlled by diffusional resistance within the solid,
exposure dose, which is the amount applied to a test system. For chemical concentration, time, temperature, mass transfer rests-
example, if an animal is exposed to an atmosphere containing a tance on the solvent side, fluid turbulence at the solid—solvent
noxious substance (exposure dose), only a small portion of the interface, and the partition coefficient of the chemical in the
inhaled substance will be absorbed and delivered to the internal solvent. Because of these variables, the conditions for preparing
organs and cells (delivered dose). Because different cells have extractions of biomaterils have been carefully standardized to
differing susceptibilities to the toxic effects of xenobiotics (for- improve the reproducibility of the data,
eign substances), the cells that are most sensitive are referred Complete dissolution of biomaterials is an alternative ap-
to as the target cells. Taken together, these two concepts mean proach for in vitro testing. Its main limitation is that it does
that cell culture methods evaluate target cell toxicity by using not simulate the intended clinical application or may create
delivered doses of the test substance. This distinguishes cell degradation products that do not occur in the clinical applica-
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tion. Therefore, the actual clinical dosage or agent exposed to Positive and negative controls are often included in the
the cells in pharmacokinetic terms may be exaggerated because assays to ensure the operation and suitability of the test system,
the rate of diffusion from the intact material or device may be The negative control of choice is a high-density polyethylene
very slow or different than that for complete dissolution. material. Certified samples may be obtained from the U.S.

Pharmacopeial Convention, Inc., Rockville, MD. Several mate-
rials have been proposed as candidates for positive controls.

ASSAY METHODS These are low-molecular-weight organotin stabilized polyvinyl
chloride, gum rubber, and dilute solutions of toxic chemicals,

Three primary cell culture assays are used for evaluating such as phenol and benzalkonium chloride. All of the positive
biocompatibility: direct contact, agar diffusion, and elution controls are commercially available except for the organotin-
(also known as extract dilution). These are morphological stabilized polyvinylchloride.
assays, meaning that the outcome is measured by observations The methodologies for the three primary cell culture assays
of changes in the morphology of the cells. The three assays are described in the U.S. Pharmacopeia, and in standards pub-
differ in the manner in which the test material is exposed to lished by the American Society for Testing and Materials
the cells. As indicated by the nomenclature, the test material (ASTM), the British Standards Institute (BSI), and the Interna-
may be placed directly on the cells or extracted in an appro- tional Standards Organization (ISO). There are minor varia-
priate solution that is subsequently placed on the cells. The tions in the methods among these sources because of the evolv-
choice of method varies with the characteristics of the test ing changes in methodology, the time when the standards were
material, the rationale for doing the test, and the application developed, and the individual experiences of those participating
of the data for evaluating biocompatibility. in standards development. Pharmacopeial assays are legally

To standardize the methods and compare the results of required by the respective ministries of health in the United
these assays, the variables of number of cells, growth phase of States (Food and Drug Administration), Europe, Japan, Austra-
the cells (period of frequent cell replication), cell type, duration lia, and other countries. It is expected that the ISO methods
of exposure, test sample size (e.g., geometry, density, shape, will replace the individual national regulations in Europe
thickness) and surface area of test sample must be carefully whereas the ASTM and BSI standards are voluntary, consensus
controlled. This is particularly true when the amount of toxic standards. The basic methodologies, as described in the U.S.
extractables is at the threshold of detection where, for example, Pharmacopeia (1990), are described in the following para-
a small increase in sample size could change the outcome from graph,
nontoxic to moderate or severe toxicity. Below the threshold
of detection, differences in these variables are not observable.
Within the quantitation range of these assays, varying slopes
of the dose-response curve or exposure—effect relationship Direct Contact Test
(Klaassen, 1986) will occur with different toxic agents in a
manner similar to that in animal bioassays. A near-confluent monolayer of L-929 mammalian fibroblast

In general, cell lines that have been developed for growth cells is prepared in a 35-mm-diameter cell culture plate. The
in vitro are preferred to primary cells that are freshly harvested culture medium is removed and replaced with 0.8 ml of fresh
from live organisms because the cell lines improve the reproduc- culture medium. Specimens of negative or positive controls
ibility of the assays and reduce the variability among labora- and the test article are carefully placed in individually prepared
tories. That is, a cell line is the in vitro counterpart of inbred cultures and incubated for 24 hr at 37 ± 1°C in a humidified
animal strains used for in vivo studies. Cell lines maintain their incubator. The culture medium and specimens are removed
genetic and morphological characteristics throughout a long and the cells are fixed and stained with a cytochemical stain
(sometimes called infinite) life span. This provides comparative such as hematoxylin blue. Dead cells lose their adherence to
data with the same cell line for the establishment of a database. the culture plate and are lost during the fixation process. Live
The L-929 mouse fibroblast cell has been used most extensively cells adhere to the culture plate and are stained by the cyto-
for testing biomaterials. Initially, L-929 cells were selected chemical stain. Toxicity is evaluated by the absence of stained
because they were easy to maintain in culture and produced cells under and around the periphery of the specimen,
results that had a high correlation with specific animal bioas- At the interface between the living and dead cells, micro-
says (Northup, 1986). In addition, the fibrobast was specifically scopic evaluation will show an intermediate zone of damaged
chosen for these assays because it is one of the early cells to cells. The latter will have a morphological appearance that is
populate a healing wound and is often the major cell in the abnormal. The change from normalcy will vary with the toxi-
tissues that attach to implanted medical devices. Cell lines from cant and may be evidenced as increased vacuolization,
other tissues or species may also be used. Selection of a cell line rounding due to decreased adherence to the culture plate, crena-
is based upon the type of assay, the investigator's experience, tion, swelling, etc. For example, dying cells may roundup and
measurement endpoints (viability, enzymatic activity, species detach from the culture plate before they disintegrate. Crena-
specific receptors, etc.), and various other factors. It is not tion and swelling are often related to osmotic or oncotic pres-
necessary to use human cell lines for this testing because, by sures. Vacuolization frequently occurs with basic substances
definition, these cells have undergone some dedifferentiation and is due to lysosomal uptake of the toxicant and fluids. This
and lost receptors and metabolic pathways in the process of interface area should be included in determining the toxicity
becoming cell tines. rating.
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Agar Diffusion Test ical and clinical rating scales of no, slight, moderate, and severe
response grades. The terms used to describe these grades refer

A near-confluent monolayer of L-929 is prepared in a 60- to the characteristics of the assays. In the direct contact and
mm diameter plate. The culture medium is removed and re- agar diffusion assays, one expects a concentration gradient of
placed with a culture medium containing 2% agar. After the toxlc chemicals, with the greatest amount appearing under the
agar has solidified, specimens of negative and positive controls specimen and then diffusing outward in more or less concentric
and the test article are placed on the surface of the same pre- areas physical trauma from movement of the specimen in
pared plate and the cultures incubated for at least 24 hr at the direct contact assay is evident by patches of missing cells
37 ± 1°C in a humidified incubator. This assay often includes interspersed with normal healthy cells. This is not a concern
neutral red vital stain in the agar mixture, which allows ready with the agar diffusion assay because the agar cushions the
visualization of live cells. Vital stains, such as neutral red, are cens frorn physical trauma. Interpretation of the elation test
taken up and retained by healthy, viable cells. Dead or injured is based upon what happens to the total population of cells in
cells do not retain neutral red and remain colorless. Toxicity the cu}ture plate That iSj any toxic agent is eveniy distributed
is evaluated by the loss of the vital stain under and around in the cuiture piate and toxicity is evaluated on the basis of
the periphery of the specimens. The interface area should be the percent of affected cells in the population. Generally, more
evaluated as described previously. experience in cell culture morphology is required to ap'propri-

Selection of a proper agar for use in this assay continues ately evaluate the elution test than is required for the other
to be a major problem. Agar is a generic name for a particular two techniques
colloidal polymer derived from a red alga. There are many Table l llsts the advantages and disadvantages of the three
different grades of agar that are distinguished by their molecu- assays The chief concern in each of the assays is the transfer
lar weight and extent of cross-Unking of the colloid. The mam- or diffusion of some chermcal(s) X from the test sample to the
malian tissue culture product called agar agar and agarose celk This involves the total available amount of X in the
seem to work best. Agarose is a chemical derivative of agar material, the solubility limit of X in the solution phase, the
that has a lower gelling temperature and is less likely to cause equilibrium partitioning of X between the material surface and
thermal shock. The thickness of the agar should be constant the solution, and the rate of migration of X through the bulk
because the diffusion distance affects the cellular concentration phase of the material to the material surface. If sufficient analyt-
of a toxicant. From a theoretical viewpoint, it could be expected ical data are avaiiable to verify that there is one and only
that different chemicals will diffuse through the agar at differ- one ieachable chemical from a given material, then empirical
ent rates. This is true from a broad perspective, but because toxldty testmg m mtro or m vivo could be repiaced with litera-
most toxicants are low molecular weight (less than 100 Da), ture reviews and physiologically based pharmacokinetic model-
the diffusion rate will not be sufficiently dissimilar within the lmg of hazard potential. Usually a mixture of chemicals migrate
-4-hr assay period. from materials and therefore, empirical testing of the biological

effects of the mixture is necessary.
The direct contact assay mimics the clinical use of a device

in a fluid path, e.g., blood path, in which the material is placed
tiution ICSt directly in the culture medium and extraction occurs in the

An extract of the material is prepared by using (1) 0.9% Presence of serum-containing culture media at physiological
sodium chloride or serum-free culture medium and a specified temperatures. The presence of serum presumably aids in the
surface area of material per milliliter of extractant and (2) solubihzation of Ieachable substances through protein binding,
extraction conditions that are appropriate for the application the m vwo mechanism for transporting water-insoluble sub-
and physical characteristics of the material. Alternatively, se- stances in the blood Path' The direct contact assay may be

rum-containing culture media may be used with an extraction used for testm8 samPles Wlth a sPecific geometry (for example
temperature of 37 ± 1°C. The choice of extractant sets an l X ^^ squares using extruded sheeting or molded plaques
upper limit on the quantitation range of the assay in that, of mate"al) or with indeterminate geometries (molded parts).
without added nutrients, 0.9% sodium chloride will itself be The maJor dlfficuitY wlth thls assa>' »s the risk of physical
toxic to the cells after a short incubation period. The extract trauma to the cells from either movement of the sample or
is placed on a prepared, near-confluent monolayer of L-929 crushing by the weight of a high-density sample. In most direct

fibroblast cells and the toxicity is evaluated after 48 hr of contact assays' there Wl11 be a zone of affected ceils around

incubation at 37 ± 1°C in a humidified incubator. Live or dead the PenPhery of a toxic sample because of a slow leaching rate
cells may be distinguished by the use of histochemical or vital from the surface and bulk matnx of the m«enal being tested,
stains as described earlier However, if the toxicant is water soluble, the rate of leaching

may be sufficient to cause a decrease in the entire cell population
in the culture plate rather than only those cells closest to the
sample.

The disadvantages of the direct contact assay can be avoided

Interpretation of Results b? usin§ the a§ar difmsiorj assay- Tne layer of agar between
the test sample and the ceils functions as a diffusion barrier

Each assay is interpreted roughly on the basis of quartiles to enhance the concentration gradient of Ieachable toxicants
of affected cells. This corresponds to the customary morpholog- while also protecting the cells from physical trauma. The test
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TABLE 1 Advantages and Disadvantages of Cell Culture Methods

Direct contact Agar diffusion Elution

Advantages Eliminate extraction preparation Eliminate extraction preparation Separate extraction from testing
Zone of diffusion Zone of diffusion Dose response effect
Target cell contact with material Better concentration gradient of Extend exposure time

toxicant
Mimic physiological conditions Can test one side of a material Choice of extract conditions
Standardize amount of test material or test Independent of material density Choice of solvents

indeterminate shapes
Can extend exposure time by adding fresh Use filter paper disk to test liq-

media uids or extracts

Disadvantages Cellular trauma if material moves Requires flat surface Additional time and steps
Cellular trauma with high density materials Solubility of toxicant in agar
Decreased cell population with highly solu- Risk of thermal shock when pre-

ble toxicants paring agar overlay
Limited exposure time
Risk of absorbing water from

agar

sample itself may also be tested as a diffusion barrier to the tion of the test material and assay conditions is required for
migration of inks or labeling materials through the material an appropriate interpretation of the results.
matrix to the cellular side of the sample. Even contact between
the test sample and the agar ensures diffusion from the material
surface into the agar and cell layers. That is, diffusion at the
material—solution interface is much greater than that at the CLINICAL USE
material—air interface. Absorbant test samples, which could
remove water from the agar layer, causing dehydration of the The in vitro cytotoxicity assays are the primary biocompati-
cells below, should be hydrated prior to testing in this assay. bility screening tests for a wide variety of elastorneric, poly-

The elution assay separates the extraction and biological meric, and other materials used in medical devices. After the
testing phases into two separate processes. This could exploit cytotoxicity profile of a material has been determined, then
the extraction to the extent of releasing the total available pool more application-specific tests are performed to assess the bio-
of chemical X from the material, especially if the extraction is compatibility of the material. For example, a product which
done at elevated temperatures that presumably enhance the will be used for in vitro fertilization procedures would be tested
rate of migration and solubility limit of chemical X in a given initially for cytotoxicity and then application-specific tests for
solvent. However, when the extractant cools to room tempera- adverse effects on a very low cell population density would be
ture, chemical X may precipitate out of solution or partition evaluated. Similarly, a new material for use in culturing cells
to the material surface. In addition, elevated extraction temper- would be initially tested for cytotoxicity, followed by specific
atures may foster chemical reactions and create teachable chem- assays comparing the growth rates of cells in contact with the
icals that would not occur in the absence of excessive heating. new material with those of currently marketed materials.
For example, the polymeric backbone of polyamides and poly- Current experience indicates that a material that is judged
urethanes may be hydrolyzed when these polymers are heated to be nontoxic in vitro will be nontoxic in in vivo assays. This
in aqueous solutions. Basically, these arguments lead back to does not necessarily mean that materials that are toxic in vitro
a. standardized choice of solvents and extraction conditions for could not be used in a given clinical application. The clinical
all samples rather than optimized solvents for each material. acceptability of a material depends on many different factors,

As with any biological or chemical assay, these assays occa- of which target cell toxicity is but one. For example, glutaralde-
sionally are affected by interferences, false negatives, and false hyde-fixed porcine valves produce adverse effects in vitro owing
positives. For example, a fixative chemical such as formalde- to low residues of glutaraldehyde; however, this material has
hyde or glutaraldehyde will give a false negative in the direct the greatest clinical efficacy for its unique application,
contact but not the agar diffusion assay, which uses a vital In vitro assays are often criticized because they do not
stain. A highly absorbant material could give a false positive use cells with significant metabolic activity such as the P-
in the agar diffusion assay because of dehydration of the agar. 450 drug-metabolizing enzymes. That is, the assays can only
Severe changes in onconicity, osmolarity, or pH can also inter- evaluate the innate toxicity of a chemical and do not test
fere with the assays. Likewise, a chelating agent that makes metabolic products that may have greater or lesser toxicity
an essential element such as calcium unavailable to the cells potential. In reality, biological effects of the actual leachable
could appear as a false positive result. Thus, a judicious evalua- chemicals are the most relevant clinically because most medi-



220 5 TESTING BIOMATERIALS

cal devices are in contact with tissues having very low P- J-, Lin, L., and Darby, T. D. (1985), Biocompatibility test
metabolic activity (e.g., skin, muscle, subcutaneous or epithe- procedures for materials evaluation in vitro. 11. Objective methods
lial tissues) or none. Metabolic products do not form at the of toxidty assessment. /. Biomed. Mater. Res. 19: 489-508.
implantation site, but rather, require transport of the leach- Klaassen C. D. (1986). Principles of toxicology, in Casarett and

i i < i t- ^ i - i _ i i - 11 • Douell s Toxicology, 3rd ed. C. D. Klaassen, M. O. Amdur, andable chemical to distant tissues which are metabolically active. T _ „ , .„ * ... ,, ., . ...' '
_ , , • • -r i - i • e . . J. Doull, eds. Macmillan, New York, pp. 11-32.
In the process, there is significant dilution of concentration in Northupj s } (m6) Mammalian celi culture modek m Handbook

the blood, tissues, and total body water to the extent that the of Biomaterials Evaluation: Scientific, Technical and Clinical Test-
concentration falls below the threshold of biological activity. ing Of Implant Materials, A. F. von Recum, ed. Macmillan, New

York, pp. 209-225.
Till, D. E., Reid, R. C., Schwartz, P. S., Sidman, K. R., Valentine,]. R.,

and Whelan, R. H. (1982). Plasticizer migration from polyvinyl
chloride film to solvents and foods. Food Chern. Toxicol. 20:

NEW RESEARCH DIRECTIONS 95-104.
U.S. Pharmacopeia (1995). Biological reactivity tests, in-vitro. in U.S.

The current interest in developing alternatives to animal Pharmacopeia 23. United States Pharmacopeia! Convention, Inc.
testing has resulted in the development and refinement of a Rockville, MD, 1697-1699.
wide variety of in vitro assays. Cell cultures have been used for
several decades for screening anticancer drugs and evaluating
genotoxicity (irreversible interaction with the nucleic acids). c a i •/ A
Babich and Borenfreund (1987) have modified the elution assay 5*3 *N VIVO ASSESSMENT OF
for use with microtiter plates to evaluate the dose—response TISSUE COMPATIBILITY
cytotoxicity potential of alcohols, phenolic derivatives, and Myron Spector and Peggy A. Lalor
chlorinated toluenes. This system has also been modified to
include a microsomal (S-9) activating system to permit drug Jhe •„ vivQ assessment of the compatibility of biomaterials
metabolism in vitro when evaluating pure chemicals such as and medical devices ̂  tissue ig a ̂ ^ elemenf Q£ Ae

chernotherapeutic and bactenostatic agents (Borenfreund and development and implementation of implants for human use.
Puerner, 1987). The microtiter methods are likely to have in- ^^ ̂  ̂  systems yield important fundamental informa-
creased application because they provide reproducible, semiau- don about certain dements Q£ cdlulaf flnd molecular mterat>

tomatic, quantitative, spectrophotometnc analyses. The major tiofls wkh biomaterials, they cannot replace in vivo evaluation,
hurdle will be in identifying the appropriate benchmark or Animals models are necessary in order to account for the effects

quantitation range for interpreting the data for clinical risk of Ae following biological interactions on the response to the
assessment. In earlier quantitative methods for m vitro biocom- biomaterial or medical device:
patibility assays, statistical differences in biocompatibility,
which are attainable with quantitative assays, were not found 1. Interactions of various regulatory, parenchymal, stro-
to be biologically different (Johnson et #/., 1985). That is, the mal, and facultative cell types with the implant and with
objective data were biologically different only when they were each other
separated into quartiles of response similar to the subjective 2. Paracrine and endocrine factors acting on cells around
data. Thus, the major direction of new research will be in the implant
defining the benchmarks for application of quantitative meth- 3. Cell interactions with insoluble extracellular matrix
odology. components and soluble regulatory molecules that may

have been altered by the presence of the implant
4. Interactions with blood-borne cells, proteins, and mole-

cules
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FIG. 1. This schematic is an example of a few of the molecular and cellular interactions that
can comprise a tissue response to biomaterials. Cells (of micrometer size—the macrophage in this
example) can respond directly to proteins interacting with a material and particles and ions (of
nanometer size) released from the surface. The macrophage can release cellular mediators [cytokines
and eicosanoids (arrows)] that affect cells such as fihroblasts, osteoblasts, and osteoclasts, and
thereby, tissue of a millimeter size. The time scale for these interactions begins within seconds of
implantation and can continue through years.

the implant relative to adjacent tissue as a result of the
absence of mechanical coupling

The effects of implant-related factors on biological reactions
are in the province of biomaterials science. Study of the tissue
response to implants requires a methodology capable of mea-
surements at the molecular, cellular, and tissue levels (Fig. 1).
Moreover, time is an important variable owing to the criticality
of the temporal relationship between the molecular and cellular
protagonists of the biological reactions, and because implant-
related factors act with different time constants on the biologi-
cal responses. The dynamic nature of implant—tissue interac-
tions requires that the final assessment of tissue compatibility
be qualified by the time frame in which it has been evaluated.

An assessment of the biocornpatibility of an implant requires
that the tissue compatibility of the biomaterial and the efficacy
of the medical device be determined (usually in an animal
model that simulates human use). The tissue response to an
implant is the cumulative physiological effect of (1) modulation
of the acute wound healing response due to the surgical trauma
of implantation and the presence of the implant (Fig. 2), (2)
the subsequent chronic inflammatory reaction, and (3) remod-
eling of surrounding tissue as it adapts to the implant (Spector
et al., 1989). This complex sequence of biological processes
cannot be modeled in vitro. Moreover, the healing and stress-
induced adaptive remodeling responses of different tissues vary
considerably. The selection of a specific in vivo model to assess

the tissue compatibility of a particular biomaterial or medical
device should be predicated on the similarity of the healing
and remodeling responses of the test site with the site that will
ultimately be used for implantation in human subjects. This
chapter addresses implant sites, surgical protocols, controls,
and the methodology for evaluating tissue reactions to biomate-
rials and medical devices.

FIG. 2. Diagram showing the sequence of biological processes associated
with the healing of implantation sites.
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IMPLANT SITES tissues resulting from a decrease in mechanical strain. Loss of
bone mass around stiff femoral stems and femoral condylar

The primary criterion for selecting an implant site in an prostheses of total hip and knee replacement devices has been
animal model is its similarity to the site to be employed in associated with the reduced strain due to "stress shielding."
human use of the medical device. However, often there are Hyperplasia and hypertrophy of tissue in which mechanical
limitations in the ability of certain tissues and organs in animal strains have increased owing to the presence of an implant

K 1 l-k U. Amodels to accommodate implants of a meaningful size. In as- nave also been observed.
sessing the appropriateness of a specific tissue as an implant Because of differences in tissue characteristics among im-
site in any animal model, the healing and remodeling character- plantation sites, investigators have sought to modify implanta-
istics of the four basic types of tissue (connective tissue, muscle, tion test protocols to provide a better assessment of the biocom-
epithelia, and nerve) should be considered. The characteristics patibility of biomaterials targeted for specific biomedical
of the parenchyma! cells in each type of tissue can provide a applications. It is important to note that materials yielding
rationale for selecting a particular tissue or organ as the site acceptable tissue compatibility in one implantation site might
of implantation. In selecting an implant site, the following must yield unfavorable results in another site,
be considered' ^n imPol"tant issue that must be considered when selecting

an implant site is the similarity of the device used in the animal
1. Vascularity model with the device to be employed in the human subject.
2. The nature of the parenchymal cell with respect to its The size and shape of a device to be used for animal experimen-

capability for mitosis and migration, because these pro- tation may have a surface area and stiffness that, relative to
cesses determine the regenerative capability of the tissue surrounding tissue, could be very different than the device

3. The presence of regulatory cells such as macrophages intended to be used in human subjects. Such differences are
and histiocytes often due to differences in the size and shape of anatomical

4. The effect of mechanical strain, associated with deforma- structures,
tion of the extracellular matrix, on the behavior of the
parenchymal cell

Surgical wounds in avascular tissue (e.g., the cornea and Connective Tissue: Bone and Musculoskeletal
inner third of the meniscus) may not heal because of the limited Soft Tissue
potential for the proliferation and migration of surrounding
parenchymal cells into the wound site. Gaps between an im- Implantation protocols developed to assess the compatibil-
plant and surrounding avascular tissue can remain indefinitely. ity of materials for orthopedic prostheses have understandably
Implant sites in vascular tissues in which the parenchymal cell used bone as the site of implantation. Because of its capability
does not have the capability for mitosis (e.g., nerve tissue) heal for regeneration, bone should be expected to appose implants
by the formation of scar in the gap between the implant and in osseous sites. However, the density of bone formed around
surrounding tissue. Moreover, adjacent cells that have died as the implant depends on the site of implantation. Cortical and
a result of the implant surgery will be replaced by fibroblasts cancellous bone differ in their vascularity and the size of the
and scar tissue. pool of preosteoblasts that proliferate in response to the surgi-

The very presence of the implant provides a dead space in cal trauma of implantation. When selecting cortical or cancel-
tissue that attracts macrophages to the implant—tissue interface lous sites for implantation, consideration should be given to
(Silver, 1984). These macrophages, along with fibroblasts of the origin of the bone cells that are to proliferate and migrate
the scar, often form a definable layer of cells that surrounds into the implantation site (i.e., the gap between the implant
an implant. The tissue is synovium-like (Spector et al., 1992), and surrounding bone). In cortical bone, preosteoblasts line
and is the chronic response to implants (unless the device is the Haversian canals of the osteons and the vascular channels,
directly apposed to osseous tissue, i.e., osseointegrated). This The periosteal lining of the cortical bone is also composed of
process is often termed "fibrous encapsulation" (Coleman et preosteoblasts. In cancellous bone the endosteal surface of the
al,, 1974; Laing et al., 1967). The presence of regulatory cells trabeculae is covered by preosteoblasts.
such as macrophages at the implant—tissue interface can pro- The mechanical loading experienced by a biomaterial or
foundly influence the host response to a device because these medical device at a particular implant site is also an important
cells have the potential to release proinflammatory mediators determinant of the tissue response. Movement of the device
(Anderson and Miller, 1984) if they are irritated by the move- relative to surrounding bone early in the wound healing process
ment of the device or substances released from the biomaterial. (i.e., high strains in tissue) can destroy the stroma of the regen-
The inflammatory response of the tissue around implants is crating osseous tissue, leading to repair with scar tissue (encap-
comparable to the inflammation that can occur in the synovium sulation). Mechanical factors can also influence the remodeling
lining any bursa (e.g., bursitis); hence, the response to implants phase of the bone response to implants. The degree to which
has also been termed "implant bursitis" (Spector et al., 1992). applied loads are shared between the implant and surrounding

The presence of the implant can also alter the stress distribu- bone is a significant determinant of the stress-induced adaptive
tion on the extracellular matrix, and thereby reduce or increase remodeling of osseous tissue. The greater the mismatch in
the strains experienced by the constitutent cells. Many studies modulus of elasticity and stiffness between the implant and
have demonstrated immobilization-induced atrophy of certain host bone, the greater the alteration of the normal strain distri-
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bution in the osseous tissue and the greater the nonanatomic terial. The "activation" of this regulatory cell by soluble (e.g.,
remodeling because of atrophy (due to stress shielding) or metal ions) and insoluble (e.g., particulate wear debris) agents
hyperplasia (due to abnormally high strains). The profound from an implant can lead to production and release of prom-
effects of mechanical factors on bone remodeling have been flammatory agents known to influence fibroblast behavior (e.g.,
recognized for more than a hundred years. The fact that other fibroblast growth factor and platelet-derived growth factor),
connective tissues might similarly be influenced by mechanical These agents can result in thickening of the fibrous capsule,
strains has become evident only recently. Macrophages can also produce fibrogenic agents that result in

Certain site-selection criteria have been implemented in thickening of the capsule in response to relative motion at the
studies investigating the mechanical (Galante et al., 1971) and implant site, thus confounding the interpretation of the tissue
chemical (Geesink et al., 1987) bonding of bone to biomateri- response to the material itself.
als. In these studies, cylindrical specimens were implanted in Surgical defects in dermis have been used in specific investi-
holes drilled in the diaphyseal cortex of dogs. Smaller animals gations as implantation sites for materials developed to facili-
do not have sufficiently thick cortices to allow enough contact tate the regeneration of the dermal component of skin (for
between cortical bone and the implant to yield meaningful epidermal regeneration, see "Epithelia" in this Chapter), An
data. Considering that most orthopedic implants are apposed important consideration in using this implantation site is the
to cancellous bone, other more meaningful sites of implantation contraction that occurs during the healing process in certain
are the metaphyses of the proximal and distal femur and proxi- animal models (e.g., the guinea pig). In some studies, the delay
rnal tibia of the dog. In the rabbit, it is only the femoral condyle in the time course of skin contraction has been employed as
that has a sufficient amount of cancellous bone to accommo- a quantitative measure of the effectiveness of certain substances
date cylindrical specimens a few millimeters in diameter. in facilitating regeneration (Yannas, 1989).

The musculoskeletal soft tissues, including tendons, liga-
ments, menisci, and articular cartilage have also been implanta-
tion sites to test materials to be used in devices to treat defects
in those tissues. In many respects less is known about the AlUSClc
response of the musculoskeletal soft tissues to implants than „, , , , , , , . i » « L

, , • i • i ^ • • The paravertebral muscle of rats, rabbits, and dogs has been
about the response to materials in bone. Questions remain , j j - j - i • • j 1 1

. , . . . . . . . . . . • • r used as a standardized implantation site to detect problematic
about the relative contribution of intrinsic versus extrinsic tac- . , , r . , „ , , . .

. . . . f , f • c • T • • • constituents released from an implant. Because of the relativetors in the healing of detects in soft tissues. Limitations m our . , , . , / ,. . , ,
, ,. , , ,., . . . . . . £ , , motion between the implant and surrounding muscle and the

understanding of the prohferative capabilities of parenchymal ,. . , .... /• i i f , ,- •
„ i t i • c i i i i t • limited capability or skeletal muscle tor regeneration, scar tissue

cells a n d t h e vasculanty of musculoskeletal sort tissues c a n , j / - i v* i_ I L C J
, , , ,• , . forms around the implant. Macrophages can also be round

make assessments of the response or these tissues to im- JL • i i _ - • i r- A • i « L
• vrr i adhering to the biomatenal surface. As with the subcutaneous

plants ditncuit. . r - i • i \ • • i » 1 - 1 -
~ i r i i i i i r • re • i site of implantation, the relative motion can lead to thickening
Each of the musculoskeletal sott tissues otters a special , , ~, i r - r j - i j •

, „ i i - v i • • of the fibrous capsule. Specific studies have compared tissue
challenge, particularly in preparing the subject to receive an , , , . , , ,

i i i i • i / • i - j j - r • responses t o implants placed in muscles that exposed test cou-
implant so that the mechanical torces applied during function r . r , <• i • • -« • i

r i • it i • i e • - 1 - 1 - pons to various degrees ot relative motion. Ihicker scar cap-
of the tissue will not bias the assessment ot tissue compatibility. , /• j j • i 1 1 - i j •
„ I £ 1 - i i j - j L • • • i L i • i sules were found around implants placed in muscles undergoingControl ot mechanical loading during the initial healing phase , ,. . ,„, .r . „_;. ° °

. , , . T , , . i i j i - j larger displacements (Black, 1981).
is particularly important. In human subjects, the load applied
to medical devices can be controlled to some extent during the
healing phase by appropriate immobilization or mobilization
(e.g., continuous passive motion) protocols. However, similar EnftiieJia
approaches are more difficult to implement in animal models.

The many disorders affecting the epithelial layer of organs
(e.g., epidermis and endothelium) have prompted investiga-
tions on the effects of biomaterials in facilitating regeneration

Connective Tissue: Subcutaneous and °^ epithelial tissues. Considerable attention has been given to
Cutaneous Tissue substances that might be used as temporary covering materials

to facilitate reepithelization of skin wounds (Rovee, 1991).
Subcutaneous sites are frequently chosen to assess biocom- Epidermal wounds have been produced experimentally by heat,

patibility of implant material. These are readily accessible sites chemical agents, and excision of tissue. The nature of the heal-
that allow a generalized assessment of biological responses to ing of such wounds is related in large part to the extent to
biomaterials. Tissue reactions to inflammatory agents released which the wound is desiccated during the healing phase (Winter
by an implant material can be readily detected using this ap- and Scales, 1963). The beneficial effects of certain biomaterial
proach. The thickness of the fibrous capsule around implants coverings can be attributed, in large part, to their role in pre-
placed subcutaneously has been used as a measure of the "bio- venting such desiccation, thus allowing for moist wound heal-
compatibility" of biomaterials for more than 25 years (Laing ing. The rapidity with which epidermis regenerates when desic-
et al., 1967). cation is prevented makes it difficult to assess the role of

The behavior of this peri-implant tissue is regulated by the candidate biomaterials in accelerating the healing process in
macrophages that are sensitive to agents released by the bioma- partial-thickness wounds of skin. Epidermal cells do not come
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only from the periphery of the wound; the epidermal cells aqueous solution prior to its introduction into the body could
lining the hair follicles also rapidly proliferate to resurface a be important. Air nuclei on the surface of implants have been
wound (Winter and Scales, 1963). found to increase the activation of complement molecules and

Materials to be used in fabricating vascular prostheses have therefore could influence the tissue response,
generally been evaluated for their blood compatibility as re- The size of the implant is particularly important. Substances
placement segments in selected vessels in various animal mod- in paniculate form, of a size that can be phagocytosed, are
els; these include carotid-jugular and femoral arteriovenous likely to elicit an inflammatory response because of the release
(Hanson et al., 1980) shunts. It is important to be aware that of proinflammatory cytokines and eicosanoids by phagocytes
there is a large difference in the reendothelialization of vascular (namely, macrophages) during phagocytosis. Implants (and
prostheses in different animal models (Keough et al., 1984). particulate debris) of a size larger than the mononuclear phago-
One important consideration is that components of the blood, cyte might be covered by the same cell type but do not provoke
such as platelets and fibronectin, can profoundly affect the as much of an inflammatory response because the ceils are not
migration of endothelial cells onto a biomaterial surface. capable of phagocytosing the implant. Macrophage activity on

the surface of these larger implants generally leads to fusion
of the cells to form multinucleated foreign body giant cells

Neive (Behling and Spector, 1986).

Studies in recent years have shown the capability of nerve The^e can be, casej ̂ ^ the forf of "*e imPIant '* a

ceils for "regenerating" severed axons (Yannas, 1989). Nerve Particular animal model elicits an unfavorable response that
cells do not have the capability for division. However, the ls,not ffnd m ^plants of the same type in human subjects,
elongation of severed axons allows a degree of electrophysio- Fllms of a wlde ranSe of materials ^planted subcutaneously
logical continuity to be reestablished across defect sites. Certain in rats were found *> cause ™bff™* *«««>« at ̂  «« of

matrices facilitate the elongation of such axons, thereby accel- ^plantation (Oppenheimei:etaL, 1958). This process has been
erating the regeneration of the nerve and restoration of some relaf d to the uninterrupted plane surface area of the implant
function. Biomaterials to be used in nerve regeneration expen- m this Par"cular f ™° raodel (Brand et < * 975)> and has

merits have been contained in silicone elastomer tubes im- not been fbser
t
ved f human subjects.

planted in segmental defects produced in the peripheral nerve ,Several methods have been ejf Ployed for exposing biomate-
f rials to tissues in vivo. Generally the biomaterial is placed in

In other studies, materials to be employed in fabricating direct c°nt*c* ™th host tissue asjr 1S imPlanted into the surgical
electrodes to be used in the neural system have been implanted fltc Produced b7 a" °Pe" Procedure. In some cases the material
in brain tissue in the subdural space. Fibrous encapsulation has been contained within a stainless steel cage (Marchant et
has also been noted in this site. aL> 1983) or Selatm caPsule,m order to ^esttgate the biologi-

cal response to biomaterials in vivo without allowing direct
contact of tissue with the implant, which could affect the re-
sponse. Because these methods introduce a second foreign body

SURGICAL PROTOCOL AND FORM OF jnto t^e impiant site, controls comprising the carrier implant
THE IMPLANT alone are critical. Materials in particle form or in the form of

small-diameter rods, able to fit through the needle of a syringe,
The surgical protocol implemented to assess compatibility have been injected percutaneously into tissue sites. The advan-

of biomaterials and devices in tissues depends on the size and tage of the percutaneous route is the lesser degree of surgical
shape of the implant and certain characteristics of the tissue. trauma which can confound interpretation of the response to
The surgical trauma associated with implantation will initiate the material.
a wound healing response that has a profound effect on the One of the most important variables of a surgical protocol
subsequent assessment of the compatibility of the implant in is the "dose" of the biomaterial. Studies of the pharmacologic
the tissue. Therefore, surgical techniques that minimize trauma response to drugs and biologies are not considered complete
to the tissue should be employed. The greater the amount of without an assessment of dose response. In the case of soluble
maceration of the tissue, the more extensive the formation of substances (namely, drugs), dose is generally determined by
scar tissue. Power tools with high-speed burrs, drills, and blades weight (and in some cases associated "activity units"). How-
that are used to produce implant sites in bone can generate ever, dose-response analyses of biomaterials are rarely per-
excessive heat that devitalizes adjacent tissue; show-speed in- formed because generally the dose of a biomaterial is dependent
struments with irrigation should be employed to minimize on several variables that could affect the response: weight,
this effect, surface area, bulk size, number of implants (particles), topogra-

When implementing surgical protocols to assess the tissue phy. These parameters are interrelated, confounding experi-
compatibility of devices, there is a need for adherence to strict mental designs to determine the dose response; changing the
sterile technique. Stringent control of sterility is required for dose according to one of these parameters also changes the
implant surgery because of the propensity of bacteria to colo- values of the other parameters in a way that could alter the
nize the implant surface. Care needs be exercised to prevent tissue reaction. In investigations of the biological response to
the introduction of extraneous material, such as talc from agents that might be released from an implant, surface area
surgical gloves, into the implant site. might be considered the controlling variable. Surface area is

Studies have indicated that conditioning of an implant in also an important variable in studies assaying the interactions
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of biological molecules and/or cells with the biomaterial sur- trienes) and for extracellular matrix components using immu-
face. However, because surface area is strongly influenced by nohistochemistry and immuno-TEM; these methods allow bio-
rugosity (at the nano- and microstructural levels as well as chemistry to be correlated with morphology. Because of the
macroscopically), methods should be implemented to quantify dynamic nature of the implant site, sampling times are critical,
surface area. as is subsequent handling of the tissue to preserve morphology

and/or biological activity.

CONTROLS
Histology an«f Hlstochemistry

Controls for in vivo investigations of tissue compatibility r T. , . , , , , , .
. , , , « s i i • • • i Histology is the tool used most often to assess the tissuecan include (1) contralateral intact tissues as anatomic controls; ., ... , . . . , „ .. . ,

,». . , . . . . . . . , . ,_ . compatibility of an implant material. Qualitative determma-
(2) sham-operated controls (e.g., surgical incision only); (3) r , , . f , „ , ,

-11 i • i - i • i TA\ - i j j • tion of the relative numbers of various cell types and the amountunfilled surgical implant sites; and (4) material and device , . . . . ,, . , , ,
. „, £ i i i j - n j j °f extracellular matrix components around implants has beencontrols. The nature of the controls employed will depend , r , . , . . , . r

, i • /- • 1 1 \ /• i • the foundation of most in vivo protocols. A measurement com-
on the endpomt (i.e., outcome variables) of the experiment, , , j i • i • - 1 - 1
_, r t - a a • i j monly used to grade the tissue response to a biomaterial is the
Because of the important enect or surgical trauma on wound 1 - 1 r i n i i i n i
. . . , . . , c,t j • i • thickness of the fibrous capsule around an implant. Recently,healing and tissue response to implants, unfilled surgical im- . . , . ,, . , . , . . r, , ... ,

, . . , • i i i i i T- i quantitative analysis of histological sections has been facilitatedplant site controls can be particularly valuable, ror example, , , . , .r, . . . . .. . . . j • i by computerized image analysis.
if a surgical site is prepared in a particular tissue and no implant T I - L • i i j i i j - j •<•. . , , , , j . . . i l l Histochemical methods have been used to identity certain
is inserted, the amount or scar formed could be a valuable r ,, , ... . T i-

. , . . , , . £ . c c\ i t j types of cells and extracellular matrix components. Locahza-
guide in assessing the significance of a fibrous capsule found . r , , , , - i - f - j -c. L0 , . . , . . . j i - i tion of lysosomal enzymes has facilitated identification of
around an implant at the test site. A sham-operated limb can , • i • i • i • T- - - j
. . . , ,, f , j i j i i • • • macrophages in histological sections. 1 artrate-resistant acid

display the effects of altered load bearing on the recipient tissue, u u i i - • L L L j u r i •V / i r i r ^ / r i j i j i • phosphatase localization has been found to be of value in
and thus serve as control tor the effects of altered load bearing j- • • i • i t \ • \ j /• « j

. . . . . t i l l 1 1 i j distinguishing osteoclasts from multmucleated foreign body
on the limb in which the implant has been placed. ,, °, . , .. .. . , • • L

,.. . , j j i i , r i giant cells, and stains for alkaline phosphatase to assist in theMaterial and device controls must be assessed for their r. .c . , , . _ . , . r , . , , . 1
. . 1 1 j 1 1 identification o f osteoblasts. Other mstochemucal studies have

chemistry, mechanical properties, and topography, relative to , , , , . r i
, . . . r r . , . o r / . . used a panel of stains to reveal certain components of extracel-

t h e experimental specimens, prior t o their u s e a s positive o r i t - / u t « i i \
. , T i t - i t • • f lular matrix (e.g., collagen, elastm, and glycosammoglycans).negative controls, in some cases the electrical characteristics of . . , , „ r . , . , , , ,

, 1 1 1 1 i J I T - / : i A particular challenge in employing a n y histological method
the materials might also have to be considered, ror functional . , . £ , . _• • j j T j r, . , , , r i i • i i is the preservation of the tissue. Fixation and dehydration of
devices (e.g., femoral stems of total hip replacement prosthe- . , , . , , , t i i u r i - L. , ° j i j i i t i f • i - 1 1 tissues can be achieved by a number of methods, all of which
ses), the test and control devices should be of identical shape cc 1 1 « -nj . affect tissue morphology to varying degrees, i he investigator

must be aware of these effects in order to interpret results
correctly. Also, care must be exercised to ensure that the mole-
cule of interest is not leached from the section during pro-

EVALUATION Of TISSUE REACTION cessing.
Studies focusing on cells and extracellular material at the

The method used to evaluate the tissue reaction to any implant—tissue interface can be problematic. The investigator is
biomaterial should consider the intended use of the material challenged to prepare histological sections in which the implant
and should be incorporated in the experimental design. Local remains in situ. Removal of the implant disturbs the interface
responses to implanted materials can be assessed qualitatively of interest, often removing critical interfacial cells with the
and quantitatively by several methods, depending on the objec- device. The difference in the mechanical properties (namely,
tive of the experiment. Systemic responses are also important hardness) among the implant and surrounding tissue and the
in assessing in vivo compatibility, and are discussed elsewhere conventional embedding medium of paraffin makes microtomy
in this volume. The methods of evaluation addressed in this difficult. Nonconventional histological methods involving the
section are histology and histochemistry, immunohistochemis- embedding of tissue in polymeric media such as glycol methac-
try, transmission electron microscopy (TEM), scanning elec- rylate, poly(methyl methacrylate), or epoxy resins have been
tron microscopy (SEM), biochemistry, and mechanical testing. developed for preparation of tissue for sectioning with heavy-

Histology, SEM, and TEM are tools used to determine the duty microtomes or by sawing and grinding techniques. Chal-
morphological features of the implant material and surround- lenges associated with polymer embedding media relate to the
ing tissue at the tissue, cellular, and molecular levels. The inability of many stains to penetrate the medium, and the added
morphology and staining patterns of the cells and extracellular difficulty of uniformly depolymerizing sections processed in
matrix provide the means for identifying these components this way. The relatively thick sections (50 /xm and greater)
within the surrounding tissues. The condition of cellular organ- produced by ground section histology often limit the detail
elles observed in the TEM can provide insights into the func- that can be clearly discerned because of the projection of over-
tional capabilities of the constituent cells. Cell phenotype and lapping structures when the section is viewed with conventional
activity can also be determined by analyzing for regulatory transmission light microscopy,
cytokines and eicosanoids {e.g., prostaglandin and leuko- An important consideration in the processing of implant-
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containing tissue for histological methods is the effect of the helper and suppresser subtypes were present in fewer numbers,
dehydrating agents on the implant material, particularly when and decreased in number at an earlier stage than the la-present-
it is a polymer. Solvents such as xylene, acetone, and propylene ing cells, indicating that a relatively low T-lyrnphocyte-medi-
oxide, commonly used in histological procedures, can lead to ated response was initially adjacent to this material after im-
softening or dissolution of certain polymeric biomateriais [e.g., plantation (Lalor and Revell, 1993),
poly(methyl methacrylate) and polysulfone]. In this case, inves- Specimens for immunohistochemistry examination must be
tigators have had to develop special processing protocols to prepared in such a way as to preserve the antigenicity of the
limit the alteration of the implant materials. molecules of interest in the tissues. Equally important is a

Histoiogicai evaluation alone is not usually sufficient to working knowledge of where the antigenic determinant can
determine if a material is biocompatible. This method is limited be found within the tissue under investigation. In some cases,
since not all cell types can be determined by light microscopy an antigen may be masked by another protein in the tissue or
of histological sections, even with enzyme localization. For by the process used to embed the tissue. For example, glycol
example, activated lymphocytes can often be mistaken for methacrylate, which is used as an embedding medium, often
monocytes and macrophages for fibroblasts. However, if it is masks antigenic determinants. In cases in which a protein is
used as a tool in conjunction with other methods, histology masking the molecule of interest, enzyme digestion might reveal
can be very useful. Analysis of histological sections can answer the antigen.
many questions on the nature of the tissue surrounding an Immunohistochemically labeled sections have generally
implanted material. been evaluated qualitatively. Recent emergence of digitized

image analysis can facilitate quantitatiori of the labeled ele-
ments; for example, the amounts of T lymphocytes and B
lymphocytes adjacent to metal implants in a fibrocapsule sur-

Immunohistochemistrv rounding an implant in the paraspinal musculature of rats can
be evaluated in this way.

Immunohistochemical techniques are a more recent addi- A method of investigation which employs labeling principles
tion to the protocols for evaluating tissue responses to implant similar to those used in immunohistochemistry is in situ hybrid-
materials. Utilization of immunohistochemistry allows specific ization. In situ hybridization is generally used to provide evi-
cell types and extracellular matrix components around an irn- dence that certain proteins are being synthesized by cells by
plant to be identified. For this technique, monoclonal or poly- demonstrating the presence of messenger RNA (mRNA). This
clonal antibodies specific for membrane, intracellular, and ex- method utilizes labeled (either with a substrate or a radio
tracellular molecules (antigenic determinants) are applied to isotope) RNA or DNA probes that have nucleotide sequences
tissue sections. This antibody, or secondary antibody, specific complementary to mRNA. mRNA production can therefore
for the primary antibody, is substrate conjugated and can, be demonstrated either by autoradiography or by an enzyme—
therefore, be localized by a chemical reaction to produce a substrate reaction. Either method enables protein production
colored or fluorescent precipitate at the site of the antigen. to be quantified by computerized image analysis. This method
Alternatively, several secondary antibodies can be used prior is not yet routinely used to evaluate biomateriais in vivo. How-
to a substrate-conjugated final antibody, all of which are spe- ever, it is likely that this method will become important in the
cific for the preceding antibody. Colored or fluorescent precipi- future as more investigators focus on mechanisms involved in
tates can be seen by light microscopy and can be assessed both biological responses to biomateriais.
qualitatively and quantitatively. Because monoclonal antibod-
ies are antigen specific, double and even triple labeling can be
performed on the same tissue section to evaluate two or more
parameters simultaneously. However, before employing multi- Transmission Electron Microscopy
pie labels, consideration should be given to the fact that stenc
hindrance could affect interpretation of results if the antigens TEM allows cells at the interface of an implant to be exam-
are in close proximity. ined at the ultrastructural level. However, the difficulty in

Despite the specificity and scope of analyses offered by preparing the ultrathin sections (100 nm or less) has limited
immunohistochemistry, few investigators have utilized this implementation of this technique. Recent investigations using
technique in assessing tissue responses to implant materials. ion-thinning methods and special ultramicrotomy techniques
This is due, in part, to the fact that there have not been many have begun to reveal important features of certain biomaterial-
cotnmercially available antibodies specific for molecules in cer- tissue interfaces. Immunolocalization of certain proteins can
tain animal models apart from the mouse, rat, and guinea pig. be performed at the TEM level using antibodies conjugated to
This has changed rapidly, however, in the past few years, due gold particles or enzyme substrates.
to increased demand. One application of the irnmunolabeling One area that has benefited greatly from TEM is the investi-
technique was the determination of the population of la-pre- gation of the bone-bonding behavior of certain calcium-con-
senting cells (macrophages) and T lymphocytes and B lympho- taining materials. TEM studies have demonstrated the precipi-
cytes in rats which had been paraspinally implanted with com- tation of biological apatites on synthetic calcium phosphate
mercially pure titanium disks. It was shown that la-presenting materials implanted in soft tissue and bone sites. Ultrathin
cells were the main contributor to the inflammatory reaction sections were produced by ultramicrotomy and ion-thinning
(which decreased after 50 days). T lymphocytes of both the methods. An additional benefit of transmission electron micros-
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copy for these studies was the ability to identify specific crystal- effectively evaluated using biochemical methods. The levels of
line phases using selected area electron diffraction. In addition, certain inflammatory mediators such as prostaglandin E2 and
the relationship of various crystalline materials at the ultra- certain interleukins (e.g., IL-1) in the tissue around implants
structural level was facilitated using high-resolution electron can be determined using radioimmunoassay techniques. How-
microscopy to image the crystalline lattices of individual crys- ever, a limitation of this method is the amount of tissue required
tallites, in situations where the levels of these eicosanoids and inflam-

The particle size of wear debris from implants (e.g., orthope- matory cytokines are relatively low. A complementary method
die protheses) can be below the resolution limit of light micros- is to isolate cells from the peri-implant tissue in culture. The
copy. In these types of investigations TEM can be used to levels of inflammatory mediators in the conditioned medium
determine the cellular response to the particles of debris. It can can be assessed after various culture times. This method has
be used to identify the condition of certain cellular organelles the advantage of providing information about the metabolic
that reflect the metabolic health of individual cells. behavior of the cells in the peri-implant tissue. However, the

TEM can offer further advantages if methods of elemental handling required to isolate and culture the cells can activate
analyses are linked to the microscope. Energy-dispersive X-ray them to produce and release more of these mediators than they
microanalysis (EDX) and electron energy loss spectroscopy might have while in situ.
(EELS) allow elemental analysis of the tissue surrounding an Biochemical evaluation of tissue surrounding an implant is
implant. They provide the means to: (1) identify particulate not routinely used to determine tissue biocompatibility. It can
substances, (2) determine which elements have leached from be a valuable tool in investigating the production of regulatory
component materials, and (3) determine the location of the cytokines and eicosanoids by cells in response to the presence
particles or elements within the cell or the extracellular matrix. of a biomaterial. However, manipulation of tissues at and after

explantation can dramatically alter the production and release
of cellular mediators.

Scanning Electron Microscopy

Scanning electron microscopy has been used to image tissue
around implants in many in vivo models. The implant—tissue
interface has been prepared for SEM by cutting cross sections /MteclMUlIcal Testing
with saws or knives or by freeze-fracture techniques. The integ- , . c , , . , . . .

f , . , . . , j , , /• It is usetul to test a material tor certain mechanical proper-
nty or the implant~-tissue interlace depends on the nature or . ., . . , , ... . . . . , , . .
, . j i r • j j L j • i i j ties " the intended use will subject the implant to mechanical

the tissue and the fixation and dehydration protocols employed. . .- T-. i i - . 1 1 1 1 - 1
r, . , r i • j • i j loading. These tests have been particularly valuable in deter-
Shrmkage ot the tissue due to processing can be advantageous . . , , , ,. , , . . ,
. , • • f r i - 1 • t L mining the strength and compliance or certain implant—bone
in determining Features or the implant-tissue interface by re- . ,° ,° , ,c

 r , . . r ,
,. , £ f t - j i_ • i T T interlaces to evaluate the ethcacy of certain coatings as attach-veahng the surface or the tissue apposed to the implant. How- . . , , . .. . . , , . .

i . i j - ment vehicles for orthopedic prostheses and dental implants.
ever, in some instances shrinkage may destroy a tissue-im- „ . ,. ;, . , . , . f t

I • f ,. ™r screening purposes, cylindrical rods ot test materials have
,-, • j cr\t . . . . . . . , , . been implanted transcortically through the lateral aspect of
Conventional SEM utilizing imaging with secondary elec- , . , _. . ° ... , r .

/ • i - . j i • - . -t • 11 i j ii i tne canine temur. Push-out tests are utilized to compute the
trons is ot limited value m identifying cellular and extracellular . , . , , , . ,. . ,. , , , f •, ,
. , L -J -.c • i L I - intertacial shear strength by dividing the load to failure by

elements because such identification must rely on morphologi- , . , , . , . , ,T , .
i • • i ,i i i -c • T T • the cortical surrace area apposmg the implant. However, this

cal criteria that generally lack specificity. However, in some , , . . . . . , , , . . . ,
, i i • • j- - v • approach has certain limitations. Most orthopedic implantscases elemental analysis using energy-dispersive X-ray micro- . . . ,. , , . .. ^, n •

i L cc\>r j i • r • reside in cancellous rather than cortical bone. Cancellous boneanalysis in the SEM can provide complementary mtormation , , , . . , , , , . . ,
r .,- . , .£• • t - c • L • i has lower density, strength, and modulus than cortical bone,

to facilitate identification of certain features in the implant T U - - I i • t -<-
i j- • / i j ' j • In addition, because push-out testing produces a nonumtormand surrounding tissue (e.g., mineral deposits and particu- . ,. .. . . . ,r , , ,

, , , . ̂  shear stress distribution in bone, the method ot computing

0 " • ' „ • « . • i i J L i r L i interfacial shear strength i s problematic. Alternative investiga-Recent investigations have demonstrated the value ot back- . . . . .° .. r. . . . , . ,,
, , . . /Decs i - • L tions have implanted cylindrical specimens in the cancellousscattered electron imaging (BSE) in revealing certain teatures , , , . , . . , , . » / - ~ ,,

t • i - j • j • • ! / i i • bone ot dogs in the proximal and distal temur. Pull-out testsot mineralized tissues and ceramic implants (namely, calcium , . . . , ., .. .. . ,
• u ^ t ^ , -ri i-tf • • , 1 • • 11 trom these sites lead to a more uniform distribution of stress

phosphate substances). The difference m mineral density allows . ,. , , . , , . , .. . , , .
r ... j- • • £ • i *. j u j r -iv ^ j- • • j in surrounding bone, and might model the clinical use of thetor the distinction ot implant and bone, and tacmtates digitized, . , i i ^ . . . . .

, . c, , . ,. implants more closely. Stress analyses indicate that torsion tests
quantitative area analysis ot bone around certain types of im- . . - / - , . . , - , - • , .

i -ru- ^L j L u i j • j- L produce the most umtorm distribution ot stress in surrounding
plants. I his method h a s generally replaced microradiography f , . / • - . 1 . 1 . , •/• .
r • • i L - i o r / bone and therefore might be the best method to use if results
tor imaging the bone response to implants. . , , ° . . . ,

are to be compared trom one investigation to another.
Most studies are designed to perform mechanical testing

on explanted specimens within hours of sacrifice of the animal

Biochemistry or a^ter t^ie sPec*mens nave Deen frozen and thawed. Any type
of fixation by chemical methods will affect the mechanical

The metabolic characteristics of tissue around implants, properties of biological tissues, and in many cases, the bioma-
particularly with respect to inflammatory reactions, have been terial.
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CRITERIA FOR ASSESSING ACCEPTABILITY OF THE body reaction: a chronic inflammatory response, j. Biomed. Mater.

Galante, J., Rostoker, W., Lueck, R., and Ray, R. D. (1971). Sintered
fiber metal composites as a basis tor attachment of implants to

The in vivo assessment of tissue compatibility requires that bone. /. Bone joint Surf. 53A: 101-115.
certain criteria be used for determining the acceptability of Geesink, R. G. T., deGroot, K., and Kiein, C. (1987). Chemical implant
the tissue response relative to the intended application of a fixation using hydroxy-apatite coatings. Clin, Orthop, Rel. Res.
material. The device should be considered biocompatible only 225: 147-170.
in the context of the criteria used to assess the acceptability of Hanson, S. R., Marker, L. A., Ratner, B. D., and Hoffman, A. S.
the tissue response. In this regard, every study involving the <1980)- ln vivo evaluation of artificial surfaces with a non-
in vivo assessment of tissue compatibility should provide a humanpnmate model of arterial thrombosis. /. Lab, dm. Invest.
working definition of biocompatibility. Biomaterials and de- ^ £ ' ^ A ^ R Wa K Aa

vices implanted into bone can become apposed by the regener- j ^ and o,Donnell? T F (1984) Healing patrem o£ small caliber

atmg osseous tissue, and thus be considered compatible with Dacron grafts in the baboon. an animal model for the study of

bone regeneration. However, altered bone remodeling around vascular prostheses. /. Biomed. Mater. Res. 18: 281-292.
a device, with a net loss of bone mass (i.e., osteopenia), Laing, P. G., Ferguson, A. B., and Hodge, E. S. (1967). Tissue reaction
could lead to the assessment that a material or device is in rabbit muscle exposed to metallic implants. /. Biomed. Mater.
not compatible with normal bone remodeling. It situations Res. 1: 135-149.
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does not automatically follow that if the materials comprising have been successfully used in patients for many years, and
a device are blood compatible, a device fabricated from are judged to be therapeutically beneficial, it is reasonable to
those materials will also be blood compatible. This important ask: (1) Is there a continued need for assessing BMI? and (2)
point should be clear upon completion of this chapter. Before Are there important problems that remain to be addressed?
considering the evaluation of materials and devices, the The answer in both cases is clearly "yes." For example, many
reader should be familiar with the protein and cellular existing devices are frequently modified by incorporation of
reactions of blood coagulation, platelet responses, and fibri- new design features or synthetic materials primarily intended
nolysis as discussed in Chapter 4.5. to improve durability and physical and mechanical characteris-

tics; that is, devices may be modified to improve characteristics
other than BMI. However, since these changes may also affect
blood responses, and since BMIs are not entirely predictable

BLOOD COMPATIBILITY based on knowledge of device composition and configuration,
blood compatibility testing is nearly always required to docu-

A discussion of the nature of blood compatibility would be ment safety.
straightforward if there were a list of standard tests that might The performance of many existing devices is also less than
be performed to evaluate blood compatibility. By simply per- optimal (Salzman and Merrill, 1987; Williams, 1987; Mclntire
forming the tests outlined in such a list, a material could be et al., 1985). For example, prolonged cardiopulmonary by-
rated "blood compatible" or "not blood compatible." Unfortu- pass and membrane oxygenation can produce a tendency to
nately, no widely recognized, standard list of blood compatibil- severe bleeding. Mechanical heart valves occasionally shed
ity tests exists. Owing to the complexity of blood-materials emboli to the brain, producing stroke. Synthetic vascular
interactions (BMI), there is a basic body of ideas that must be grafts perform less well than grafts derived from natural
mastered in order to appreciate what blood interaction tests arteries or veins; graft failure due to thrombosis can lead
actually measure. This section introduces the rationale for to ischemia (lack of oxygen) and death of downstream tissue
BMI testing. beds; small-diameter vascular grafts (<4 mm i.d.) cannot

"Blood compatibility" can be defined as the property of a be made. Thus, while performance characteristics have been
material or device that permits it to function in contact with judged to be acceptable in many instances (i.e., the benefit/
blood without inducing adverse reactions. Unfortunately, this risk ratio is high), certain existing devices could be improved
simple definition offers little insight into what a blood-compati- to extend their period of safe operation (e.g., oxygenators),
ble material is. More useful definitions become increasingly and to reduce adverse BMI long term (e.g., heart valves),
complex. This is because there are many mechanisms that the Furthermore, many devices are only "safe" when anticoagu-
body has available to respond to insults to the blood. A material lating drugs are used (e.g., oxygenators, heart valves, hemodi-
that will not trigger one response mechanism may be highly alyzers). Device improvements that would reduce adverse
active in triggering another mechanism. The mechanisms by BMI and thereby eliminate the need for anticoagulant therapy
which blood responds to synthetic materials were discussed in would have important implications both for health (fewer
Chapter 4.5. This chapter discusses how one assesses the blood bleedm§ complications from drug effects) and cost (complica-

• i . , v £ • i • r u £ «.u u tions can be expensive to treat). The reusability of devicescompatibility or materials in light or these response mech- . . . , f » i i . . . . . . .
which can undergo repeated blood exposure in individual

amsms. . ,. ,° .*. , . r . . ,
,„ , - i l l - i - i - r j-r/- patients (e.g., dialyzers) is also a n important economic consid-
We can also view blood compatibility from a different per- .crjition

spective by considering a material that is not blood compatible, r- .. • r _• a. j • -i ui. i ^or certam applications there are no devices available at
i.e., a thxombogemc material. Such a material would produce present that perform adequately (owing to adverse BMI) even

specific adverse reactions when placed in contact with blood: when antithrOmbotic drugs are used. Thus there is a need
formation of clot or thombus composed of various blood ele- for devices which could provide long-term oxygenation for
ments; shedding or nucleation of emboli (detached thrombus); respiratory failure, cardiac support (total artificial heart or
the destruction of circulating blood components; activation ventricular assist device), and intravascular measurement of
of the complement system and other immunologic pathways physiologic parameters (O2, CO2, pH), as well as for small-
(Saizman and Merrill, 1987). Clearly, in designing blood-con- diameter vascular grafts (<5 mm internal diameter) and other
tacting materials and devices, the aim is to minimize these conduits (e.g., stents) for reconstruction of diseased arteries
obviously undesirable blood reactions. and veim Overall, there is a compelling need for continued

Many devices and materials are used in humans to treat or and improveci methods for evaluating BMI.
to facilitate treatment of various disease states. Such devices
include the extracorporeal pump-oxygenator (heart-lung ma-
chine) used in many surgical procedures, hollow fiber hemodia-
lyzers for treatment of kidney failure, catheters for blood access
and blood vessel manipulation (e.g., angioplasty), heart assist THROMBOGENICITY
devices, stents and permanently implanted devices to replace
diseased heart valves (prosthetic heart valves) and arteries (vas- The thrombogenic responses induced by a material or device
cular grafts). Since these and other blood-contacting devices can be categorized into two groups. First, as the term implies,
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FIG. 1. Possible scenarios for blood—materials interactions, and limitations of evaluating only local thrombus formation at
fixed time points. (A) Device remains free of thrombus. (B) Large thrombus forms and remains attached. (C) Large thrombus
forms but detaches (embolizes). (D) Surface is highly reactive toward blood but deposited material is quickly removed through
microembolism and/or lysis. Inspection of devices (C) and (D) could lead to the incorrect conclusion that these surfaces are
blood compatible.

a thrombogenic device may cause the accumulation of various While all artificial surfaces interact with blood, an acceptably
blood elements which are preferentially concentrated locally nonthrombogenic device can be defined as one which would
relative to their concentrations in circulating blood (thrombus produce neither local nor systemic deleterious effects of
formation). Cardiovascular devices may also exhibit regions consequence to the health of the host organism,
of disturbed flow or stasis which lead to the formation of With "thrombogenicity" now defined globally in terms of
blood clots (coagulated whole blood). These local effects adverse outcomes associated with device use, the obvious goal
may compromise device functions, such as the delivery of is to design and improve devices using materials which are
blood through artificial blood vessels, the mechanical motions blood compatible (nonthrombogenic) for specific applications,
of heart valves, gas exchange through oxygenators, and Ideally, the biomaterials engineer should be able to consult a
the removal of metabolic waste products through dialysis handbook for a list of materials useful in fabricating a device,
membranes. These local blood reactions may also produce Unfortunately, there is little consensus as to what materials
effects in other parts of the host organism, i.e., systemic are blood compatible. Because of this lack of consensus, there
effects. Thus thrombi may detach from a surface (embolize) is no reliable or "official" list of blood-compatible materials,
and be carried downstream, eventually occluding a blood As a result, an individual interested in learning which materials
vessel of comparable size and impairing blood flow distal might be suitable for construction of a new blood-contacting
to the site of occlusion. Chronic devices may produce steady- device generally consults published studies, or directly studies
state destruction or "consumption" of circulating blood ele- candidate materials.
ments, thereby lowering their concentration in blood (e.g., Despite intensive efforts, the blood compatibility of specific
mechanical destruction of red cells by heart prostheses, materials for particular device applications is not well estab-
producing anemia, or removal of platelets as a result of lished because: (1) the types of devices used are numerous,
continuing thrombus formation), with a concomitant rise in may exhibit complex flow geometries, and are continuously
plasma levels of factors released from those blood elements evolving; (2) the possible blood responses are numerous, com-
(e.g., plasma hemoglobin, platelet factor 4). Mediators of plex, dynamic, and not fully understood; and (3) it is difficult
inflammatory responses and vessel tone may also be produced and expensive to measure device thrombogenicity (clinically
or released from cells (e.g., platelets, white cells, the comple- significant local thrombosis or systemic effects) in an extensive
ment pathway) following blood—surface interactions which and systematic way in either experimental animals or humans
can affect hemodynamics and organ functions at other sites. (2). Most tests purported to measure blood compatibility really
Thus "thrombogenicity" may be broadly defined as the evaluate certain blood—materials interactions. Figure 1 iilus-
extent to which a device, when employed in its intended trates how alternative interpretations can be applied to data
configuration, induces the adverse responses outlined here. from "blood compatibility" tests. This concept is further ex-
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FIG. 2. Alternative scenarios that can be applied for interpreting results of blood—materials interaction assays.

panded upon in Fig. 2. These alternative interpretations often extent, may allow prediction of the performance of devices
invalidate the conclusions one would like to draw from such in humans. These points are addressed in subsequent sections
tests. For accuracy, the term "BMI assessment" will be used of this chapter.
for the remainder of this chapter instead of "blood compatibil- The above considerations suggest that no material may
ity test." Based upon the characteristics of the evaluation be simply "blood compatible" or "nonthrombogenic" since
method (i.e., what is really being measured), the biomaterials this assessment will depend strongly on details of the test
scientist must relate the significance of the events being ob- system or usage configuration. In fact, under conditions of
served (the BMI) to the blood compatibility of the material or sluggish (low shear) blood flow or stasis, most if not all
device. A solid understanding of the physical and biological polymeric materials may become associated with localized
mechanisms of blood—materials interactions is required to blood clotting and thus be considered "thrombogenic." This
make this connection in a rational way. is because synthetic materials, unlike the endothelium (which

In more specific terms, BMIs are the interactions (reversible lines all blood vessels), cannot actively inhibit thrombosis
and irreversible) between surfaces and blood solutes, proteins, and clotting by directly producing and releasing inhibitors
and cells (adsorption, absorption, adhesion, denaturation, or by inactivating procoagulant substances. The possibility
activation, spreading) which occur under defined conditions that there may be no "biomaterials solution" to certain
of exposure time, blood composition, and blood flow. Since problems, or that the performance of a device could be
each of these variables influences BMI, we cannot generally: improved by emulating strategies found in nature, has led
(1) extrapolate results obtained under one set of test condi- some investigators to consider coating devices with endothe-
tions to another set of conditions; (2) use short-term testing Hal cells, antithrombotic drugs, or anticoagulating enzymes,
to predict long-term results; and (3) predict in vivo perfor- While there is no evidence that these methods have solved
mance of a device based on BMI testing of materials per the problem of biomaterial thrombogenicity for any device,
se in idealized flow geometries. Nonetheless, such tests have the approaches appear promising and are being widely ex-
provided important insights into the mechanisms of thrombus plored. As for conventional synthetic materials and devices,
formation in general, and the relationships between BMI establishing the usefulness of biologic surfaces and drug
and blood compatibility. These studies also permit some delivery devices requires appropriate methods for evaluating
general guidelines for constructing devices, and, to a limited their blood interactions.
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TABLE I Factors Important in the Acquisition and
Handling of Blood for BMI Experiments

Species of the blood donor

Health of the blood donor

Blood reactivity of the donor (individual physiological differences)
Time interval between blood draw and BMI experiment

Care with which the puncture for the blood draw was made

Temperature (for blood storage and testing)

Anticoaguiation

Drugs and anesthetics present in the blood

Blood damage caused by centrifugation and separation operations

Blood damage caused by contact with foreign surfaces prior to the
BMI experiment (syringe, needle, blood bag, bottles, tubing, etc.)

Blood damage caused by the air—blood interface

Blood damage caused by pumping and recirculation

IMPORTANT CONSIDERATIONS FOR
BMI ASSESSMENT

In 1856 Rudolph Virchow proposed that the three factors
that contribute to the coagulation of the blood are the blood
chemistry, the blood-contacting surface, and the flow regime
(commonly referred to as Virchow's triad).

This assessment is still valid, and provides a framework
for more formally introducing the variables important in any
system intended to evaluate BMI. As described here, these
variables may each profoundly influence the results and inter-
pretation of BMI testing, and the ranking of blood compatibil-
ity of materials according to that test.

FACTORS AFFECTING THE PROPERTIES OF BLOOD

The source and methods for handling blood can have im-
portant effects on BMI. Blood obtained from humans and
various animal species has been employed in vitro and in vivo,
both in the presence and absence of anticoagulants. Blood
reactivity is also influenced by the extent and period of manipu-
lation in vitro, the surface-to-volume ratio of blood placed
in extracorporeal circuits, and the use of pumps for blood
recirculation. These aspects are discussed in the following para-
graphs and are summarized in Table 1.

The blood chemistry of each animal species is different (see
Chapter 5.5). In particular, blood may vary with respect to
the concentrations and functions of blood proteins and cells
which participate in coagulation, thrombosis, and fibrinolysis
(Chapter 4.5). The size of blood-formed elements may also
differ. A comparison of blood chemistry between man and
the more commonly used animal species has been published
(Mclntire etaL, 1985). While human blood is obviously prefer-
able for BMI, it is often impossible to use human blood in
certain experiments. In addition, there are significant health
concerns in experimenting with human blood, and animals are
commonly used for both in vitro and in vivo studies. Unfortu-
nately, most investigations have employed a single animal spe-
cies or blood source. There have been few comparisons between
human and animal blood responses for evaluating BMI in any
particular test situation. In many instances, differences between
human and animal blood responses are likely to be large, and
must be borne in mind when interpreting experimental results.
For example, the initial adhesiveness of blood platelets for
artificial surfaces appears to be low in man and some primates,
and high in the dog, rat, and rabbit (Grabowski et #/., 1976).
Following the implantation of chronic blood-contacting de-
vices (e.g., vascular grafts), there may be large differences be-
tween man and all other animal species in terms of device
healing and incorporation of surrounding tissues, which will be
reflected as differences in the time course of BMI. Furthermore,
while animal groups serving as blood donors for BMI experi-
ments may represent a relatively homogeneous population in
terms of age, health status, blood responses, etc., the human
recipients of blood-contacting devices may vary considerably
in terms of these parameters. Thus, the results obtained with
any animal species must be viewed with great caution if conclu-
sions are to be drawn as to the significance of the results
for humans.

Despite these limitations, animal testing has been particu-
larly helpful in defining mechanisms of BMI and thrombus
formation, and the interdependence of blood biochemical path-
ways, the nature of the surface, and the blood flow regime. In
addition, while results of animal testing may not quantitatively
predict results in man, in many cases results are likely to be
qualitatively similar. These aspects are discussed further later.

In general, studies in lower animal species such as the rabbit,
rat, and guinea pig may be useful to screen for profound differ-
ences between materials which might be achieved, for example,
by incorporation of an antithrombotic drug delivery system
into an otherwise thrombogenic device. Short-term screening
to identify markedly reactive materials, and longer term studies
to evaluate the effects of healing phenomena on BMI can also
be performed in other species such as the dog and pig. When
differences in BMI are likely to be modest (for example, as a
consequence of subtle changes in surface chemistry or device
configuration), the ranking of materials based on tests with
lower animal species may be unrelated to results that would
be obtained in man; studies with primates, which are hemato-
logically similar to man, are more likely to provide results
which are clinically relevant. However, the relationships be-
tween human and primate BMIs are also not well established
in many models and applications, and should therefore be
interpreted with caution.
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In vitro testing generally requires anticoagulation of the A number of studies using well-characterized flow geome-
blood, which can have a profound effect on BMI. In vivo tries have suggested that the initial attachment of platelets to
testing and the use of extracorporeal circuits are also commonly artificial surfaces increases with increasing blood flow, or, more
performed with anticoagulants. Two anticoagulants are most specifically, with increasing wall shear rate (slope of the velocity
frequently used: sodium citrate, which chelates calcium ions profile at the surface). Under conditions of low wall shear rate
that are required for certain reactions of platelets and coagula- (less than —1000 sec"1) early platelet adhesion (over the first
tion proteins, and heparin, a natural polysaccharide used to minutes of exposure) may depend more upon the platelet ar-
block the action of the coagulation protease thrombin (Chapter rival rate (i.e., platelet availability) than on substrate surface
4.5). Both can markedly affect BMI. In particular, the removal properties (Friedman et al., 1970). Under these conditions the
of calcium ions may profoundly depress platelet—surface reac- platelet-surface reaction rate is said to be diffusion controlled,
tions and the capacity of platelets to form aggregates and At higher shear rates, platelet adhesion may depend upon both
thrombi. Thus the relationship between BMI in the presence the rate of platelet transport as well as surface properties; thus,
of citrate anticoagulant and "thrombogenicity" in the absence studies designed to assess the role of surface properties are best
of anticoagulant is questionable. Similar concerns apply to performed under flow conditions where platelet transport is
heparin anticoagulation. Although this agent is less likely to not limiting. Following initial platelet adhesion, subsequent
interfere with the earliest platelet reactions, platelet thrombus processes of platelet aggregation and in vivo thrombus forma-
formation may be impaired by inhibition of thrombin activity. tion (over minutes to hours) may be partly reaction controlled.
The use of heparin is appropriate for evaluating devices whose For example, platelet accumulation on highly thrombogenic
use normally requires heparinization in vivo (e.g., oxygenators, artificial surfaces (e.g., fabric vascular grafts) or biologic sur-
dialyzers). In general, results with anticoagulated systems can- faces (e.g., collagen) may be quite rapid and depends on both
not be used to predict performance in the absence of anticoagu- the substrate reactivity and factors influencing platelet avail-
lants. Anticoagulants in the context of BMI were discussed by ability (shear rate, hematocrit, and the platelet content of
Mclntire et al. (1985). blood) (Harker et al., (1991). Under other circumstances, the

Blood is a fragile tissue that begins to change from the rate of platelet-surface interactions may be almost entirely
moment it is removed from the body. It may become more reaction controlled. For example, with smooth-walled artificial
active (activated) or less active (refractory) in several ways, surfaces which cause repeated embolization of small platelet
even with effective anticoagulation. Thus, BMI evaluations aggregates continuously over days, the overall rate of platelet
with blood aged more than a few hours are probably meaning- destruction depends strongly on material properties but not
less. If purified blood components or cells are used (e.g., plate- on blood flow rate or circulating platelet numbers over wide
lets, fibrinogen), studies must be performed to ensure that they ranges of these variables (Hanson et al., 1980).
remain functionally normal. In most cases the volume of blood It has been observed that under arterial flow conditions
used, relative to test surface area, should be large. Similarly, the (high shear rate), a thrombus that forms in vivo may be largely
area of nontest surfaces, including exposure to air interfaces, composed of platelets ("white thrombus"), while a thrombus
should be minimized. Changes in blood or test surface tempera- that forms under venous flow conditions (low shear rate) may
ture, or exposure to intense light sources, can also produce contain mostly red cells en trapped in a fibrin mesh ("red throm-
artifactual results. When blood is pumped, the recirculation bus"). The process of platelet thrombus formation may not be
rate (fraction of total blood volume pumped per unit time) affected by administration of heparin in normal anticoagulat-
should be minimized since blood pumping alone can induce ing amounts (i.e., arterial thrombosis may be heparin resistant),
platelet and red cell cell damage, platelet release reactions, and while venous thrombosis is effectively treated with heparin.
platelet refractoriness. This lack of effect against platelet reactions is somewhat sur-

prising since the procoagulant enzyme, thrombin, one of the
most potent activators of platelets, is strongly inhibited by
heparin. These observations have been incorrectly interpreted

EFFECTS OF BLOOD FLOW to mean that arterial and venous thromboses are separable
processes, with the former depending only on platelet reactions

Blood flow controls the rate of transport (by diffusion and and the latter depending only on coagulation-related events,
convection) of cells and proteins in the vicinity of artificial However, while platelet-dependent (arterial) thrombosis may
surfaces and thrombi. This subject was reviewed by Leonard be little affected by heparin, it is blocked quite effectively by
(1987) and Turitto and Baumgartner( 1987). Whilephysiologi- other inhibitors of thrombin (Hanson and Harker, 1988;
cally encountered blood shear forces probably do not damage Wagner and Hubbell, 1990), indicating that heparin is limited
or activate platelets directly, such forces can dislodge platelet in its capacity to block the enzyme when it is produced locally
aggregates and thrombi, which may attach farther downstream in high concentrations through reactions which may be cata-
or be carried away (embolize) to distal circulatory beds. Platelet lyzed on the platelet surface (Chapter 4.5).
diffusion in flowing blood and early platelet attachment to The formation of fibrin, owing to the action of thrombin
surfaces may be increased 50- to 100-fold by the presence of on fibrinogen, is also important for the formation and stabiliza-
red blood cells, which greatly enhance the movement of plate- tion of a thrombus since: (1) fibrinolytic enzymes can reduce
lets across parallel streamlines. At higher shear forces, red platelet thrombus formation, and (2) arterial thrombi are often
cells may also contribute chemical factors that enhance platelet composed of alternating layers of platelets and fibrin. Thus,
reactivity (Turitto and Baumgartner, 1987). in most circumstances, thrombin is a key promoter of local
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platelet and fibrin accumulation (on surfaces), under both high platelet monolayer, suggesting that surface properties may be
shear and low shear conditions. Thrombi may differ in appear- "inconsequential" for early platelet adhesion (Friedman et al,
ance because under high flow conditions, thrombin and precur- 1970). In the absence of anticoagulants, initial platelet attach-
sor procoagulant enzymes (e.g., factor Xa) may be diluted ment may vary, but no general relationship to substrate surface
sufficiently to prevent bulk phase clotting and trapping of properties has been demonstrated. In attempts to establish such
red cells. relationships, thrombus formation has been studied using de-

In summary, the formation of a thrombus requires the trans- vices implanted in animals and composed of various materials,
port by flow of platelets and coagulation proteins to surfaces. including polymers, metals, carbons, charged surfaces, and
Fibrin polymerization, as well as local platelet activation and hydrogels. Correlations have been sought between the blood
recruitment into growing thrombi, requires conversion of pro- response and surface properties such as charge (anionic-cat-
thrombin to thrombin, the end product of a sequential series ionic), hydrophilicity, hydrophobicity, polarity, contact angle,
of coagulation reactions which are also catalyzed by platelets, wettability, and critical surface tension (Salzman and Merrill,
and may be amplified or inhibited by various feedback mecha- 1987; Williams, 1987; Mclntire etal., 1985). These parameters
nisms (Chapter 4.5). Blood flow regulates each reaction step have not proven satisfactory for predicting device performance
such that under low (venous) flow conditions fibrin formation even in idealized test situations, reflecting the complexity of
is abundant; thrombi may resemble coagulated whole blood the phenomena being investigated, the limitations of anima!
with many entrapped red cells. Under high (arterial) flows, modeling (e.g., Fig. 1), and, in some cases, inadequate charac-
platelets, stabilized by much smaller amounts of fibrin, may terization of material surface properties (see Chapters 1.3 and
comprise the greater proportion of the total thrombus mass. 9.7 and Ratner, 1993a).

In many cases, material properties are constrained by the
intended application of the device. For example, vascular grafts
and the sewing ring of prosthetic heart valves are composed
of fabric or porous materials to permit healing and tissue an-

PROPERTIES Of BIOMATERIALS AND DEVICES choring. Other materials must be permeable to blood solutes
and gases (dialysis and oxygenator membranes) or distensible

Many different artificial surfaces, in various device applica- (pump ventricles, balloon catheters), and may necessarily ex-
tions, are used in contact with blood. As discussed subse- hibit complex flow geometries. In general, devices with flow
quently, tests designed to assess certain blood—materials inter- geometries which cause regions of flow recirculation and stasis
actions have shown that the surface physicochemical properties tend to produce localized clotting in the absence of heparin
of materials and devices can have important effects on early anticoagulant. On a microscopic scale, surface imperfections,
events, for example, on protein adsorption and platelet adhe- cracks, and trapped air bubbles may serve as a focus to initiate
sion, yet how these effects relate to subsequent thrombus for- thrombus formation. While surface smoothness is usually desir-
mation remains uncertain. able, many devices having a fabric or microporous surface

When placed in contact with blood, most if not all artificial (e.g., vascular grafts) function well if the layer of thrombus
surfaces first acquire a layer of adsorbed blood proteins whose that forms is not thick enough to interfere with the function
composition and mass may vary with time in a complex man- of the device (Salzman, 1987).
ner, depending on substrate surface type (Chapter 3.2). This
layer mediates the subsequent attachment of platelets and other
blood cells that can lead to the development of platelet aggre-
gates and thrombi. The relationship between material proper-
ties, the protein layer, and the propensity of a material or INTERACTION TIME
device to accumulate thrombi is not well understood because:
(1) protein—surface reactions involve complex, dynamic pro- Different events may occur at short and long BMI times. A
cesses of competitive adsorption, denaturation, and activation; test in which blood contacts a device for seconds or minutes
(2) cell-surface interactions may modify the protein layer, i.e., may yield a result that will have no meaning for devices used
cells may deposit lipid and protein "footprints" derived from for hours or days, or which may be implanted chronically,
the cell membrane; (3) the importance of specific adsorbed Thus, measurements of protein adsorption may not predict
proteins for subsequent cell interactions is not well defined; levels of platelet adhesion. Platelet adhesion alone is not an
(4) there have been few relevant tests in which both protein adequate measure of thrombogenicity, and does not predict
adsorption and later thrombus formation has been assessed. the extent of local or systemic thrombogenic effects which
Under conditions of low blood shear, the capacity of negatively could be harmful to the host organism. However, several stud-
charged surfaces (such as glass) to activate intrinsic coagulation ies indicate that an early maximum in platelet thrombus accu-
(via factor XII) can lead to thrombin production with subse- mulation may be seen within hours of device exposure, which
quent platelet deposition and fibrin clot formation. Under other can be sufficient to produce device failure (e.g., small-diameter
circumstances, the availability on surfaces of adhesive plasma vascular graft occlusion) (Harker et a/., 1991). Therefore,
proteins, such as fibrinogen, may be important for regulating short-term testing (over hours) may be appropriate for predict-
platelet attachment (Horbett et al., 1986). ing the clinical usefulness of devices which can produce an

With anticoagulated blood, initial platelet attachment to a acute, severe thrombotic response. In general, the nature and
variety of surfaces may be comparable and limited to a partial extent of BMI may change continuously over the entire period
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of device exposure. An exception to this rule may be chronic preliminary screening and identification of materials that could
implants which are not covered by tissue (e.g., heart valve be highly thrombogenic. Most artificial surfaces in common
struts, arteriovenous shunts), and which may interact with use would probably "pass" these tests. Since small differences
blood elements at a constant rate as shown, for example, by in test results are likely to be meaningless for predicting material
steady-state rates of platelet consumption (Hanson et al., performance in actual use, these tests are not appropriate for
1980), optimizing or refining material properties. In vivo testing is

therefore required.

EVALUATION Of BMI
In Vivo Tests of BMI

In th1S section we provide a general summary and interpreta- smdies haye been formed m which test materialSj

tion of more commonly used m vitro and mvwo animal testing ^ ̂  form of ^^ and ^ arg .̂ ^ fof ̂  Qr

procedures used to evaluate BMI. It is emphasized that a thor- , • j *. u • c * i • i1 , , . , . . . . . . . . . long periods into the arteries or veins of experimental animals
ough characterization of material properties is critical tor the /c , i x, .„ 1QO-7 wru- 100-7 \n ? *• + /^ f . ,_.r * ., . . . _ . (Salzman and Merrill, 1987; Williams, 1987; Mclntire et al.,
interpretation of these tests (Chapters 1.2 and 1.3 and iooc \ c t . r u - * r ku * * f

Q 1985). For the following reasons, most or these tests are of
a ner, a;. questionable relevance to the use of biomaterials in man: (1)

The timing and type of measurements may be such that impor-
tant blood responses are unrecognized. In particular, the mea-

In Vitro Tests surement of gross thrombus formation at a single point may
lead to incorrect conclusions about local thrombus formation

In vitro BMI tests involve placing blood or plasma in a (e.g., Fig. 1), and does not provide assessment of systemic
container composed of a test material or recirculating blood effects of thrombosis such as embolization and blood element
through a flow chamber in which test materials contact blood consumption; (2) With more commonly used animal species
under well-defined flow regimes which simulate physiologic (e.g., dogs), blood responses may differ from humans both
flow conditions. Many flow geometries have been studied, in- quantitatively and qualitatively; (3) The hemodynamics (blood
eluding tubes, parallel plates, packed beds, annular flows, rotat- flow conditions) of the model may not be controlled or mea-
mg probes, and spinning disks. These studies have been re- sured; (4) There may be variable blood vessel trauma and tissue
viewed (Mclntire etal., 1985; Turitto andBaumgartner, 1987), injury which can cause local thrombus formation through the
and have yielded considerable insight into how proteins and extrinsic pathway of blood coagulation (Chapter 4.5). Thus,
platelets are transported to, and react with, artificial surfaces. in vivo testing of materials in idealized flow geometries (rather
They also provide a wealth of morphologic information at the than actual device configurations) may provide few insights
cellular level on details of platelet—surface and platelet—platelet into the selection of materials for use in man.
interactions (Sakariassen et al,, 1989). However, as discussed Evaluations of BMI may be performed in animals having
earlier, these tests are usually of short duration and are strongly arteriovenous (A-V) or arterioarterial (A-A) shunts, i.e., tubular
influenced by the blood source, handling methods, and the use blood conduits placed between an artery and vein, or between
of anticoagulants. Thus, in vitro test results generally cannot an artery and artery. A-V shunts have been studied in a variety
be used to predict longer term BMI and in vivo outcome events, of animals, including baboons, dogs, pigs, and rabbits (3). An
or to guide the selection of materials for particular devices. A-V shunt system is illustrated in Fig. 3. Once established,

However, in vitro tests may be of some usefulness in screen- shunts may remain patent (not occluded) for long periods of
ing materials that may be highly reactive toward blood. Tests time (months) without the use of anticoagulants. Test materials
of the whole blood clotting time and variations thereof involve or devices are simply inserted as extension segments or between
placing nonanticoagulated whole blood (or blood anticoagu- inlet and outlet portions of the chronic shunt. These systems
lated with sodium citrate which is then recalcified) into contain- have the advantages that: (1) blood flow is easily controlled and
ers of test material and measuring the time for a visible clot measured; (2) native or anticoagulated blood can be employed;
to form. Materials which quickly activate intrinsic coagulation and (3) both short-term and long-term BMI, including local
and cause blood to clot within a few minutes (such as negatively and systemic effects, can be evaluated. For example, in ba-
charged glass) are probably unsuitable for use in devices with boons, which are hematologically similar to man, the blood
low shear blood flow, or in the absence of anticoagulants. responses to tubular biomaterials and vascular grafts have been

Recirculation of heparinized blood through tubular devices quantitatively compared with respect to: (1) localized throm-
and materials may lead to deposition of platelets onto highly bus accumulation; (2) consumption of circulating platelets and
thrombogenic materials with the appearance in plasma of pro- fibrinogen; (3) plasma levels of factors released by platelets
teins released from platelets (Kottke-Marchant et al., 1985). and coagulation proteins during thrombosis; and (4) emboliza-
Thus, this and similar methods may identify materials that tion of microthrombi to downstream circulatory beds (Harker
might cause rapid platelet accumulation m f wo over short time et al., 1991). These studies in primates are consistent with
periods, and therefore be unsuitable for certain applications observations in man that certain commonly used polymers
such as small-diameter vascular grafts or blood conduits. Both [e.g., polytetrafluoroethylene, polyethylene, poly(vinyl chlo-
this test and in vitro clotting assays can be considered for ride), silicone rubbers] and some vascular grafts [e.g., polytetra-
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FIG. 3. Illustration of an arteriovenous (A-V) shunt placed between the femoral artery and vein
(in the leg) of an experimental animal. Materials to be tested (in this case a tubular device) are interposed
between inlet and outlet segments of the shunt.

fluoroethylene] are relatively nonthrombogenic in extracorpo- during catheter withdrawal through a vessel insertion site),
real circuits and arteries. Thus, results with shunt models, producing occlusion of distal vessels and tissue ischemia. De-
particularly in higher animal species, may predict BMI in hu- vices exposed for short periods which have large surface areas
mans when employed under comparable flow conditions (lami- (dialyzers) and complex circuitries (pump-oxygenators) may,
nar unidirectional flow with arterial shear rates). Since extra- in addition, produce (1) a marked depletion of circulating blood
corporeal shunts exclude the modulating effects of blood vessel cells and proteins (e.g., platelets and coagulation factors); (2)
cells and tissue injury, results with these models may be less an immune or inflammatory response through activation of
relevant to the behavior of devices which are placed surgically complement proteins and white cells; and (3) organ dysfunction
or the responses which may be mediated by interactions with mediated by hemodynamic, hernatologic, and inflammatory
the vessel wall as well as the blood (e.g., heart valves, grafts, reactions. Mechanical devices which are used for long periods
indwelling catheters and sensors). of time (heart assist devices, extracorporeal membrane oxygen-

ators) may produce profound systemic effects and organ dys-
function such that their use in man remains problematic. Other

In VIVO Evaluation of Devices long-term implants (grafts, heart valves, stents) might be fur-
ther improved by extending their period of safe operation and

Since the blood response to devices is complex and not well patency, and by reducing the frequency of embolic phenomena
predicted by testing materials per se in idealized configurations, (e.g., stroke) and requirements for the concurrent use of anti-
animal testing, and ultimately clinical testing, of functioning thrombotic drugs.
devices is required to establish safety and efficacy. Broad guide- With both long-term and short-term devices, thrombus for-
lines, based on the type of device being considered, are given mation can be assessed directly and indirectly. Important indi-
in the following paragraphs and apply to both animal and rect assessments include depletion from circulating blood of
clinical testing. A summary of in vivo blood responses to de- cells and proteins consumed in thrombus formation, and the
vices, and of commonly used methods which have proven useful appearance in plasma of proteins generated by thrombus for-
for evaluating those responses, is given in Table 2. mation (e.g., fibrinopeptide A, platelet factor 4). Direct assess-

Devices which have relatively small surface areas and are ment of blood flow rate, flow geometry, and extent of flow
exposed for short periods of time (hours to days) include cathe- channel occlusion can in many cases be achieved using sophisti-
ters, guidewires, sensors, and some components of extracorpo- cated methods, including angiography, ultrasound imaging,
real circuits. With these devices the primary concern is the and magnetic resonance imaging. Devices which are removed
formation of significant thrombi that could interfere with their from the circulation should be visually inspected to assess
function (e.g., cause blood sensor malfunction), occlude vessels whether a thrombus has formed at particular sites or on certain
(catheters), and embolize either spontaneously or be stripped materials. Emboli in flowing blood may be detected using ultra-
frorn the device surface when it is removed from the body (e.g., sound and laser-based techniques, although these methods are
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TABLE 2 Blood—Materials Responses and Their Evaluation

System Blood response Assessment4

Device/material Thrombosis Direct visual and histologic evaluation; noninvasive imaging (angiography, ultra-
sound, radioisotope, magnetic resonance); evidence of device dysfunction.

Thromboembolism Emboli detection (ultrasound, laser); evidence of organ/limb ischemia, stroke.

Platelets Consumption Increased removal of radioisotopically labeled cells; reduced blood platelet count.
Dysfunction^ Reduced platelet aggregation in vitro; prolonged bleeding time.
Activation Increased plasma levels of platelet factor 4 and /3-thromboglobulin; platelet mem-

brane alterations (e.g., by flow cytometry).

Red celis& Destruction Decreased red cell count; increased plasma hemoglobin.
White cells6 Consumption/activation Decreased counts of white cell populations; increased white cell plasma enzymes

(e.g., neutrophil elastase).

Coagulation factors Consumption* Reduced plasma fibrinogen, factor V, factor VIII.
Thrombin generation Increased plasma levels of prothrombin fragment 1.2 and thrombin: antithrombin III

complex.
Fibrin formation Increased plasma level of fibrinopeptide A.
Dysfunction6 Prolonged plasma clotting times.

Fibrinoiytic proteins Consumption'' Reduced plasma plasminogen level.
Plasmin generation Increased plasma level of plasmin : antiplasmin complex.
Fibrinoiysis Increased plasma level of fibrin D-dimer fragment.

Complement proteins* Activation Increased plasma levels of complement proteins C5a and C3b.

"Radioimmunoassays (RIA) and enzyme-linked immunoassays (ELISA) may not be available for detection of nonhurnan proteins.
^Tests which may be particularly important with long-term and/or large surface area devices.

not used widely at present. Thrombus formation and rates of and quantitatively. Whenever possible, serial and dynamic
platelet destruction by both acutely placed and chronically studies should be performed to establish the time course of
implanted devices can be determined quantitatively by mea- thrombus formation and dissolution. These measurements will
surements of platelet lifespan and scintillation camera imaging ultimately predict device performance, and allow for the ra-
of radioisotopically labeled blood elements (Mclntire et al., tional selection of biomaterials which will minimize adverse
1985; Hanson et al., 1990). blood-device interactions.

Finally, it is important to emphasize that thrombosis occurs
dynamically, so that thrombi continuously undergo both for-
mation and dissolution. Device failure represents the imbalance
of these processes. Older thrombi may also be reorganized CONCLUSIONS
considerably by the enzymatic and lytic mechanisms of white
ceils. While the initial consequences of implanting surgical The most blood-compatible material known is the natural,
devices include tissue injury, thrombosis due to tissue injury, healthy, living lining of our blood vessels. This "material"
and foreign body reactions, the flow surface of long-term im- functions well by a combination of appropriate surface chemis-
plants may become covered with a stable lining of cells (e.g., tries, good blood flow characteristics, and active biochemical
ingrowth of vascular wall endothelial and smooth muscle cells processes involving removal of prothrombotic substances and
onto and into vascular grafts), or blood-derived materials (e.g., secretion of natural anticoagulants. It seems unlikely that "we
compacted fibrin). Certain reactions of blood elements (e.g., will ever match this performance in a synthetic material or
platelets, thrombin) may also stimulate the healing response. device, although attempts to imitate aspects of the natural
Ultimately, long-term devices, such as the small-caliber graft, system represent a promising strategy for developing a new
may fail as a result of excessive tissue ingrowth which could generation of blood-compatible devices (Chapters 2.11, 7.2,
be largely unrelated to biomaterials properties. and 9.3). At present, however, synthetic materials that perform

While many applications of devices described here, as well less well than the vessel wall, but still satisfactorily, will be
as laboratory and clinical methods for evaluating their biologic needed. This chapter provides only a brief outline of the issues
responses, will be unfamiliar to the bioengineer, it is important involved in evaluating materials and devices to find those that
to appreciate that: (1) each device may elicit a unique set of are minimally damaging or activating toward blood. The sub-
blood responses, both short-term and long-term; (2) methods ject of blood compatibility testing is complex, and advanced
are available to assess systemic changes in the blood and host study is required before considering experiments intended to
organism which indirectly reflect thrombus formation; and (3) elucidate basic mechanisms or improve human health. Further
localized thrombus formation can usually be measured directly discussion elaborating upon the complexity of the issues in-
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volved in BMI testing can be found in Ratner (1984, 1993b). nology and Legal Aspects, J. W. Boretos and M. Eden, eds,, Noyes
Detailed discussion on the characterization of materials for PubU Park Ridge, NJ, pp. 193-204.
biornaterials application and on BMI testing can also be found Ratner'B-D- <*993a)- Characterization of biomaterial surfaces. Cardi-
in a recent publication coordinated by the Device and Technol- omsc' PathoL 2

t
 SuPPL, (,3)' 87S-100S

,„ i / i XT • I T T T j ni j T • Ratner, B. D. (1993b). The blood compatibility catastrophe, /. Btomea,
ogy Branch of the National Heart, Lung and Blood Institute, ,, ' n ._ ' _ 0 _ r • r

. . . ° <rir t-. Mater. Res. 27: 283-287.
National Institutes of Health (Harker et al., 1993). Sakariassen, K. S., Muggli, R., and Baumgartner, H. R. (1989). Mea-

surements of platelet interaction with components of the vessel
wall in flowing blood. Methods Enzymol, 169: 37—70.
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covered by regulations established under the Animal Welfare arm for routine inspections (but does provide for inspection
Act (Public Law 89-544, as amended). The regulations [Title in cases of alleged misconduct), and penalizes noncompliant
9 of the Code of Federal Regulations (GFR), Chapter 1, sub- institutions by withdrawing funding support,
chapter A—animal Welfare, Parts 1, 2, and 3] are enforced State and local laws and regulations also may affect animal
by the Animal and Plant Health Inspection Service (APHIS), research programs. These mainly involve restrictions on avail-
U.S. Department of Agriculture. The Act covers dogs, cats, ability of cats and dogs from municipal shelters. Within the
nonhuman piimates, quinea pigs, hamsters, rabbits, and "any past decade several states have also enacted registration and
other warmblooded animal, which is being used, or is intended inspection statutes similar to the Animal Welfare Act (e.g.,
for use for research, teaching, testing, experimentation, . . ." Massachusetts). In several states, court rulings based on open
(9 CFR subchapter A, Part 1, Section 1.1). Species specifically meeting laws have required IACUC reports and deliberations
exempt from the Act include birds, rats and mice bred for use at state-supported institutions to be conducted in public (e.g.,
in research, and horses and livestock species used in agricultural Florida, Massachusetts, North Carolina, Washington),
research. Institutions using those species covered by the Act Articles that document the benefits and concepts of responsi-
must be registered by APHHIS. Continued registration is de- ble animal use are listed in the Suggested Reading section,
pendent on submission of annual reports to APHIS by the Those concepts can be outlined as follows:
institution, as welt as satisfactory inspection of the institution's
animal facility during unannounced site visits by APHIS inspec- l • Use abiotlc or in vitro models whenever possible. In those
tors. The Act provides specifications for animal procurement instances where live animals are appropriate, ensure that
(i.e., from licensed suppliers), husbandry, and veterinary care the minimum number of animals necessary is used and
which are used to determine compliance with the Act. The m a manner that minimizes animal discomfort, in the
annual report supplied to APHIS contains a list of all species context of the aim of their intended use.
and numbers of animals used by the institution for the previous 2- Treat and maintain all laboratory animals humanely and
year. All animals listed in the annual report must be categorized in ful1 Accordance with applicable laws and regulations.
by the level or discomfort or pa.n they were thought to experi- Thls Deludes appropriate methods of physical restraint,
ence in the course of the research anesthesia, analgesia, and euthanasia that do not inter-

The 1985 amendments to the Act (7 U.S.C. 2131, et seq.) fere with experimental results.
were implemented and became effective on October 30, 1989, 3- Maintain animal facilities and programs so that they
August 15, 1990, and March 18, 1991, and extend the Act to meet or surPass a11 applicable regulatory and accredtta-
cover the institution's administrative review and control of its tlon a§ency standards. This includes training of person-
animal research program (Federal Register, Vol. 54, No. 168, nel and formation of internal review groups to monitor
pp. 36112-36163; Vol. 55, No.36, 28879-28881; Vol. 56, compliance with these standards.
No. 32, pp. 6426-6505). Specifically, the new regulations re- 4- Actively survey current technical and scientific literature
quire that all animal research protocols be reviewed and ap- m order to prevent unnecessary duplication and to ensure
proved by an Institutional Animal Care and Use Committee that the most appropriate (animal or nonanirnal) models
(IACUC) 'before those protocols are initiated. Furthermore, the are used for the corresponding research goal
submitted protocols must state in writing that less harmful There af£ many organizatlons dedlcated to providing for
alternatives were considered but are not available, and that the the humane car£ and US£ of laboratory ammals> and that serve

proposed research is not unnecessarily•duplicate. Additional as useful SQUrces Qf information on reguiations, anima} hus.
requirements increase the scope of husbandry requirements for bandry; nnel trami and experimental procedures. Ap-
laboratory dogs and nonhuman primates. pendix 2 Hsts some of thes£ organjzations and their addresses.

I he other relevant federal body is the National Institutes
of Health (N1H). The Health Research Extension Act of 1985
(Public Law 99-158) required the director of NIH to establish
guidelines for the proper care of laboratory animals and IACUC ANIMAL MODELS AND SPECIES CONSIDERATIONS
oversight of that care. Broad policy is described in the Public
Health Service Policy on Humane Care and Use of Laboratory A multitude of issues can be raised regarding the selection
Animals (NIH, 1986), which identifies the Guide for the Care of specific animal models to address a hypothesis on a testing
and Use of Laboratory Animals (NIH, 1985a) as the reference need. Within the general area of testing cardiovascular devices,
document for compliance. This policy applies to all activities for instance, the specific question of variation of blood-
involving animals either conducted by or supported by the U.S. materials, interactions across species has generated many publi-
Public Health Service (PHS). Before an institution can receive cations, including the Guidelines for Blood—Material Interac-
animal research funding from NIH or any other PHS agency, tions (NIH, 1985b). An entire chapter in that publication is
that institution must file a statement of assurance with the PHS devoted to issues of species differences in such parameters
Office for Protection from Research Risks (OPRR) that it is as platelet function and fibrinogen level. Other comparative
complying with these guidelines. studies of differences in blood coagulation between species and

Similar to the Animal Welfare Act, the PHS policy requires between breeds or inbred lines within the same species have
annual updates on animal research use and IACUC review of been published (Didisheim, 1985; Clemmons and Meyers,
animal protocols and facilities. Unlike the Act, the PHS policy 1984; Dodds, 1988). It is most appropriate in this brief chapter
covers all vertebrate species, does not include an enforcement to simply raise the concern in the biornedical researcher's mind
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about species variability and then suggest a bibliography for published Biological Evaluation of Medical Devices, which is
followup reading on specific species and testing regimens. volume 4 of the AAMI Standards and Recommended Practices

Some of the currently used sources of information in this (AAMI, 1994). This book provides guidance on the selection
area are listed in the Suggested Reading section. The recent of tests; animal welfare requirements; tests for genotoxicity;
volume VII of Gay's series on Methods of Animal Experimenta- selection of tests for interactions with blood; tests for cytotoxic-
tion has a section dedicated to the use of telemetry in animal ity; and tests for systemic toxicity. Future publications of the
research. It is clear that the biomedical researcher, when select- AAMI will deal with other relevant aspects of biological testing
ing appropriate models and designing experiments, can refer such as tests for local effects after implantation and tests for
to an ever-increasing body of knowledge that resides both in irritation and sensitization.
texts and in the support personnel at each vivarium. It should be appreciated that the purpose of safety testing

new devices and biomaterials in animals is to detect adverse
effects. Thus, toxic responses provide helpful data to regulatory

TKCTIU** uirn*n/-uiEc authorities so they can anticipate problems in clinical trials.ILMInilj tfllJtAKUllu . . , .' . « • . ,
On the other hand, there is no value to increasing the parameter
of animal exposure (e.g., size of medical device used in the

After a biomaterial or medical device is determined to be amm^ dm&tion of treatment, number of animals) to extreme
efficacious under circumstances not involving human subjects ievds Qr similarlVj evaluating a new device in an unnatural
(i.e., m vitro, ex vivo, or in animals) a program of safety situation simply to generate toxicity since this may be an irrde-
evaluation follows that involves several stages of increasing y endooint
complexity. For example, the NIH Guidelines for the Physico- ,n Ught Q£ ̂  mt ncy and mternatlonai variatlon m

chemical Characterization of Biomaterials (NIH, 1980) con- safety and functionality testmg protocoiSj p}us the appearance
tains a list of assays for testing the safety of blood-contacting Q£ n£w technoiogies and applicationS) the investigator or spon-
devices. A hierarchy of testing, starting with m vitro systems soring firm should CQntact the rdevant reguiatory agency as

and progressing through functionality implants m situ, is im- SQon a§ possibk during Ac development process if the device

P is novel or otherwise unusual. Early dialogue with regulatory
Cell culture cytotoxicity (mouse L929 cell line) scientists can save time, money, and animals by avoiding unnec-
Hemolysis (rabbit or human blood) essaiT or inappropriate assays.
Mutagenicity (human or other mammalian cells or Ames In some cases a firm may take the initiative and propose

test (bacterial) certain (unconventional) tests or strategies if circumstances
Systemic injection acute toxicity (mouse) warrant. Such tests must be justifiable physiologically or phar-
Sensitization (guinea pig) ideologically; financial cost is usually not an acceptable crite-
Pyrogenicity (limulus amebocyte lysate [LAL] or rabbit) rion for Proposing alternative assays. One benefit of this ap-
Intracutaneous irritation (rabbit) Proach may be reducing the number of animals or discomfort
Intramuscular implant (rat, rabbit) to animals used in preclinical evaluation for a particular prod-
Blood compatibility (rat, dog, primate, etc.) uct-Thls 1S noteworthy since there is considerable international
Lone-term implant (rat) concern within regulatory agencies to reduce or refine animal

testing, and justifiable suggestions to this end may meet with
These and similar assays are conducted under the Good approval. The regulatory approval process may also be has-

Laboratory Practices, as described and regulated by the U.S. tened if the manufacturer realizes that additional studies may
Food and Drug Administration (21 CFR Part 58; see Federal be required after clinical trials begin. This avoids the situation
Register, Vol. 43, No. 27). In addition to in vitro and in vivo where possibly nonessential animal assays are performed prior
evaluations of the device, there are other parameters that the to requesting approval to begin clinical trials.
investigator or manufacturer should consider. Data must be
provided on the characterization of raw materials, manufactur-
ing and sterilization processes, packaging, storage, and stability
of the final product prior to implantation. Final versions of APPENDIX 1
the device should be used in the regulatory assays and other
testing described earlier. This ensures that sample devices or American Association for the Advancement
device components that are submitted for regulatory (safety) of Science Resolution on the Use of Animals
testing can be evaluated with a minimum number of animals in /n Research, Testing, and Education
a controlled and statistically reliable manner, thereby hastening
the regulatory approval process. Whereas society as a whole, and the scientific community in

Vale has addressed separately some of the unique issues particular, supports and encourages research that will improve
specific to blood compatibility testing (Vale 1987). The Tripar- the well-being of humans and animals, and that will lead to
tite Biocompatibility Guidance for Medical Devices document the cure or prevention of disease; and
is currently in use by the FDA (West, 1988). It lists a collection Whereas the use of animals has been and continues to be
of preclinical tests currently recommended to support submis- essential not only in applied research with direct clinical appli-
sion of a device for regulatory approval. The Association for the cations in humans and animals, but also in research that fur-
Advancement of Medical Instrumentation (AAMI) has recently thers the understanding of biological processes; and
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Whereas the American Association for the Advancement of American Association for Laboratory Animal Science
Science supports appropriate regulations and adequate funding 70 Timber Creek Drive
to promote the welfare of animals in laboratory or field situa- Suite #5
tions and deplores any violations of those regulations; and Cordova, TN 38018

Whereas the American Association for the Advancement of American College of Laboratory Animal Medicine
Science deplores harassment of scientists and technical person- £>r Charles McPherson
nel engaged in animal research, as well as destruction of animal Secretary-Treasurer
laboratory faciliites; and 200 Surnmerwinds Drive
Whereas in order to protect the public, both consumer and Gary, NC 27511
medical products must be tested for safety and such testing American Sodety of Laboratory Animal Practitioners
may in some cases require the use of animals; and Dr Bradford s Goodwinj Jr.

Whereas the American Association for the Advancement of Secretary-Treasurer
Science has long acknowledged the importance and endorsed University of Texas Medical School
the use of animal experimentation in promoting human and 6431 Vannin St. Room 1.132
animal welfare and in advancing scientific knowledge; Houston, TX 77030-1501

Be it further resolved that scientists bear several responsibilities . - , W7 1£ T c • ~, ; , , . . . . , , „ , , . Animal Welfare Information Center
tor the conduct of research with animals; (1) to treat their XT . , A . . , T . ,. . . . . . . . . . . , National Agricultural Library
subjects with proper care and sensitivity to their pain and ,T . , c ^ «. * A • i,. , . • , , • r i • i united States Department or Agriculture
discomfort, consistent with the requirements or the particular „ jt -n \j(r\ 707fK
study and research objectives; (2) to be informed about and '
adhere to relevant laws and regulations pertaining to animal Canadian Council on Animal Care
research; and (3) to communicate respect for animal subjects 315-350 Albert
to employees, students, and colleagues; and Ottawa, Ontario KIR 1B1

Be it further resolved that the development and use of comple- National Center for Research Resources
mentary or alternative research or testing, methodologies, such National Institutes of Health
as computer models, tissue, or cell cultures, be encouraged 5333 Westbard Ave.
where applicable and efficacious; and Westwood Bldg, Rm 875
Be it further resolved that the use of animals by students can Bethesda, MD 20892
be an important component of science education as long as it 1 , r , . . , „

. ,, , , , ,. , ,, institute or Laboratory Animal Resources
is supervised by teachers who are properly trained in the welfare XT • i n i /^ -i

, r " i - i i r ii j • i • National Research Council
and use or animals m laboratory or held settings and is con- ^1A1 ^ . . A XTW7, , , . . . , , e . i. • , 2101 Constitution Ave., NW
ducted by institutions capable or providing proper oversight; w, , . ^ ^ ^ ( \ A - t o. F F & v v & ' Washington, D.C. 20418
and
Be it further resolved that scientists support the efforts to National Association for Biomedical Research
improve animal welfare that do not include policies or regula- Connecticut Avenue, N.W.
tions that would compromise scientific research; and Suite 303
„ . , , l i t i • . • • f i Washington, D.C. 20006
Be it further resolved that the American Association tor the
Advancement of Science encourages its affiliated societies and Scientists Center for Animal Welfare
research institutions to support this resolution. Golden Triangle Building One

7833 Walker Drive, Suite 340
Joint Resolution Adopted by the Greenbelt MD 20770

AAAS Board and Council, February 19,1990.
Sponsored by the AAAS Committee on Scientific

Freedom and Responsibility. Suggested Rending

Selected Literature on Responsible Animal Use In
Biomedical Research

APPENDIX 2 Benefits of Animal Research to Human Health

Selected Aaendes And OrwanizatfiofM Council on Scientific Affairs, American Medical Association, Animals
_ ... _ f^ ^ .* in Research. Summary of medical accomplishments based on ani-
Providing Information on Laboratory Animal mal use in biomedicai research. Journal of the American Medicai

Care and Use Association, 261: 3602-3606, 1989.
. . , . ,. / - T I Foundation for Biomedical Research. Role of animals in research and

American Association for Accreditation of Laboratory testing In The Use ofAnimah in Biomedical Research and Testing,
Animal Care Washington, DC. June 1988.

9650 Rockville Pike National Academy of Sciences and the Institute of Medicine, Science,
Bethesda, MD 20814 Medicine, and Animals NAS/NIM, Washington, DC, 1991.



242 5 TESTING BIOMATERIALS

NIH Conference on Modeling in Biomedical Research. Animal models Edwin J. Andrews, Billy C. Ward, and Norman H. Altaian, eds, Sponta-
and new developments in cardiovascular/pulmonary function and neous Animal Models of Human Disease, Vol. I and Vol. II, Aca-
diabetes. In An Assessment of Current and Potential Approaches— demic Press, San Diego, CA, 1979, 1980.
Summary Statement, Bethesda, MD, May 1989. Steven H. Weisbroth, Ronald E. Flatt, and Alan L. Krauss, eds. The

W. I. Gay. Contribution of Animal Research to human health. In Biology of the Laboratory Rabbit, Academic Press, Orlando, FL,
Health Benefits of Animal Research. Foundation for Biomedical 1974.
Research, Washington, DC. Joseph E. Wagner and Patrick J. Manning, eds. The Biology of the

U.S. Congress, Office of Technology Assessment. Report on Alternative Guinea Pig. Academic Press, Orlando, FL, 1976.
Technologies in Biomedical and Behavioral Research, Toxicity Tes- G. L. VanHoosier, Jr. and Charles W. McPherson, eds. Laboratory
ting, and Education. Alternatives to Animal Use in Research, Test- Hamsters. Academic Press, San Diego, CA, 1987.
ing, and Education, Washington, D.C. U.S. Government Printing H. L. Foster, J. D. Small, and J. G. Fox, eds. The Mouse in Btomedical
Office, OTA-BA-273, February 1986. Research (Vols. I-IV. Academic Press, San Diego, CA, 1981-1983.

James G. Fox, Bennett J. Cohen, and Franklin M. Loew, eds. Labora-
Humane Principles of Animal Research ' tory Animai Medicine. Academic Press, San Diego, CA, 1984.

r y r ~ r r r i i J I T r • /- • j £ +t /-. Hubert C. Stanton and Harry I. Meisman, eds. Swine inCardiov ascularU.S. Department of Health and Human Services, Guide for the Care _ . ., , , , „ . , . J ,, _. „, ,„„,
, r , ,-, , . . , T r T T C ,vr , • r^,-, 1 f>or T-L- Research, Vols. I and II. Academic Press, San Dieeo, CA, 1984.and Use of Laboratory Ammals.titiS, Washington, DC, 1985. This I T T _ . . T _ r . . . _. r ! , ' , ' T .

. j . i j I A - A • • i A j • L H. I. Baker and . R. Lindsey, eds. I he Laboratory Rat, Vol. 1 andguide is also used as the American Association tor Accreditation or ,, , „ . , . „ ~ , , r,r , . „ „
f , . . l r , / A A A T A ^ N j j Vol. II. Academic Press, Orlando, FL, 1980.
Laboratory Animai Care (AAALAC) standard. i- ^ » , n r i XT , r » i i ,, „ , r r ,

TM KT V i A j L c • r j- • i- r> • i j b. C. Meiby, r. and N. H. Alttnan, eds, Handbook of LaboratoryThe New York Academy of Sciences, Interdisciplinary Principles and . . , ' . ., , , „, !„,, ,, ~ ,,/
„ . , ,. f , , T , . . I - D u T • J E J Animal Science, Vols. I-IIJ. CRC Press, Boca Raton, FL,Guidelines for the Use of Animals in Research, Testing, and Educa-
tion. Position paper on animal use with ethical considerations for
animal use, experimental design, and euthanasia. New York, 1988.

National Research Council. Report of the Committee on the Use of Bibliography
Laboratory Animals in Biomedical and Behavior Research. Use
of Laboratory Animals in Biomedical and Behavioral Research, AAMI (1994). Standards and Recommended Practices, Volume 4:
National Academy Press, Washington, DC, 1988. Biological Evaluation of Medical Devices. Association for the Ad-

Foundation for Biomedical Research. The Biomedical Investigator's vancement of Medical Instrumentation. Arlington, VA.
Handbook for Researchers Using Animal Models. Washington, Clemmons, R. M. and K. M. Meyers (1984). Acquisition and aggrega-
DC, 1987. tion of canine blood platelets: basic mechanisms of functions and

National Institutes of Health, Office of Protection from Research Risks. differences because of breed origin. Am./. Vet. Res. 45: 137-144.
Public Health Service Policy on Humane Care and Use of Labor a- Didisheim, P. (1985). Comparative hematology in the human, calf,
tory Animals. NIH, Bethesda, MD, 1986. sheep and goat: relevance to implantable blood pump evaluation.

W. M. S. Russell and R. L. Burch. Principles of Humane Experimental ASAIO J. 8: 123-127.
Technique. Methuen, London, 1959. Dodds, W. J. (1988). Third International Registry of Animal Models

American Veterinary Medical Association (AVMA). 1993 Report of of Thrombosis and Hemorrhagic Diseases, Institute of Laboratory
the AVMA Panel on Euthanasia, Journal American Veterinary Animal Resources News 30: R1-R32.
Medical Association. 202: 229-249, 1993. NIH(1980).GuidelinesforPhysiochemicalCharacterizationofBioma-

S. M. Niemi and J. W. Willson, eds. Refinement and Reduction in terials, Pub. 80-2186, U.S. Department of Health and Human Ser-
Animal Testing, scientists Center for Animal Welfare, Bethesda, vices, Washington, DC.
MD, 1993. NIH (1985a). Guide for the Care and Use of Laboratory Animals,

Pub. No. 86-23, Department of Health and Human Services, Wash-

Selected Literature on Animal Models In m-l"n- DC

Biomedical Research NIH (1985b). Guidelines for Blood—Material Interactions (Report of
the National Heart, Lung, and Blood Institute Working Group)

Edward J. Calabrese. Principles of Animal Extrapolation. Wiley, New Pub. No. 85-2185 (revised September 1985), National Institutes
York, 1983. of Health, Bethesda, MD.

William L Gay. Methods of Animal Experimentation, Vols. I—VI;Vol. NIH (1986). Public Health Service Policy on Humane Care and Use
VII: Part A, Patient Care, Vascular Access, and Telemetry; Part B, of Laboratory Animals, Office of Protection from Research Risks,
Surgical Approaches to Organ Systems; Part C, Research Surgery National Institutes of Health, Bethesda, MD.
and Care of the Research Animal. Academic Press, San Diego, Vale, B.H. (1987). Current concepts for assessing blood compatibility:
CA, 1965-1989. Small diameter vascular protheses,/. Biomater. Appl. 2; 149—159.

P. A. Flecknell. Laboratory Animal Anaesthesia. Academic Press, San West, D. L. (1988). User of toxicology data for medical devices: The
Diego, CA, 1988. FDA perspective,,/. Am. Coll. of Toxicol. 7: 499-507.



C H A P T E R

6
Degradation of Materials in the

Biological Environment
ARTHUR J. COURY, ROBERT J. LEVY, CARL R. McMiixiN, YASHWANT PATHAK, BUDDY D. RATNER,

FREDERICK J. SCHOEN, DAVID F. WILLIAMS, AND RACHEL L. WILLIAMS

6 1 INTRODUCTION quence of the severity of the biological environment. Implant
D j j ri D * materials can solubilize, crumble, become rubbery, or becomeBuddy D. Ratner . ., . , , ' ' . . "

rigid with time. The products of degradation may be toxic
to the body, or they may be designed to perform a pharmaco-

The biological environment is surprisingly harsh and can logk function. Degradation is seen with metals, polymers,
lead to rapid or gradual breakdown of many materials. Super- ceramics, and composites. Thus, biodegradation as a subject
ficially, one might think that the neutral PH, low salt content, fe broad m SCQp^ and rightfully should command consider-
and modest temperature of the body would constitute a mild aWe attention for the biomaterials scientist. This section
environment. However, many special mechanisms are brought introduces biodegradation issues for a number of classes of
to bear on implants to break them down. These are mechanisms materiaiS5 and provides a basis for further study on this
that have evolved over millennia specifically to rid the living complex but critical subject,
organism of invading foreign substances and they now attack
contemporary biomaterials.

First, consider that, along with the continuous or cyclic * j fi«MM~AI Akin RirwuEMir AI
stress many biomaterials are exposed to, abrasion and flexure °** -̂"twll*-'u- ™U WWWIMMUU.
may also take place. This occurs in an aqueous, ionic environ- DEGRADATION Of POLYMERS
ment that can be electrochemically active to metals and plasti- Arthur J. Cowry
cizing (softening) to polymers. Then, specific biological mecha-
nisms are invoked. Proteins adsorb to the material and can Biodegradation is the chemical breakdown of materials by
enhance the corrosion rate of metals. Cells secrete powerful tne action of living organisms which leads to changes in physi-
oxidizing agents and enzymes that are directed at digesting cal properties. It is a concept of vast scope, ranging from
the material. The potent degradative agents are concentrated decomposition of environmental waste involving microorgan-
between the cell and the material where they act, undiluted by isms to host-induced deterioration of biomaterials in implanted
the surrounding aqueous medium. medical devices. Yet it is a precise term, implying that specific

To understand the biological degradation of implant materi- biological processes are required to effect such changes (Wil-
als, synergistic pathways should be considered. For example, iiams> 1939). This chapter, while grounded in biodegradation,
the cracks associated with stress crazing open up fresh surface addresses other processes that contribute to the often complex
area to reaction. Swelling and water uptake can similarly in- mechanisms of polymer degradation. Its focus is the unintended
crease the number of sites for reaction. Degradation products chemical breakdown, in the body, of synthetic solid-phase poly-
can alter the local pH, stimulating further reaction. Hydrolysis mers, (See Chapter 2.5 for a description of systems engineered
of polymers can generate more hydrophilic species, leading to to break down in the body.)
polymer swelling and entry of degrading species into the bulk
of the polymer. Cracks might also serve as sites for the initiation
of calcification.

Biodegradation is a term that is used in many contexts. It POLYMER DEGRADATION PROCESSES
can be used for reactions that occur over minutes or over years.
It can be engineered to happen at a specific time after Polymeric components of implantable devices are generally
implantation, or it can be an unexpected long-term conse- reliable for their intended lifetimes. Careful selection and exten-

Btomaterials Science
— . « Copyright €> 1996 by Academic Press, Inc.
£-*r J All rights of reproduction in any form reserved.
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TABLE I Typical Operations on an Injection-Moldable dimensional and mechanical property changes (Coury et aL,
Polymer Biomaterial 1988). On the surface, a powerful acute attack by ceils and

— many chemical agents, including enzymes, will have been
Polymer: Synthesis, extrusion, palletizing substantially withstood. With the resolution of this acute
Pellets: Packaging, storage, transfer, drying inflammatory phase, a fibrous capsule will likely have formed
., t - u- i j c - u - i • • over the device, and the rate of release of powerful chemicalsComponents: Injection molding, post-mold finishing, cleaning, in- , - i n •» i . n . i

specting, packaging, storage from activated cells will have markedly decreased.
For those polymers subjected to chemical degradation in

Device: Fabrication, storage (prestenhzation), cleaning, inspecting, • c -c L L - I J - L J U, ' f j. ... . , ., . r- vivo, few it any reports have comprehensively described thepackaging, storage (packaged), sterilization, storage (sterile), ship- . . r .. , . . .
meat, storage (preimplant), implantation, operation in body multistep processes and interactions that comprise each mecha-
^ nism. Rather, explant analysis and occasionally metabolite

evaluation is used to infer reaction pathways. The analysis of
chemically degraded polymers has almost always implicated
either hydrolysis or oxidation as an essential component of
the process.

sive preclinical testing of the compositions, fabricated compo-
nents, and devices usually establish functionality and durabil-
ity. However, with chronic, indwelling devices, it is infeasible
during qualification to match all implant conditions in real HYDROLYTIC BIODEGRADATION
time for years or decades of use. The accelerated aging, animal
implants, and statistical projections employed cannot expose StmctiiKS of Hydrofyz^ble Polymers
all of the variables which may cause premature deterioration
of performance. The ultimate measure of the acceptability of a Hydrolysis is the scission of susceptible molecular functional
material for a medical device is its functionality for the device's groups by reaction with water. It may be catalyzed by acids,
intended lifetime as ascertained in human postimplant surveil- bases, salts, or enzymes. It is a single-step process in which the
lance. rate of chain scission is directly proportional to the rate of

No polymer is totally impervious to the chemical processes initiation of the reaction (Schnabel, 1981). A polymer's suscep-
and mechanical action of the body. Generally, polymeric bio- tibility to hydrolysis is the result of its chemical structure, its
materials degrade because body constituents attack the bioma- morphology, its dimensions, and the body's environment,
terials directly or through other device components or the In a commonly used category of hydrolyzable polymeric
intervention of external factors.

Numerous operations are performed on a polymer from
the time of its synthesis to its use in the body (see, e.g., TADIT •» \/c u T j r\ j_ . . . . „ , , . , , . . . . . . . , , , . , TABLE 2 Mechanisms Leading t o Degradation
Table 1). Table 2 lists mechanisms of physical and chemical c „ , „ • a, . . , . , i - . of Polymer Properties0

deterioration, which may occur alone or in concert at various I
stages of a polymer's history. Moreover, a material's treat- Physical Ch mi 1
ment prior to implant may predispose it to stable or unstable _
end-use behavior (Brauman et al., 1981; Greisser et al., Sorption Thermolysis
1994). A prominent example of biomaterial degradation r ,, Radical scission
caused by preimplant processing is the gamma irradiation . Depolymerization
sterilization of ultrahigh-molecular-weight polyethylene used ° temn8 Oxidation
in total joint prostheses. The process generates free radicals Dissolution Chemical
within the material which react with oxygen to produce Mineralization Thermooxidative
undesirable oxidation products. Chain oxidation and scission Extraction Solvolysis
can occur for periods of months to years, causing loss of Crystallization Hydrolysis
strength and embrittlement with limited shelf life (McKellop n Alcoholysis
et al., 1995; Furman and Li, 1995; Weaver et al, 1995). Decrystalhzation AmmoiysiS) etc

It is crucially important, therefore, that appropriate and Stress crackmg Photolysis
rigorous processing and characterization protocols be fol- Fatigue fracture Visible
lowed for all operations (Coury et al., 1988). Impact fracture Ultraviolet

After a device has been implanted, adsorption and absorp- Radiolysis
tion processes occur. Polymeric surfaces in contact with Gamma rays
body fluids immediately adsorb proteinaceous components, X-rays
and the bulk begins to absorb soluble components such as Electron beam
water, proteins, and lipids. Cellular elements subsequently Fracture-induced radical reactions
attach to the surfaces and initiate chemical processes. With
biostable components, this complex interplay of factors is "Some degradation processes may involve combina-
of little functional consequence. At equilibrium fluid absorp- tions of two or more individual mechanisms,
tion, there may be some polymer plasticization, causing
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FIG. 1. Hydrolyzable groups in polymer biomaterials.

biomaterials, functional groups consist of carbonyls bonded „ _,. Hydrocarbon
to heterochain elements (O, N, S). Examples include esters, 2 |
amides, and carbonates (Fig. 1). Other polymers containing R
groups such as ether, acetal, nitrile, phosphonate, or active R=H? Alky l , Aryl Examples: Polyethylene
methylenes, hydrolyze under certain conditions (Fig. 1). Polypropylene
Groups that are normally very stable to hydrolysis are indicated
in Fig. 2.

The rate of hydrolysis tends to increase with a high proper- —cxz—cx/z— Halocarbon
tion of hydrolyzabie groups in the main or side chain, other X = F > C1) H Examples: Polytetrafluoroethylene
polar groups which enhance hydrophilicity, low crystallinity, X ' = F , Cl Polychlorotrifluoroethylene
i r -ui r i A •*, u- u • r j Polyvinylidine chloridelow or negligible cross-link density, a high ratio of exposed
surface area to volume and, very likely, mechanical stress.
Porous hydrolyzabie structures undergo especially rapid prop- ^
erty loss because of their large surface area. Factors that tend SiO Dimethyls i loxane
to suppress hydrolysis kinetics include hydrophobic moieties |
(e.g., hydrocarbon or fluorocarbon), cross-linking, high crystal- 3

linity due to chain order, thermal annealing or orientation,
low stress, and compact shape. While the molecular weight of °
linear polymers per se may not have a great effect on degrada- $ Sul fone
tion rate, physical property losses may be retarded for a given II
number of chain cleavage events with relatively high-molecu- °
lar-weight polymers. Property loss caused by chain cleavage FIG. 2. Groups highly stable to hydrolysis.
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is more pronounced in polymers with weak intermolecular of the enzyme and the biopolymer substrate which result in
bonding forces, enhanced bond cleavage rates. Lacking the recognition se-

quences of susceptible natural polymers, most synthetic poly-
mers are more resistant to enzymatic degradation. Neverthe-
less, comparative studies have shown some enhancement of

Host-Induced Hydrolytic Processes hydrolysis rates by enzymes, particularly with synthetic polyes-
ters and polyamides (Zaikov, 1985; Smith et al., 1987; Ko-

The body is normally a highly controlled reaction medium. pecek et ̂  1983) Apparently the enzymes can recognize and
Through homeostasis, the normal environment of most im- interact with structural segments of the polymers, or more
plants is maintained at isothermal (37°C), neutral (pH 7.4), accurately, of the polymers coated with serum proteins, to
aseptic, and photoprotected aqueous steady state. By in vitro initiate their catalytic action in vivo (Pitt, 1992).
standards, these conditions appear mild. However, complex Enzymes with demonstrated effects on hydrolysis rates can
interactions of humoral and cellular components of body be quite selective in the presence of several hydrolyzable func-
fluids involving activators, receptors, inhibitors, etc. produce tional groups. For example, polyether urethane ureas and poly-
aggressive responses to any foreign bodies through the pro- ester urethane ureas exposed to hydrolytic enzymes (an ester-
cesses of adhesion, chemical reaction, and paniculate ase, cholesterol esterase, and a protease, elastase) were
transport. observed for rate and site of hydrolysis. Enzyme catalysis was

Several scenarios leading to hydrolysis in the host can be clearly observed for the ester groups while the hydrolytically
considered. First, essentially neutral water is capable of hydro- susceptible urea, urethane, and ether groups did not show
lyzing certain polymers (e.g., polyglycolic acid) at a significant significant hydrolysis as indicated by release of radiolabeled
rate (Chapter 2.5 and Zaikov, 1985). However, this simple degradation products (Santerre et ai, 1994; Labow et aL,
mechanism is unlikely to be significant in polymer compositions 1995).
selected for long-term in vivo biostability. Many enzymes exert predominantly a surface effect because

Next, ion-catalyzed hydrolysis offers a likely scenario in of their great molecular size, which prevents absorption. Even
body fluids. Extracellular fluids contain ions such as: H+, OH~, hydrogels [e.g., poly(acrylamide)], which are capable of ab-
Na+, Cl~, HCO^jPO^3, K+ Mg2+, Ca2+ and SO;j~. Organic sorbing certain proteins, have molecular weight cutoffs for
acids, proteins, lipids, lipoproteins, etc. also circulate as absorption well below those of such enzymes. However, as the
soluble or colloidal components. It has been shown that degrading surface becomes roughened or fragmented, enzy-
certain ions (e.g., PO^) are effective hydrolysis catalysts, matic action may be enhanced as a result of increased surface
enhancing, for example, reaction rates of polyesters by several area if the substrates remain accessible to phagocytic cells that
orders of magnitude (Zaikov, 1985). Ion catalysis may be contain the active enzymes. Implanted devices that are in con-
a surface effect or a combined surface-bulk effect, depending tinuous motion relative to neighboring tissue can provoke in-
on the hydrophilicity of the polymer. Very hydrophobic flammation, stimulating enzyme release,
polymers (e.g., those containing <2% water of saturation)
absorb negligible concentrations of ions. Hydrogels, on the
other hand, which can absorb large amounts of water (>15%
by weight) are essentially "sieves," allowing significant levels Hydrolysis: Precllnlcul and Clinical Experience
of ions to be absorbed with consequent bulk hydrolysis via ,. .
acid, base, or salt catalysis. A discu^on of m vivo responses of several prominent poly-

Localized pH changes in the vicinity of the implanted device, "«* Compositions known to be susceptible to hydrolysis fol-
which usually occur during acute inflammation or infection, lows. The structures of these polymers are described in Chap-

can cause catalytic rate enhancement of hydrolysis (Zaikov, er ' "
1985). Organic components, such as lipoproteins, circulating
in the bloodstream or in extracellular fluid, appear to be capa-
ble of transporting catalytic inorganic ions into the polymer *
bulk by poorly defined mechanisms. Poly(ethylene terephthalate) (PET), in woven, velour, or

Enzymes generally serve a classic catalytic function, altering knitted fiber configurations, remains a primary choice of
reaction rate (via ion or charge transfer) without being con- cardiovascular surgeons for large-diameter vascular prosthe-
sumed, by modifying activation energy but not thermodynamic ses, arterial patches, valve sewing rings, etc. It is a strong,
equilibrium. While enzymes function in extracellular fluids, flexible, polymer, stabilized by high crystallinity as a result
they are most effectively transferred onto target substrates by of chain rigidity and orientation and is often considered to
direct cell contact (e.g., during phagocytosis). Hydrolytic en- be biostable. Yet, over several decades, there have been
zymes or hydrolases (e.g., proteases, esterases, lipases, glycosi- numerous reports of long-term degeneration of devices in
dases) are named for the molecular structures they affect. They vivo, owing to breakage of fibers and device dilation. The
are cell-derived proteins which act as highly specific catalysts proposed causes have been structural defects, processing
for the scission of water-labile functional groups. techniques, handling procedures, and hydrolytic degradation

Enzymes contain molecular chain structures and develop (Cardia et aL, 1989).
conformations that allow "recognition" of chain sequences Systematic studies of PET implants in healthy dogs have
(receptors) on biopolymers. Complexes form between segments shown slow degradation rates, which were estimated to be
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Polyether urethane urea (eg., Ethicon Biomer)

FIG. 3. Structure of implantable polyester urethane, polyether urethane, and polyether urethane urea.

equivalent to those in humans. For woven patches implanted are very resistant to hydrolysis, although more susceptible
subcutaneously, a mean total absorption time by the body of to oxidation (see the section on oxidative biodegradation).
30 ± 7 years, with 50% deterioration of fiber strength in Whether such hydrolytically degraded polyester urethanes
10 ± 2 years was projected. In infected dogs, however, where subsequently produce meaningful levels of aromatic amines
localized pH dropped to as low as 4.8, degradation was en- (suspected carcinogens) by hydrolysis of urethane functions
hanced exponentially, with complete loss of properties within in vivo is currently an unresolved subject of considerable
a few months (Zaikov, 1985). Human implant retrieval studies debate (Szycher et al., 1991; Blais, 1990).
have shown significant evidence of graft infection (Vinard et It is noteworthy that polyester urethane foam-coated sili-
ai, 1991). Besides the obvious pathological consequences of cone mammary implants have survived as commercial products
infection, the enhanced risk of polymer degradation is a cause until recently (Blais, 1990), despite their known tendency to
for concern. degrade. Apparently the type of fibrous capsules formed on

Aliphatic polyesters are most often intended for use as bio- devices containing degradable foam were favored by some
degradable polymers, with polycaprolactone, for example, un- clinicians over those caused by smooth-walled silicone im-
dergoing a significant decrease in molecular weight as indicated plants. In large devices, unstabilized by tissue ingrowth, the
by a drop of 80—90% in relative viscosity within 120 weeks frictional effects of sliding may cause increased capsule thick-
of implant (Kopecek et al., 1983). ness and contraction (Snow et al., 1981) along with extensive

chronic inflammation.

Polyester Urethanes

The earliest reported implants of polyurethanes, dating ^
back to the 1950s, were cross-linked, aromatic polyester Nylon 6 (polycaproamide) and nylon 6,6 [poly(hexamethy-
urethane foam compositions (Blais, 1990; Bloch et al., 1972). lene adipamide)] contain a hydrolyzable amide connecting
Their use in plastic and orthopedic reconstructive surgery group, as do proteins. These synthetic polymers can absorb
initially yielded promising results. Acute inflammation was 9—11% water, by weight, at saturation. It is predictable, then,
low. Tissue ingrowth promoted thin fibrous capsules. How- that they degrade by ion-catalyzed surface and bulk hydrolysis
ever, within months, they were degraded and fragmented, (Fig. 1). In addition, hydrolysis due to enzymatic catalysis leads
producing untoward chronic effects (Bloch et al., 1972). Foci to surface erosion (Zaikov, 1985). Quantitatively, nylon 6,6
of initial degradation are generally considered to be the lost 25% of its tensile strength after 89 days, and 83% after
polyadipate ester soft segments which undergo hydrolysis 726 days in dogs (Kopecek, 1983). An example of polyamide
(Fig. 3). By comparison, corresponding polyether urethanes degradation of particular consequence involved the in vivo
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FIG. 4. Proposed homolytic chain reaction and heterolytic oxidation mechanisms.

fragmentation of the nylon 6 tail string of an intrauterine way for bacteria to travel from the vagina into the uterus,
contraceptive device. This string consisted of nylon 6-coated resulting in significant pelvic inflammatory disease (Hudson
nylon 6 multifilaments. The combination of fluid absorption and Crugnola, 1987).
(> 10%) and hydrolysis was claimed to produce environmental Degradation of a polyarylamide intended for orthopedic
stress cracking. The cracked coating allegedly provided a path- use (the fiber-reinforced polyamide from w-xylylene diamine
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and adipic acid) was also shown in a rabbit implant study.
[Although the material provoked a foreign body reaction com-
parable to a polyethylene control, surface pitting associated
with resolving macrophages was noted at 4 weeks and became
more pronounced by 12 weeks. This result was not predicted
since polyarylamides are very resistant to solvents and heat
(Finck et ai, 1995).]

Polyamides with long aliphatic hydrocarbon chain segments
(e.g., polydodecanamide) are more hydrolytically stable than
shorter chain nylons and correspondingly degrade slower in
vivo,

Poiyalkylcyanoacrylates

This class of polymers, used as tissue adhesives, is notewor-
thy as a rare case in which carbon—carbon bonds are cleaved
by hydrolysis (Fig. 1). This occurs because the methylene
(—CH2—) hydrogen in the polymer is highly activated induc-
tively by electron-withdrawing neighboring groups. Formation
of the polymer adhesive from monomers is base catalyzed,
with adsorbed water on the adherend being basic enough to
initiate the reaction.

Catalysts for equilibrium reactions affect the reverse, as well
as the forward reaction. Therefore, water associated with tissue
can induce polycyanoacrylate hydrolysis by a "reverse Knoeve-
nagel" reaction (Fig. 1). More basic conditions and (as sug-
gested by in vitro cell culture or implant studies) enzymatic
processes are much more effective. In chick embryo liver culture
(a rich source of a variety of enzymes), methyl cyanoacrylate
degraded much faster than in culture medium alone. In animal
implants, methyl cyanoacrylate was extensively degraded
within 4—6 months (Kopecek, 1983). Higher alkyl (e.g., butyl)
homologs degraded slower than the methyl homolog and were
less cytotoxic (Hegyeli, 1973),

OXIDATIVE BIODECRADATION

Oxidation Reaction Mechanisms and
Polymer Structures

While much is known about the structures and reaction
products of polymers susceptible to oxidative biodegradation,
confirmation of the individual reaction steps has not yet been
demonstrated analytically. Still, mechanistic inferences are pos-
sible from extensive knowledge of physiological oxidation pro-
cesses and polymer oxidation in vitro.

The polymer oxidation processes to be discussed may be
consistent with a homolytic chain reaction or a heterolytic
mechanism. Species such as carbonyl, hydroxyl, and chain
scission products are detectable. Classic initiation, propaga-
tion, and termination events for homolysis and ionic heterolytic
processes are detailed in Fig. 4.

Except for the nature of susceptible functional groups, the
hydrolysis resistance principles stated in the section on the
structures of hydrolyzable polymers are valid for predicting
relative oxidation resistance of polymers. Sites favored for ini-

f 1C. 5. Readily oxidizable functional groups (* is site of homolysis or heter-
olysis).

tial oxidative attack, consistent with a homolytic or heterolytic
pathway, are those that allow abstraction of an atom or ion
and provide resonance stabilization of the resultant radical or
ion. Figure 5 provides a selection of readily oxidized groups
and the atom at which initial attack occurs. In Fig. 6, examples
of radical and ion stabilization by resonance in ether and
branched hydrocarbon structures are provided. Peroxy, car-
bonyl, and other radical intermediates are stabilized by similar
resonance delocalization of electrons from the elements C, O,
H, or N.

Two general categories of oxidative biodegradation, based
on the source of initiation of the process, are direct oxidation
by the host and device or external environment-mediated oxi-
dation.

Direct Oxidation by Host

In these circumstances, host-generated molecular species
effect or potentiate oxidative processes directly on the. polymer.
Current thinking, based on solid analytical evidence, is that
such reactive molecules are derived from activated phagocytic
cells responding to the injury and properties of the foreign
body at the implant site (Zhao et al., 1991). These cells, which
originate in the bone marrow and populate the circulatory
system and connective tissues, are manifest as two types, the
neutrophils (polymorphonuclear leukocytes, PMNs) and the
monocytes. The latter can differentiate into macrophage and
foreign body giant cell (FBGC) phenotypes.

Much work is under way to elucidate the sequence of events
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FIG. 6. (A) Resonance stabilization of ether and hydrocarbon radicals. (B) Resonance stabilization
of ether and hydrocarbon cations.

leading to phagocytic oxidation of biomaterials. Certain im-
portant processes of wound healing in the presence of biologi-
cally derived foreign bodies such as bacteria and parasites, are
showing some relevance to biomaterial implants (Northrup,
1987).

Neutrophils, responding to chemical mediators at the
wound site, mount a powerful but transient chemical attack
within the first few days of injury (Northrup, 1987; Test and
Weiss, 1986). Chemically susceptible biomaterials may be af-
fected if they are in close apposition to the wound site (Suther-
land et aL, 1993). Activated macrophages subsequently multi-
ply and subside within days at a benign wound site or in weeks
if stimulants such as toxins or particulates are released at the
site. Their fusion products, foreign body giant cells, can survive
for months to years on the implant surface. Macrophages also
remain resident in collagenous capsules for extended periods.

While we recognize that the mechanism of cellular attack
and oxidation of biomaterials is as yet unconfirmed, the follow-
ing discussion attempts to provide logical biological pathways
to powerful oxidants capable of producing known degrada-
tion products.

Both PMNs and macrophages metabolize oxygen to form
a superoxide anion (O^). This intermediate can undergo trans- FIG. 7. Generation of potential oxidants by phagocytic processes.
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FIG. 8. Hypochlorous acid: formation and potential reaction intermediates.

formation to more powerful oxidants, or, conceivably, can
initiate homolytic reactions on the polymer. Superoxide dismu-
tase (SOD), a ubiquitous peroxidase enzyme, can catalyze the
conversion of superoxide to hydrogen peroxide, which, in the
presence of myeloperoxidase (MPO), derived from PMNs, is

converted to hypochlorous acid (HOC1). A potent biomaterial
oxidant in its own right (Coury et #/., 1987), hypochlorite can
oxidize free amine functionality (e.g., in proteins) to chlora-
mines that can perform as long-lived sources of chlorine oxi-
dant (Test and Weiss, 1986, Figs. 7, 8). Hypochlorite can
oxidize other substituted nitrogen functional groups (amides,
ureas, urethanes, etc.) with potential chain cleavage of these
groups.

The following paragraphs describe potential cooperative
reactions involving acquired peroxidase and free ferrous ions.
Macrophages contain essentially no MPO, so their hydrogen
peroxide is not normally converted to HOCl. However,
PMN-derived MPO can bind securely to foreign body surfaces
(Locksley et a/., 1982), and serve as a catalyst reservoir for
macrophage- or FBGC-derived HOCl production. If free
ferrous ion, which is normally present in negligible quantities
in the host, is released to the implant site by hemolysis or
other injury, it can catalyze the formation of the powerfully
oxidizing hydroxyl radical via the Haber-Weiss cycle (Kleba-
noff, 1982; Fig. 7).

Figure 8 shows radical and ionic intermediates of HOCl
that may initiate biomaterial oxidation. Figure 9 is a diagram
showing a leukocyte phagocytic process which employs endog-
enous MPO catalysis of HOCl formation. In a more general
sense, the MPO may come from within or outside of the cell.

The foregoing discussion of sources of direct oxidation fo-
cused primarily on acute implant periods in which bursts of
PMN activity followed by macrophage activity normally re-
solve within weeks. However, since the foreign body subse-
quently remains implanted, a sustained, if futile attempt to
phagocytose an implanted device provides a prolonged release
of chemicals onto the biomaterial. This phenomenon, called

FIG. 9. Activation of phagocyte redox metabolism: chemiluminigenic probing with luminol and lucigenin. From
R. C. Allen, personal communication.
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TABLE 3 Characteristics of Polyether Urethanes That
Cracked in Vivo

Components contained residual processing and/or applied mechani-
cal stresses/strains

Components were exposed to a medium of viable cellular and extra-
cellular body constituents

Polymers had oxidatively susceptible (aliphatic ether) groups
Analysis of polymers showed surface oxidation products

exocytosis, occurs over months to possibly years (Zhao et al.,
1990) and results primarily from the macrophage-FBGC line.
It can contribute to long-term chemical degradation of the

" Y ' _ FIG. 10. Cardiac pacemaker with polyurethane lead, tine, and connector.
The oxidation processes induced by phagocytes are the re- Courtesy of Medtronic, Inc.

suit of oxidants produced by general foreign body responses,
not direct receptor-ligand catalysis by oxidase enzymes. At-
tempts to degrade oxidatively susceptible polymers by direct
contact with oxidase enzymes have generally been unsuccessful
(Santerre et al., 1994; Sutherland et al., 1993). StrcSS CrackinS

Macrophages mediate other processes, such as fibrous cap- An important category of host-induced biodegradation with
suie formation around the device. Their release of cellular an oxidative component is stress cracking as manifest in poly-
regulatory factors stimulates fibroblasts to populate the im- ether methane elastomers. It differs from classic environmental
plant site and produce the collagenous sheath. Any knowledge stress cracking (ESC), which involves a susceptible material at
of the effects of such factors as fibroblasts or fibrous capsules a critical level of stress in a medium which may permeate, but
on rates and mechanisms of polymer degradation is, at this does not dissolve, the polymer. Classic ESC is not accompanied
time, extremely rudimentary. by significant chemical degradation (Stokes, 1988). Instead,

FIG. 1 1. Pellethane 2463-80A tubing with high applied radial stress showing total breach.
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FIG. 1 2. Pellethane 2363-80A tubing showing "frosting" due to stress from tight ligature.

stress cracking of polyurethanes is characterized by surface insights that may be valid for these and other compositions
attack of the polymer and by chemical changes induced by that can be oxidized (e.g., polypropylene; Altman et al., 1986;
relatively specific in vivo or in vitro oxidizing conditions. Con- polyethylenes, Wasserbauer et al., 1990; Zhao et al., 1995).
ditions relevant to stress cracking of certain polyether urethane Polyether urethanes, which are resistant to hydrolysis in
compositions are stated in Table 3. vivo, are used as connectors, insulators, tines, and adhesives

Recent information on the stress cracking of polyether ure- for cardiac pacemakers and neurological stimulators (Fig. 10).
thanes and polyether urethane ureas (e.g., Fig. 3) has provided They have performed with high reliability in chronic clinical

FIG. 13. Stress crack pattern (frosting) near tight ligature, x 14.



254 6 DEGRADATION OF MATERIALS IN THE BIOLOGICAL ENVIRONMENT

FIG. 14. Single stress crack with rough walls and "tie fibers" indicative of ductile fracture. x700.

applications since 1975. Certain polyether urethane pacing attached cells, were not cracked. Owing to relatively low
leads have displayed surface cracks in their insulation after stresses in the implanted film, deep crack propagation was
residence times in vivo of months to years. These cracks are not observed.
directly related in frequency and depth to the amount of resid- In vitro studies of strained (Stokes, 1988) and unstrained
ual stress (Figs. 11, 12) and the ether (soft segment) content polyether urethane films (Phua et al., 1987; Bouvier et al.,
of the polyurethane (Coury et al., 1987). 1991; Ratner et al., 1988) using oxidants, enzymes, etc.,

Morphologically, the cracks display regular patterns pre- have sought to duplicate in vivo stress cracking. Although
dominately normal to the force vectors, with very rough walls, some surface chemical degradation with products similar to
occasionally with "tie fibers" bridging the gaps, indicative of those seen in vivo was demonstrated, stress crack morphology
ductile rather than brittle fracture (Figs. 13,14). Infrared analy- was not closely matched in vitro until recently, in two
sis indicates that oxidation does not take place detectably in studies. A test which involves immersing stressed polyether
the bulk, only on the surface, where extensive loss of ether urethane tubing in a medium of glass wool, hydrogen perox-
functionaiity (1110 cm"1) and enhanced absorption in the hy- ide, and cobalt chloride produces cracks which duplicate
droxyl and carbonyl regions are observed (Stokes et al., 1987). those produced in vivo but with rate acceleration of up to
Possible mechanisms for the oxidative degradation of ethers seven times (Zhao et al., 1995). In another study, comparable
are presented in Fig. 15. crack patterns were produced when specimens of stressed

In a seminal study, Zhao et al. (1990) placed polyurethane tubing in rats were compared with those incubated with
tubing in cages permeable to fluids and cells under strain PMNs in culture (Sutherland et al., 1993). Moreover, this
(therefore under high initial stress, which was subject to study revealed a difference in chemical degradation products
subsequent stress relaxation), and implanted them in rats. In with time of implant which correlated with products from
certain cases, antiinflammatory steroids or cytotoxic polymers oxidants generated primarily by PMNs (HOC1) and macro-
were coimplanted in the cages. Implants of up to 15 weeks phages (ONOO~). Early implant times, activated PMNs,
were retrieved. The only prestressed samples to crack were and HOC1 caused preferential decrease in the urethane oxy-
those that did not reside in the cages with the coimplants. gen stretch peak while longer implant times and ONOO~
The authors concluded that adherent cells caused the stress caused selective loss of the aliphatic ether stretch peak (by
cracking, and cell necrosis or deactivation inhibited crack in- infrared spectroscopy).
duction. Taken together, the foregoing observations are consistent

Subsequently, viable phagocytic cells were implicated as with a two-step mechanism for stress cracking in vivo. This
a cause of crack initiation in vivo (Zhao et al., 1991). By hypothesis, as yet unproven, is under investigation. In the first
removing adherent foreign body giant cells after implantation step, surface oxidation induces very shallow, brittle micro-
of a curved polyether urethane urea film in a wire cage for cracks. The second step involves propagation of the cracks in
up to 10 weeks, exposed "footprints" showed localized which specific body fluid components act on the formed cracks
surface cracking, on the order of several microns deep and to enhance their depth and width without inducing major de-
wide. Adjacent areas of polymer, which were devoid of tectable bulk chemical reactions. Should this hypothesis prove
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FIG. 15. Pathways for oxidative fragmentation of polyethers.

correct, the term "oxidation-initiated stress cracking" would
be reasonably descriptive.

Stress cracking has been controlled by reducing residual
stress, isolating the polymer from cell contact (Tang et al.,
1994), protecting the polymer from stress cracking media, or
using stress crack-resistant (in the case of urethanes, ether-free)

polymers (Takahara et al., 1994; Coury et al., 1990). Stress
cracking is next compared with another type of degradation,
metal ion-induced oxidation.

Device or Environment-Mediated Oxidation

Metal Ion-Induced Oxidation
A process of oxidative degradation that has, thus far,

only been reported clinically for polyether urethane pace-
maker leads, requires, as does stress cracking, a very specific
set of conditions. The enabling variables and fracture mor-
phology are quite different from stress cracking, although
oxidative degradation products are similar. Biodegradation
of implanted devices through stress cracking always occurs on
polymer surfaces exposed to cells and provides characteristic
rough-walled fissures (indicative of ductile fracture) oriented
perpendicular to the stress vector (Figs. 11—14), Metal ion-
induced oxidation takes place on the enclosed inner surfaces
of pacing lead insulation near corroded metallic components
and their entrapped corrosion products. Smooth crack walls
and microscopically random crack orientation is indicative
of brittle fracture (Figs. 16, 17). Macroscopically, crack
patterns that track metal component configurations may be
present (Fig. 18). Degradation products which may be found
deeper in the bulk than with stress cracking, again are
indicative of brittle fracture.

This phenomenon, called metal ion-induced oxidation, has
been confirmed by in vitro studies in which polyether urethanes
were aged in metal ion solutions of different standard oxidation
potentials. Above an oxidation potential of about +0.77,
chemical degradation was severe. Below that oxidation poten-
tial, changes in the polymer that are characteristic of simple
plasticization were seen (Coury et ai, 1987; Table 4). This
technique also showed that metal ion-induced oxidation was
proportional to the ether content of the polyurethane (Coury
et al., 1987; Table 5).

The effect of various metals on oxidation in vitro and
in vivo has also been studied. Different metallic components
of pacing lead conductors were sealed in polyether urethane
(Dow Pellethane 2363-80A) lead tubing and immersed in
3% hydrogen peroxide at 37°C for up to 6 months (Stokes
et al., 1987) or implanted in rabbits for up to 2 years
(Stokes et al., 1990). Both techniques resulted in corroded
metals and degraded tubing lumen surfaces, under certain
conditions, within 30 days. In vivo, the interaction of body
fluids with cobalt and its alloys, in particular, resulted in
oxidative cracking of the polymer.

The metal ion-induced oxidation process clearly involves
corrosion of metallic elements to their ions and subsequent
oxidation of the polymer. In operating devices, the metal ion
may be formed by solvation, galvanic corrosion, or chemical
or biochemical oxidation (Fig. 19). In turn, these metal ions
develop oxidation potentials that may well be enhanced in
body fluids over their standard half-cell potentials. As strong
oxidants, they produce intermediates or attack the polymer to
initiate the chain reaction (Fig. 20). Metal ion-induced oxida-
tion is, therefore, the result of a highly complex interaction of
the device, the polymer, and the body.
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FIG. 16. Random crack pattern of Pellethane 2363-80A lead insulation caused by metal ion-induced
oxidation. X480.

Should metal ion-induced oxidation be a possibility in an antioxidants, and using oxidation-resistant polymers if
implanted device, several approaches are available to control available.
this problem. They are not universally applicable, however, Recently, polyurethane elastomers with enhanced oxidation
and should be incorporated only if functionality and biocom- stability have been developed. They are segmented, ether- and
patibility are retained. Potentially useful techniques include ester-free polymers with unconventional soft segments, includ-
using corrosion-resistant metals, "flushing" corrosive ions ing, for example, hydrogenated polybutadiene, polydirnethylsi-
away from the susceptible polymer, isolating the metals and loxane, polycarbonate, and dimerized fat acid derivatives (Ta-
polymer from electrolyte solutions, incorporating appropriate kahara et al., 1991, 1994; Coury et al., 1990; Pinchuk et al.,

FIG. 17. Smooth crack wall indicative of brittle fracture caused by metal ion-induced oxidation. x830.
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FIG. 18. Crack pattern on inner lumen of polyether urethane lead insulation tracking coil indicative of
metal ion-induced oxidation. xlOO,

1991; Kato et al., 1995; Ward et al., 1995). In implant tests, implanted polymers. For example, the cornea and vitreous
they have shown reduced tendency to stress crack, and some humor of the eye as well as superficial skin layers allow
of them have shown high resistance to metal ion oxidants the passage of long-wave (320—400 nanometer) "ultraviolet
in vitro. A" radiation. Absorption of ultraviolet radiation causes

electron excitation that can lead to photo-oxidative degrada-
tion. This process has been suggested in the breakdown of

Ox/rfatfve Degradation Induced by polypropylene components of intraocular lens (Altman et
External Environment a\^ 1936).

I T , i • • j • U L J 4. • In maxillofacial exo- and, very likely, endoprostheses, elas-Under very limited circumstances t h e body c a n transmit . 1 - 1 1 1 • , . 1 - 1
, • j- • u rr i_ • r tomers may undergo undesirable changes in color and physicalelectromagnetic radiation that may affect the integrity or . ' ° f ° . 1 - 1

properties as a consequence of exposure to natural sunlight-
frequency radiation (Craig et al., 1980). Photo-oxidation mech-
anisms involving the urethane function of aromatic polyether-
or polyester urethanes are shown in Fig. 21. Antioxidants and

1ARIE 4 Effect of Metal Ion Oxidation Potential on ultraviolet absorbers provide limited protection for these mate-
Properties of Polyetherurethane (Pellethane 2363-80A)" rials.

Standard Change in Change in
Aqueous oxidation tensile elongation
solution potential strength (%) (%)

TABLE 5 Effect of Ether Content of Polyether Urethane on
ptQ ca +| 2 -87 -77 Susceptibility to Metal Ion-Induced Oxidation*
A O, + Q799 __54 _42 _ , _ . _

Change m Change in
FeC13 +0.771 -79 -10 Polyether tensile elongation

Polyetherurethane content strength (%) (%)
Cu2Cl2 +0.521 -6 +11

Cu2(OAc)2 +0.153 -11 +22 Pellethane 2363-80A High -54 -42

Ni(OAc)2 -0.250 -5 +13 Pellethane 2363-55D Low -23 -10

Co(OAc)2 -0.277 +1 +13 Model segmented None +9 +3
____________«________________-_________-____^^ polyurethane

sCondkions: 0.1 M solutions/90°C/35 days vs. controls aged in ' "
deionized water; ASTM (D-1708) microtensile specimens; specimens "Conditions: 0.1 M AgNO3/90°C/35 days vs. controls aged in
were tested wet. deionized water; ASTM (D-1708) microtensile specimens.
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tlu. 1 y. formation ot metal ion rrom metal.

CONCLUSION

Polymers that are carefully chosen for use in implanted
devices generally serve effectively for their intended lifetimes
if they are properly processed and device—material—host inter-
actions are adequately addressed. In certain limited circum-
stances, unintended hydrolytic or oxidative biodegradation oc-
curs. This may be induced by direct attack by the host or via
the intermediacy of the device or the outside environment.
With susceptible polymers, protective measures can be taken
to ensure extended efficacy, although new, biodegradation-
resistant polymers, which are on the horizon, will require less
protection. Knowledge of biodegradation mechanisms and the
employment of appropriate countermeasures will promote the
continued growth in compositions and uses of polymers as
implantable biomaterials.
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FIG. 20. Initiation of oxidation pathways by metal ion.

FIG* 21. Photo-oxidative reactions of aromatic polyurethanes. (A) Forma-
tion of quinone-imide from aromatic polyurethane. (From A. J. Coury et a/.,
/. Biomater. Appl. 3, 1988.) (B) Photolytic cleavage of urethane link. (From
S. K. Brauman et al., Ann. Biomed. Eng, 9, 1981.)
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1. Material selection cannot be governed solely by consider-
ations of stability, and mechanical and physical pro-
perties especially may be of considerable importance.
Since corrosion is a surface phenomenon, however, it
may be possible to optimize corrosion resistance by

O.3 DEGRADAIWE EFFECTS OF THE attention to or treatment of the surface rather than
BIOLOGICAL ENVIRONMENT ON METALS by manipulation of the bulk chemistry. This offers the

A tun fcDA&jir-c possibility of developing sufficient corrosion resistance
/tniM *-*tl*'*1" *-* jn materials of excellent bulk mechanical and physical

David F. Williams and Rachel L. Williams properties. Thus, noble metals such as gold and plati-
num are rarely used for structural applications (apart

The environment to which biomaterials are exposed during from dental restoration) because of their inferior me-
prolonged use (i.e., the internal milieu of the body) can be chanical properties, even though they have excellent
described as an aqueous medium containing various anions, corrosion resistance; instead, base metal alloys with
cations, organic substances, and dissolved oxygen. The anions passivated or protected surfaces offer better all-
are mainly chloride, phosphate, and bicarbonate ions. The around properties.
principal cations are Na+, K+, Ca2+, and Mg2+, but with 2. Medical devices are not necessarily used in mechanically
smaller amounts of many others. The organic substances in- stress-free conditions and indeed the vast majority
elude low-molecular-weight species as well as relatively high- of those using metals or ceramics are structurally
molecular-weight polymeric components. The pH in this well- loaded. It is well known that mechanical stress
buffered system is around 7.4 and the temperature remains plays a very important role in the corrosion and deg-
constant around 37°C. radation process, both potentiating existing effects

On the basis of existing knowledge of the stability of materi- and initiating others. This has to be taken into consider-
als in various environments, we should predict that metals, ation.
as a generic group, should be relatively susceptible to corro- 3. We cannot expect the biological environment to be
sion in this biological environment, whereas ceramics should constant. Within the overall characteristics described
display a varying susceptibility, depending on solubility. This earlier there are variations (with time, location, activity,
correlates fairly well with experimental observations and health status, etc.) in, for example, oxygen levels,
clinical experience, since it is well known that all but the availability of free radicals, and cellular activity, all
most corrosion-resistant metals will suffer significant and of which may cause variations in the corrosive nature
destructive attack upon prolonged implantation. Also, even of the environment. Most important, corrosion is not
the most noble of metals and those that are most strongly necessarily a progressive homogeneous reaction with
passivated (i.e., naturally protected by their own oxide layer) zero-order kinetics. Corrosion processes can be quies-
will still show some degree of interaction. There are some cent but then become activated, or they can be active
ceramics that have a combination of very strong partially but then become passivated and localized, with tran-
ionic, partially covalent bonds that are sufficiently stable to sient fluctuations in conditions playing a part in
resist breakdown within this environment, such as the pure these variations.
simple oxide ceramics, and others in which certain of the 4. The effects of corrosion or degradation may be twofold,
bonds are readily destroyed in an aqueous medium so that First, and in the conventional metallurgical sense, the
the material essentially dissolves, for example certain cal- most obvious, the problem can lead to loss of structural
cium phosphates. integrity of the material, volume, and function. This

With these general statements in mind, we have to consider may be undesirable, as in the case of many long-term
the following questions in relation to the corrosion and degra- prostheses, or desirable, as in devices intended for
dation of metals and ceramics: short-term function (e.g., ceramics for drug delivery

systems) or where the material is replaced by tissue
1. Within these groups, how does the susceptibility to cor- during the degradation process, as with ceramic bone

rosion and degradation vary; by what precise mecha- substitution. In addition to this, however, and usually
nisms do the interfacial reactions take place; and how of much greater significance with biomaterials, when
is material selection (and treatment) governed by this released into the tissue, the corrosion or degradation
knowledge? products can have a significant and controlling effect

2. Are there variables within this biological environment on that tissue. Indeed, it is likely that the corrosion
other than those described above that can influence process is the most important mediation of the tissue
these processes? response to materials. It is therefore important that

3. What are the consequences of such corrosion and degra- we know both the nature of the reaction products
dation phenomena? and their rate of generation.
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METALLIC CORROSION

Basic Principles

The most pertinent form of corrosion related to metallic
biomaterials is aqueous corrosion. This occurs when electro-
chemical reactions take place on a metallic surface in an aque-
ous electrolyte. There are always two reactions that occur:
the anodic reaction, which yields metallic ions, for example,
involving the oxidation of the rnetal to its salt:

and the cathodic reaction, in which the electrons so gener-
ated are consumed. The precise cathodic reaction will de-
pend on the nature of the electrolyte, but two of the most
important in aqueous environments are the reduction of
hydrogen:

and the reduction of dissolved oxygen:

in acidic solutions or:

in neutral or basic solutions.
In all corrosion processes, the rate of the anodic or

oxidation reaction must equal the rate of the cathodic or
reduction reaction. This is a basic principle of electrochemi-
cally based metallic corrosion. It also explains how variations
in the local environment can affect the overall rate of
corrosion by influencing either the anodic or cathodic reac-
tions. The whole corrosion process can be arrested by pre-
venting either of these reactions.

From a thermodynamic point of view, first consider the
anodic dissolution of a pure metal isolated in a solution of
its salt. The metal consists of positive ions closely surrounded
by free electrons. When the metal is placed in a solution,
there will be a net dissolution of metal ions since the Gibbs
free energy (AG) for the dissolution reaction is less than for
the replacement reaction. This leaves the metal with a net
negative charge, thus making it harder for the positive ions
to leave the surface and increasing the AG for the dissolution
reaction. There will come a point when the AG for the
dissolution reaction will equal the AG for the replacement
reaction. At this point, a dynamic equilibrium is reached
and a potential difference will be set up across the charged
double layer surrounding the metal. The potential difference
will be characteristic of the metal and can be measured
against a standard reference electrode. When this is done
against a standard hydrogen electrode in a 1 N solution of
its salt at 25°C, it is defined as the standard electrode

potential for that metal (Table 1). The position of a metal
in the electrochemical series primarily indicates the order
with which metals displace each other from compounds, but
it also gives a general guide to reactivity in aqueous solutions.
Those at the top are the noble, relatively unreactive metals,
whereas those at the bottom are the more reactive. This is
the first guide to corrosion resistance, but, as we shall see,
there are major difficulties related to the use and interpreta-
tion of reactions from this simple analysis.

Now consider a system in which the metal is in an aqueous
solution that does not contain its ions. In this situation, the
electrode potential at equilibrium (i.e., when the rate of the
anodic reaction equals the rate of the cathodic reaction) will
be shifted from the standard electrode potential and can be
defined by the Nernst equation:

where £0 is the standard electrode potential, RT/F is a constant,
n is the number of electrons transferred, and a is the activity
of the anodic and cathodic reactants. At low concentrations,
the activity can be approximated to the concentration. In this
situation, there is a net dissolution of the metal and a current
will flow. At equilibrium, the rate of the metal dissolution is
equal to the rate of the cathodic reaction, and the rate of
the reaction is directly proportional to the current density by
Faraday's law; therefore:

TABLE 1 Electrochemical Series

Metal Potential (V)

Gold 1,43

Platinum 1.20

Mercury 0,80
Silver 0.79

Copper 0,34

Hydrogen 0.00

Lead -0.13

Tin -0.14
Molybdenum —0.20

Nickel -0.25

Cobalt -0.28

Cadmium -0.40

Iron -0.44

Chromium —0.73

Zinc -0.76
Aluminum —1.33

Titanium -1.63
Magnesium —2.03

Sodium —2.71

Lithium -3.05
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and the Nernst equation can be rewritten:

where B is a constant and i0 is the exchange current density,
which is defined as the anodic (or cathodic) current density at
the standard electrode potential. Current density is the current,
measured in amperes, normalized to the surface area of the
metal.

These conditions represent convenient models for the basic
mechanisms of corrosion, but they are hardly realistic. Indeed,
in this situation of a homogeneous pure metal existing within
an unchanging environment, an equilibrium is reached in which
no further net movement of ions takes place. In other words, the
corrosion process takes place only transiently, but is effectively
stopped once this equilibrium is reached.

In reality, we usually have neither entirely homogeneous
surfaces or solutions, nor complete isolation of the metal
from other parts of the environment, and this equilibrium
is easily upset. If the conditions are such that the equilibrium
is displaced, the metal is said to be polarized. There are
several ways in which this can happen. Two main factors
control the behavior of metals in this respect and determine
the extent of corrosion in practice. The first concerns the
driving force for continued corrosion (i.e., the reasons why
the equilibrium is upset and the nature of the polarization),
and the second concerns the ability of the metal to respond
to this driving force.

It is self-evident that if either the accumulating positive
metal ions in the surrounding media or the accumulating elec-
trons in the metal are removed, the net balance between the
dissolution and the replacement of the ions will be disturbed.
The equilibrium is established precisely because of the imbal-
ance of charge, so that if the latter is disturbed, so is the former.
The result will be continued dissolution as the system attempts
to achieve this equilibrium—in other words, sustained corro-
sion. An electron sink in contact with the metal or a dynamic
medium will achieve this.

The process of galvanic corrosion may be used to demon-
strate this effect. Consider a single homogeneous pure metal,
A, existing within an electrolyte (Fig. 1). The metal will
develop its own potential, VA, with respect to the electrolyte.
If a different metal electrode, B, is placed into the same
electrolyte, but without contacting A, it will develop its own
potential VB. If VA is not equal to VB, there will be a
difference in the numbers of excess free electrons in each.
This is of no consequence if A and B are isolated from each
other, but should they be placed in electrical contact, electrons
will flow from that metal with the greater potential in an
attempt to make the two electrodes equipotential. This upsets
the equilibrium and causes continued and accelerated corro-
sion of the more active metal (anodic dissolution) and protects
the less active (cathodic protection).

Galvanic corrosion may be seen whenever two different
metals are placed in contact in an electrolyte. It has been fre-
quently observed with complex, multicomponent surgical im-

FIG. 1. When electrical contact is made between electrodes A and B, electrode
B acts as an electron sink, thus upsetting the equilibrium and causing continued
dissolution of A.

plants. It is not necessary for the components to be macro-
scopic, monolithic electrodes for this to happen, and the same
effect can be seen when there are different rnicrostructural
features within one alloy. In practice, it is the regional varia-
tions in electrode potential over an alloy surface that are re-
sponsible for much of the generalized surface corrosion that
takes place in metallic components.

Many of the commonly used surgical alloys contain highly
reactive metals (i.e., with high negative electrode potentials),
such as titanium, aluminum, and chromium. Because of
this high reactivity, they will adsorb oxygen upon initial
exposure to the atmosphere. This initial oxidation stage
leaves an impervious oxide layer firmly adherent to the metal
surface; thus all other forms of corrosion may then be
stifled because the oxide layer acts as a protective barrier,
passivating the metal. It should also be noted that it is
possible to enhance the oxide layer artificially to provide
better corrosion resistance.

In summary, the basic principles of corrosion determine
that:

1. In theory, corrosion resistance can be predicted from
standard electrode potentials. This explains the nobility
of some metals and the considerable reactivity of others,
but is not useful for predicting the occurrence of corro-
sion of most alloy systems in practice.

2. Irrespective of standard electrode potentials, the corro-
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sion resistance of many materials is determined by their under certain conditions, to slight decreases under other condi-
ability to become passivated by an oxide layer that pro- tions.
tects the underlying metal. It has been shown that proteins adsorb onto metal surfaces

3. Corrosion processes in practice are influenced by and that the amount adsorbed appears to be different on a
variations in surface microstructural features and in the range of metals. Similarly, proteins have been shown to bind
environment that disrupt the charge transfer equi- to proteins and it is suggested that they are transported away
librium. from the local site as a protein—metal complex and distributed

systemically in the body. It is therefore likely that proteins will
influence the corrosion reactions that occur when a metal is
implanted, although there is no direct evidence to explain the

INFLUENCE Of THE BIOLOGICAL ENVIRONMENT mechanism of the interaction at this time.

It is reasonable to assume that the presence of biological
macromolecules will not cause a completely new corrosion
mechanism. However, they can influence the rate of corrosion CORROSION AND CORROSION CONTROL IN THE
by interfering in some way with the anodic or cathodic reac- BIOLOGICAL ENVIRONMENT
tions discussed earlier. Four ways in which this could occur
are discussed below: The need tQ ensure minimai corrosion has been the major

1. The biological molecules could upset the equilibrium determining factor in the selection of metals and alloys for use
of the corrosion reactions by consuming one or in the body. Two broad approaches have been adopted. The
other of the products of the anodic or cathodic reac- first has involved the use of noble metals, that is, those metals
tion. For example, proteins can bind to metal ions and their all°ys for whlch the electrochemical series indicates
and transport them away from the implant surface. excellent corrosion resistance. Examples are gold, silver, and
This will upset the equilibrium across the charged the platinum group of metals. Because of cost and relatively
double layer and allow further dissolution of the metal; Poor mechanical properties, these are not used for major struc-
m other words, it will decrease AG for the dissolution re- tural applications, although it should be noted that gold and
actjon its alloys are extensively used in dentistry; silver is sometimes

2. The stability of the oxide layer depends on the electrode used for its antibacterial activity; and platinum group metals
potential and the pH of the solution. Proteins often have (Pt> Pd> Ir> Rh) are used m electrodes.
electron-carrying roles and can thus affect the electrode The second approach involves the use of the passivated
potential, and bacteria can alter the pH of the local metals- Of the three elements that are strongly passivated
environment through the generation of acidic meta- (Le-> aluminum, chromium, and titanium), aluminum cannot
bolic products be used ^or biomedical purposes because of toxicity prob-

3. The stability of the oxide layer is also dependent on the lems- Chromium is very effectively protected but cannot
availability of oxygen. The adsorption of proteins onto be used in bulk- h is' however, widely used in alloys,
the surface of materials could limit the diffusion of oxy- especially in stainless steels and in the cobalt-chromium-
gen to certain regions of the surface. This could cause based all°ys' where * 1S normally considered that a level of
preferential corrosion of the oxygen-deficient regions above 12% 8ives 8ood corrosion resistance and about 18%
and lead to the breakdown of the passive layer. provides excellent resistance. Titanium is the best in this

4. The cathodic reaction often results in the formation of resPect> and 1S used as a Pure metal or as the mai°r constituent
hydrogen, as shown earlier. In a confined locality, the alloys.
buildup of hydrogen tends to inhibit the cathodic reac- Although these metals and alloys have been selected for
tion and thus restricts the corrosion process. If the hydro- their corrosion resistance, corrosion will still take place when
gen can be eliminated, then the active corrosion can they are implanted in the body. Two important points have
proceed. It is possible that bacteria in the vicinity of an to be remembered. First, whether noble or passivated, all
implant could utilize the hydrogen and thus play a crucial metals wl11 suffer a slow removal of ions from the surface,
role in the corrosion process largely because of local and temporal variations in microstruc-

ture and environment. This need not necessarily be continu-
There is sufficient evidence to support the premise that the ous and the rate may either increase or decrease with time,

presence of proteins can influence the rate of corrosion of some but metal ions will be released into that environment. This
metals. Studies have examined these interactions electrochenii- is particularly important with biomaterials, since it is the
cally and have found very few differences in many of the param- effect of these potentially toxic or irritant ions that is the
eters measured (e.g., electrode potential, polarization behavior, most important consequence of their use. Even with a strongly
and current density at a fixed potential). However, analysis of passivated metal, there will be a finite rate of diffusion of
the amount of corrosion through weight loss or chemical analy- ions through the oxide layer, and possibly a dissolution of
sis of the electrolyte has shown significant effects from the the layer itself. It is well known that titanium is steadily
presence of relatively low concentrations of proteins. These released into the tissue from titanium implants. Second, some
effects have varied from severalfold increases for some metals specific mechanisms of corrosion may be superimposed on
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FIG. 2. This etched metallographic micrograph demonstrates the pitting corrosion of stainless steel.

this general behavior; some examples are given in the This is known as fretting corrosion, and it is suggested that
next section. this can contribute to the corrosion observed between a

fracture fixation plate and the bone screws attaching the
plate to the bone. There are three reasons why fretting can

Pitting Corrosion affect the corrosion rate. The first is due to the removal of
the oxide film as just discussed. The second is due to plastic

The stainless steels used in implantable devices are passiv- deformation of the contact area; this can subject the area
ated by the chromium oxide that forms on the surface. It has to high strain fatigue and may cause fatigue corrosion. The
been shown, however, that in a physiological saline environ- third is due to stirring of the electrolyte, which can increase
ment, the driving force for repassivation of the surface is not the limited current density of the cathodic reaction,
high. Thus, if the passive layer is broken down, it will not
repassivate and active corrosion can occur.

Localized corrosion can occur as a result of imperfections
in the oxide layer, producing small areas in which the Crevice Corrosion
protective surface is removed. These localized spots will
actively corrode and pits will form in the surface of the The area between the head of the bone screw and counter-
material. This can result in a large degree of localized damage sink on the fracture fixation plate can also be influenced by
because the small areas of active corrosion become the anode the crevice conditions that the geometry creates (Fig. 3).
and the entire remaining surface becomes the cathode. Since Accelerated corrosion can be initiated in a crevice by re-
the rate of the anodic and cathodic reactions must be equal, stricted diffusion of oxygen into the crevice. Initially, the
it follows that a relatively large amount of metal dissolution anodic and cathodic reactions occur uniformly over the
will be initiated by a small area of the surface, and large surface, including within the crevice. As the crevice becomes
pits may form (Fig. 2). depleted of oxygen, the reaction is limited to metal oxidation

balanced by the cathodic reaction on the remainder of the
surface. In an aqueous sodium chloride solution, the buildup

Frettinn Corrosion °^ meta^ i°ns within the crevice causes the influx of chloride
ions to balance the charge by forming the metal chloride.

The passive layer may be removed by a mechanical In the presence of water, the chloride will dissociate to its
process. This can be a scratch that does not repassivate, insoluble hydroxide and acid. This is a rapidly accelerating
resulting in the formation of a pit, or a continuous cyclic process since the decrease in pH causes further metal oxi-
process in which any reformed passive layer is removed. dation.
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FIG. 3. Crevice corrosion is evident in the screw hole in this fracture fixation plate.

tntergranular Corrosion Galvanic Corrosion

As mentioned earlier, stainless steels rely on the forma- If two metals are independently placed within the same
tion of chromium oxides to passivate the surface. If some solution, each will establish its own electrode potential with
areas of the alloy become depleted in chromium, as can respect to the solution. If these two metals are placed in
happen if carbides are formed at the grain boundaries, the electrical contact, then a potential difference will be estab-
regions adjacent to the grain boundaries become depleted lished between them, electrons passing from the more anodic
in chromium. The passivity of the surface in these regions to the more cathodic metal. Thus equilibrium is upset and
is therefore affected and preferential corrosion can occur a continuous process of dissolution from the more anodic
(Fig. 4). Although this problem can easily be overcome by metal will take place. This accelerated corrosion process is
heat treating the alloys, it has been observed on retrieved galvanic corrosion. It is important if two different alloys are
implants, and can cause severe problems since once initiated used in an implantable device when the more reactive may
it will proceed rapidly and may well cause fracture of the corrode freely.
implant and the release of large quantities of corrosion Whenever stainless steel is coupled with another alloy, it
products into the tissue. will suffer from galvanic corrosion. If both alloys remain within

their passive region when coupled in this way, the additional
corrosion may be minimal. Some modular orthopedic systems
are made of titanium alloys and cobalt-based alloys on the
basis that both should remain passive. Galvanic corrosion may

Stress Corrosion Cracking also take place on a microscopic scale in multiphase alloys
where phases are of considerably different electronegativity.

Stress corrosion cracking is an insidious form of corrosion In dentistry5 some amalgams may show extensive corrosion
since an applied stress and a corrosive environment can work because of ̂  mechanism

together and cause complete failure of a component, when
neither the stress nor the environment would be a problem on
their own. The stress level may be very low, possibly only
residual, and the corrosion may be initiated at a microscopic
crack tip that does not repassivate rapidly. Incremental crack CERAMIC DEGRADATION
growth may then occur, resulting in fracture of the implant.
Industrial uses of stainless steels in saline environments have The rate of degradation of ceramics within the body can
shown susceptibility to stress corrosion cracking and therefore vary considerably from that of metals in that they can be
it is a potential source of failure for implanted devices. either highly corrosion resistant or highly soluble. As a
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FIG. 4. Intergranular corrosion is demonstrated on this etched stainless steel specimen,

general rule, we should expect to see a very significant metabolic processes and utilized or eliminated. For this reason,
resistance to degradation with ceramics and glasses. Since it is compounds of sodium, and especially calcium, including
the corrosion process in metals is one of a conversion of a calcium phosphates and calcium carbonates, that are primar-
metal to ceramic structure (i.e., metal to a metal oxide, ily used.
hydroxide, chloride, etc.) we must intuitively conclude that The degradation of such compounds will depend on chemi-
the ceramic structure repesents a lower energy state in which cal composition and microstructure. For example, tricalcium
there would be less driving force for further structural phosphate [Ca3(PO4)2] is degraded fairly rapidly while calcium
degradation. The interatomic bonds in a ceramic, being hydroxyapatite [Ca10(PO4)6(OH)2] is relatively stable. Within
largely ionic but partly covalent, are strong directional bonds this general behavior, however, porosity will influence the rates
and large amounts of energy are required for their disruption. so that a fully dense material will degrade slowly, while a
As extraction metallurgists know, it takes a great deal of microporous material will be susceptible to more rapid degra-
energy to extract aluminum metal from the ore aluminum dation.
oxide, but as we have seen, the reverse process takes place In general, dissolution rates of these ceramics in vivo can be
readily by surface oxidation. Thus, we should expect ceramics predicted from behavior in simple aqueous solution. However,
such as A12O3, TiO2, SiO2, and TiN to be stable under there will be some differences in detail within the body, espe-
normal conditions. This is what is observed in clinical prac- daily with variations in degradation rate seen with different
tice. There is limited evidence to show that some of these implantation sites. It is possible that cellular activity, either by
ceramics (e.g., polycrystalline AJ^Oj) do show "aging" phe- phagocytosis or the release of free radicals, could be responsible
nomena, with reductions in some mechanical properties, but for such variations,
the significance of this is unclear. In between the extremes of stability and intentional degrad-

Akernatively, there will be many ceramic structures that, ability lie a small group of materials in which there may be
although stable in the air, will dissolve in aqueous environ- limited activity. This is particularly seen with a number of
ments. Consideration of the classic fully ionic ceramic structure glasses and glass ceramics, based on Ca, Si, Na, P, and O, in
NaCl and its dissolution in water demonstrates this point. It which there is selective dissolution on the surface involving
is possible, therefore, on the basis of the chemical structure, the release of Ca and P, but in which the reaction then ceases
to identify ceramics that will dissolve or degrade in the body, because of the stable SiCyrich layer that remains on the sur-
and the opportunity exists for the production of structural face. This is of considerable interest because of the ability of
materials with controlled degradation. such surfaces to bond to bone, and this subject is dealt with

Since any material that degrades in the body will release its elsewhere in this book.
constituents into the tissue, it is necessary to select anions On the basis of this behavior, bioceramics are normally
and cations that are readily and harmlessly incorporated into classified under three headings:
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Inert, or "nearly inert" ceramics enhanced degradation and corrosion. The combined effect
Resorbable ceramics of environment and these stresses is much greater than either
Ceramics of controlled surface reactivity one by itself.

SUMMARY tMv""C CO"OSton

A bent metallic rod or plate will have different electrochemi-
This chapter has attempted to demonstrate that metals are cal potentials on opposing sides of the bend. The tensile side

inherently susceptible to corrosion and that the greatest care may be anodic with respect to the compression side, leading
is needed in using them within the human body. In general, to increased galvanic corrosion. This same phenomenon occurs
ceramics have much less tendency to degrade, but care still has at stress risers in loaded devices, including design flaws such
to be taken over aging phenomena. The human body is very as sharp corners; surface flaws such as cuts, nicks, and
aggressive toward all of these materials. scratches; and internal material flaws, imperfections, and gain

boundaries. The higher stressed area of the material will cor-
rode or degrade at a higher rate than the surrounding, less
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The effect of dynamic stress on the corrosion of surgical
implant alloys was studied by Luedemann and Bundy (1989).
They found that even the relatively low loads typical of normal
walking had a marked effect on the corrosion characteristics

6.4 MECHANICAL BREAKDOWN IN THE of implant alloys tested in Ringer's solution. The amounts of
Rirti rwn-AI Ffcn/iDmuuEkrr *ons re^ease(^ from the surfaces of cobalt—chromium alloy and
BIOLOGICAL ENVIRONMENT 316L stainless steel were up to 26 and 33 times those released

C. K. McMulin from unstressed polished surfaces in the same solution. With
metal fatigue in the presence of an aggressive environment that

Contact with biological or physiological solutions causes causes corrosion, there is no limiting stress (endurance limit)
polymer degradation, ceramic dissolution, and metallic corro- below which corrosion-induced cracking will not occur (Wil-
sion and this effect can be amplified in the presence of mechani- Hams, 1981).
cal stresses. This chapter discusses effects commonly seen in
metals, ceramics, and polymers.

Microbiological Corrosion

Microorganisms can influence the corrosion of some metals
MITALS AND CERAMICS by a variety of mechanisms, most of which are enhanced by

the presence of mechanical stresses (Williams, 1981). They can
There are a number of mechanisms by which a combina- alter the pH and the oxygen content of the local environment,

tion of the biological environment and mechanical stress can can release corrosive metabolic products, and can cause depo-
cause increased mechanical breakdown through corrosion, larization phenomena. For example, Thiobacilltis, a genus of
including galvanic, fatigue, wear, microbiological, and stress- sulfur-oxidizing bacteria, produces acids, including sulfuric
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acid. The bacteria themselves can easily withstand strongly tallic implants compared with the large number that have been
acidic conditions and are thus able to colonize a sulfur-contain- implanted for long periods of time suggest that this effect, if
ing site and cause increased corrosion of metals in the vicinity. any, is small. Metallic corrosion and wear debris particulates
Similarly, the fungal microorganisms Clad osporium resinae may cause other nonspecific effects that are covered in more
colonize aircraft fuel tanks, producing oxygen concentration detail in the next section of this chapter,
gradients and thereby causing corrosion. The sulfate-reducing
bacteria De sulpkovibro utilize hydrogen in the reduction of
sulfates. If the cathodic reaction of corrosion is one of hydrogen
reduction, the utilization of the hydrogen by the bacteria can POLYMERS
cause cathodic depolarization and allow corrosion to continue.
Although not considered to be a significant issue for medical There are several ways in which a biological environment
implant devices, some dental implant devices can be influenced increases the rate of mechanical breakdown of polymers. These
by microbiological corrosion phenomena. include increased wear, swelling or leaching, environmental

stress crazing and cracking, and mechanical effects on blood
compatibility and calcification.

Stress-Enhanced Degradation and Corrosion

Stressing a material puts it in a higher energy state and
makes it easier to degrade or corrode. This is true for metals, Increased Wear In Biological Environments
polymers, and ceramics. For example, the material in the imme- ^ n r • • • j j i_ L j
j. . . . , . f i j i - i • i Generally, friction is reduced but wear may be increased
diate vicinity of vacancies, slip bands, dislocations, and grain f ,.,. , . , , ,. ,. f /~n i
, j • • i i L- 11 j L i_ tor wet sliding wear compared with dry sliding wear tor unfilled
boundaries in metals can be more highly stressed than the , .,, . no,5 _. , ,
, • i • i • i • if i i polymers (Lhymn, 1987). The wear volume also increases in
homogeneous material within the grains. If metal samples are / c, , , . , , . , . ,

, f , .. , . , , i i /• 1 1 - 1 carbon liber and glass-reinforced composites compared with
etched, the metalis preferentially etched from the higher energy cll , , *%- r , ; . ,

, , f , . , . - I . - unfilled polymers. T h e presence of a liquid c a n remove wear
areas around these imperfections, making pits that can be visu- j i • • i- i 11 • t • / • • / i
„ , j TT j j- i • -ii rr debris immediately, thus enhancing the cutting/plowing/crack-ally observed. Under stress, some dislocations will move. It a . , . J, , . , i. i1

 f i- • j i • j i mg mechanism of abrasive particles against the polymer or
sequence ot stress applications and etchings is used, the move- , . . ,,., < no-r\ T if • i • i

r t. j- i • L. L 11 j L L i • polymer composite material (Lhymn, 1987). In a physiological
ment of the dislocations can be followed by the resulting se- . r ,.. . , . r ' . .

. , . , , ... . . j i j i l t environment, metallic, ceramic, o r polymeric wear particles
quential pits formed at dislocation sites developed by the etch- , , , . , . .
? , T T J f m^r\ T-i- r L • i may be trapped between two moving surfaces, causing three-
ing (Hayden et aL, 1965). This type of phenomenon is also , i 1 - 1 n • -c \ \ • \
ft i i i / i - i i . body wear, which generally causes a significantly higher wear
likely to be related to the environmental stress cracking seen i_ L j r^\. L • r • j, rate than two-body wear. Other mechanisms for increased
in polymers. . . , j , , . .

,f . . , - 1 1 i i *n vivo wear include environmental stress cracking, polymer
I f a ceramic material contains both amorphous o r glassy j j - • i r - j

,, . , „. . i 11 j degradation, microstructural imperfections, and creep,
regions, as well as either crystalline regions or embedded crys- " ^ \ • r. -C • \ • • i L • t

ff • f i j- i • r i L The analysis ot artificial joints demonstrates the increase ot
tallites, energetic favor the dissolution ot the amorphous re- . . . . ,. . Tf , if • wear rates under in vivo versus m vitro conditions, in one
gions in preference t o t h e crystalline regions. j j - - n • • • j - j

T T i i • j , i, . r , .... . study, dry m vitro tests of hip iomts predicted an average wear
Hench has said that all ceramic materials exhibit an environ- er\M * \ \- • i •

„ . . t . , , . ,TI i moi\ T> - 1 1 rate ot 0.02 mm a year, whereas the average clinical penetration
mentally sensitive fatigue behavior (Hench, 1981). Partially , j i ^ n - r i n n . t
, r i • i f L I i j j i UL n i • rate was found to be 0.07 mm a year over the first 9 years of
because of this loss ot strength, he concluded that bulk bio- ,„. ,. ^ n o ^ s T-L- i r L
, j i - i fi i i f.c • i use (Dowhng, 1983). This wear may cause loosening of the

glass and bioglass-ceramics are likely to have msufncient long- , , ° , , . i i c L L
, . t f i - f j - i i L • i - i- prostheses b y t h e resulting poor mechanical fit between t h e

term mechanical reliability for load-bearing prosthetic apphca- f „ , , ,- , , . °T,., , . ,
, . - L - i • L. J L ball a n d socket o f t h e hip. i t t h e wear becomes extensive, t h e

tions unless improvements in physical properties beyond those - r - i i - J L 1 1
•LI i - j ,,%-i • . £ i i - i artificial hip may need to be replaced.

n o w accessible a r e achieved. This concept is further discussed „, f i - 1 1 t
. ^i T x Of much greater concern, however, is the release ot wear
in Chapter 2.6. , , . . :r ^ /• j , • .

debris particles. Generation ot wear debris is an important
factor both because of the potential for wear debris to migrate

Effects of Metallic (Corrosion to ̂ stant organs, particularly the lymph nodes where accumu-
lation of particle-containing macrophages causes enlargement

In addition to the obvious loss of mechanical strength of and chronic lymphadenitis (Benz et aL, 1994) and because of
implants caused by corrosion, the corrosion products can have local physiological responses such as inflammatory, cytotoxic,
a number of other adverse physiological effects. Metal sensitiv- and osteolytic reactions.
ity and allergic reactions from metallic corrosion products and It is now apparent that large quantities of micron and submi-
wear debris are of concern, particularly with metals containing cron wear debris from most materials cause nonspecific osteo-
nickel and chromium (Bruner et aL, 1993). When allergic re- lysis of local bone. For example, a major cause of late failures
sponses are seen, they can lead to localized problems such as of artificial hips has been loosening between the hip stem and
inhibiting fusion or to systemic problems such as dermatitis. the partially resorbed surrounding boone, causing pain and
Both of these conditions usually require removal of the implant. requiring hip replacement. Sometimes femoral bone weakened
Concern has also been expressed that the localized release of by osteolysis can fracture under high loading conditions and
certain metal ions may cause cancer (Sharkness et aL, 1993). require replacement. It was thought that this condition was
However, the relatively few cancers found associated with me- the result of osteolysis of the bone caused by bone cement
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particles released by wear and fatigue microfractures (Willert et from the bioaccumulation standpoint for patients receiving
al., 1990a), and it was occasionally called bone cement disease. many units of stored blood (e.g., leukemia patients).

A new generation of artificial hips has been developed and Both leaching of mineral oil and absorption of lipids and
introduced which uses bioingrowth of bone into porous sur- fluids have been reported to contribute to changes in the proper-
faces of the hip stem so that cement is not required; thus it ties of a modified copolymer of styrene—ethyiene/butylene—
was hoped to eliminate bone cement disease. Unfortunately, styrene after subcutaneous implantation (Hawkins et ai,
the newer bioingrowth artificial hips have continued to fail by 1993).
the same osteolytic mechanism, in the absence of any bone
cement! Further research has shown that polyethylene (Willert
et al., 1990b), titanium, and ceramic wear debris can cause Environmental Stress Crazing, Cracking, And
the same osteolytic problem associated with bone cement de- Rupture of PotyltlGfS
bris. Both micron-sized particulates seen in earlier histological .
slides, as well as submicron particulates now found using diges- The combination of stresses and environmental conditions
tion and scanning electron microscopic techniques, have been can act synergistically to cause failure in polymers In these
implicated in osteolytic destruction of the bone-implant inter- cases>the Polymers generally undergo what is called environ-
face. Assuming a million steps per year and 0.03 to 0.08 mm mental stress crazing> Backing, and rupture,
per year wear into polyethylene acetabular cups, one recent grazing can be described as the formation of internal voids
calculation estimates that on an average as many as 470,000 Wltb load-bearing fibers that stretch across the voids. Crazes
polyethylene particles of 0.5-micron size could be released to can look like cracks> but are differentiated from cracks by the
the surrounding tissues at each step (McKellop et al., 1993). load-bearing nature of the fibers that extend across the craze

Other examples of nonspecific osteolysis presumed to be As the craze grows' some of the fibers in thf wldest afa of

caused by wear debris of devices include bone resorption the craze break> and a "onload-bearing crack is formed. The
around failed elastomenc finger, toe, and wrist prostheses and crack can then

r g
row and progress across the material, leading

around failed poly(tetrafluoroethylene)-carbon fiber temporo- to ruPture or failure of the Part'
mandibular joint (jaw) prostheses. Therefore, an important Craze formation is dependent on the molecular weight of
criterion in the selection of materials for use in medical implants the Former. Generally, high-molecular-weight polymers form
is the quantity, size, shape, and composition of wear debris crazes that can Progress to cracks' F°rlower molecu ar f °&*
that may be released in vivo. polymers, crack formation occurs directly, without the forma-

tion of craze material. A mixture of high- and low-molecular-
weight polymers forms crazes more readily than an equivalent
medium-molecular-weight polymer.

Mechanical Failure by Swelling and Leaching The sequence Of environmental stress crazing, cracking, and

In a biological environment, polymers both absorb compo- rupture occurs at low stress levels for polymers sensitive to
nents from the surrounding media and also leach components these effects when they are m contact with Aggressive environ-
from the polymer into the media. The absorption of the chemi- ments <which are sPeclfic for each Polymer). The stresses can
cals can result in a physical change in shape of the device, elther be externally applied or the result of residual internal
which can then lead to failure through a variety of mechanisms. stresses from moldmg or processing.

One of the most important historical examples of failure by Thus' Powers can be resistant to high stress in vitro, and
swelling was in the original Star-Edwards and Smeloff-Cutter can be »mPlanted m vivo for long periods of time under low or
caged ball heart valve prostheses. Lipid infiltration and subse- no stress conditions with little or no degradation of properties,
quent swelling, along with ball wear, caused some device- When stressed m the same environment, however, they can
related deaths. It was found that an incomplete silicone rubber actually fali aPart as a result of environmental stress cracking,
cure may have contributed to the high lipid uptake and later For example, Daniels et al (1989) evaluated the dynamic
failure of these heart valves. cychc bendmg of a poly(ortho ester) m different media. They

When fiber-filled composites adsorb solvents and chemicals showed that 25,000 cycles in air had little effect on the mechani-
(including water, lipids, and proteins), it can lead to degrada- cal Properties. Specimens in contact with simulated body fluid
tion of the polymer-fiber interface, with resulting reduced under no load also showed very little effect, while the cyclically
strength and stiffness (Wilfong, 1989). loaded specimens in the test fluid showed a 75% decrease in

Under in vivo conditions, the leaching of plasticizers, stabi- the flexural strength and modulus,
lizers, antioxidants, pigments, lubricants, fillers, residual _ _
monomers, polymerization catalysts, and other chemical addi- Environmental Stress CracWng-Polyurethane

- £ i . 1 1 i u u L c Pacemaker Leadstives from plastics or rubbers both change the properties of
the polymer and cause local or systemic toxicological problems. Some polyurethane cardiac pacemaker leads have been

When plasticizers migrate from flexible poly(vinyl chloride) found to fail prematurely. Damaged insulation has resulted
parts, the parts become brittle. This is typically why automobile in rapid drainage of battery power and erratic pacing, result-
vinyl seat covers become brittle as the di-2-ethylhexyl phthalate ing in the forced replacement of the pacing system. Medtronic
plasticizer slowly migrates from the plastic, leaving the rigid has reported 240 cases of cracked insulation in 185,000
poly (vinyl chloride). The leaching of this same plasticizer from poly (ether urethane)-insulated cardiac pacing leads distrib-
blood bags into stored blood has been a cause for concern uted between 1977 and 1983, with 104 of these affecting
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TABLE 1 Potential Factors Involved with phragms (Benson and Wong, 1988). In another study, papain,
Pacemaker Lead Failure chymotrypsin, and leucine aminopeptidase were all found to

— degrade some polyurethanes (Phua et al,, 1987). In a third
Stress Component study, papain, esterase, bromelain, ficin, chymotrypsin, tryp-

Residual processing stresses sin, and cathepsin C (but not collagenase or the oxidative
Bends or kinks during insertion enzymes xanthine oxidase and cytochrome C oxidase) were
Postimplant zones of sheath shrinkage found to degrade a radiolabeled polyurethane (Smith et ai,
In vivo flexing during operation 1987) The mixed enzymes found in rabbit liver homogenate

Environmental Component also had a deleterious effect on the polyurethane used in
Voltage (current) used in pacing this study.
Oxidation Polyurethane-insulated Co-Ni-Cr-Mo (MP35N) pace-
.inzymes maker leads have been used for cardiac pacing since 1977.
„. , , , , - , Tests were therefore conducted to determine if metal ions were
Cholesterol a n d lipids - 1 1 - 1 1 i • /- i i i i • -,
Hvdrolvtic cleavage involved in the degradation of the polyurethane insulation. In
Extraction of low molecular weight material one study> exposure to 0.1 M silver nitrate at 90°C for 35
Metal ion-catalyzed degradation days oxidized the ether linkages of polyurethanes in increasing
Auto-oxidation involving metals severity for Pellethane, Tecoflex EF (Thermedics, Inc.), Biomer

Polymer Sensitivity and Cardiothane-51 (Kontron Instruments) (Coury et al.,
Ether links attacked 1988). In another study, cobalt was found to cause bulk degra-
Poly(tetramethylene oxide) blocks attacked dation of Pellethane by what was described as an auto-oxida-
Silicone added to resist attack tive mechanism (Stokes et a/., 1988).

—.——— The role of anions in the degradation of polyurethanes
continues to be studied. It has been reported that the chloride
anion has much more effect on polyurethane degradation than
the acetate anion (Thoma et al., 1988). Cholesterol and lipids
may also contribute to polyurethane degradation as evidenced
by the decrease in fatigue life of polyurethanes in solutions of

the performance of the device (Stokes, 1984). Much greater these chemicals (Hayashi, 1988).
degradation was seen in flexion points of the leads compared Thus, environmental stress cracking of polyurethanes is
with areas not under the same mechanical stresses (Chawla a continuing research issue. The relative contribution of all
et aL, 1988). However, the great majority of the same pacing the above-mentioned factors has not been determined and
leads survived for long periods of time without significant is likely to be different with differing polyurethanes and envi-
degradation. Although the failure of the leads has clearly ronments.
been attributable to environmental stress cracking, there
has been considerable debate about what aspect of the
environment causes the failures, as indicated in Table 1 and
discussed in the following paragraphs. Environmental Stress Cracking— Polysulfone

During the production of pacemaker leads, residual stresses Another polymer sensitive to environmental stress cracking
are created that are tensile on the outer surface and compressive js polysulfone, a high-strength engineering thermoplastic. In
in the core. These stresses, combined with externally ap- the medical field, polysulfone is used in the manufacture of
plied stress, are thought to be a major mechanical factor respirators, nebulizers, prosthesis packing, dental tools, and
in the environmental stress cracking of the implanted leads sterilizer trays. It has also been proposed for use in in vivo
(Hayshi, 1987). biomedical applications, including use as a coating and matrix

The effect of applied voltage on environmental stress material for prototype composite hip implants, as a porous
cracking in Pellethane (Dow Chemical Co.)-coated pacing coating on prototype metallic orthopedic implants, and as the
leads has been studied in vitro using a balanced salt solution rigid housing for artificial hearts.
(Hank's solution) (Sung and Fraker, 1987). It was found An engineering design package from a supplier of medical-
that current leakage occurred in only a few areas of the grade polysulfone contains 15 pages of tables on the environ-
lead after exposure to the solution for 14 months with a mental stress rupture of polysulfone in contact with many
5-V to 20-V potential. Although the outer surface of the different substances.1 Their general conclusion is that, if possi-
leads revealed some cracks, the checkerboard-type cracking ble, polysulfone should be used in contact only with nonsol-
reported in in vivo studies was not observed in this unstressed vents. When polysulfone must be in contact with a partial
in vitro test. solvent, the polysulfone object must be virtually free of both

Another environmental factor that has been examined is
the effect of enzymes on polyurethanes. In one study,
papain and urease were found to degrade the polyurethane
Biomer (Ethicon, Inc.) (Ratner et al, 1988). However, m, m . ~. '. ~ " '. .. _, ~~. ~ ~
. . . j - i - i - Udel Design Engineering Data, Section 5—Chemical a n d Solvent Resistance,

degradation was not noted in the postimplantation ex- Union Carbide Engineering Polymers, Danbury, CT. Note: Udel polysulfone is
amination of Biomer used in Jarvik-7 artificial heart dia- currently being marketed by Amoco Performance Products, Ridgefield, CT.
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CALCIFICATION OF PROSTHESES AND DEVICES

Calcification of Bloprosthetic Heart Valves

6.5 PATHOLOGIC CALCIFICATION Calcific degeneration of glutaraldehyde-pretreated biopros-
jj thetic heart valves (Fig. 2) is the most important example of

Of DIOMATERIALS a cim]icaiiy significant dysfunction of a medical device due to
Yashwant Pathak, Frederick J. Schoen, and Robert J. Levy biomaterial calcification. Glutaraldehyde-preserved (i.e., cross-

linked) stent-mounted bioprostheses fabricated from porcine
The failure of certain clinical devices, particularly in the aortic valve, or related devices fabricated from bovine pericar-

cardiovascular system, is frequently caused by the formation dial tissue, have been implanted in hundreds of thousands of
of nodular deposits of calcium phosphate or other calcium- patients since 1971. However, more than half of such valves
containing compounds, a process known as calcification or implanted in patients fail within 12-15 years. Nearly all bio-
mineralization. Although deposition of mineral salts of calcium prosthetic valves retrieved at reoperation have tears or stiffen-
occurs as a normal process in bones and teeth, the biomaterials ing, or both, resulting from intrinsic calcification. Furthermore,
that comprise medical devices are not intended to calcify since accelerated mineral accumulation leading to valve failure in less
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TABLE 1 Prostheses and Devices Affected by Calcification of Biomaterials

Configuration Biomaterial Result

Cardiac valve prostheses Glutaraldehyde-pretreated porcine aortic valve or Valve obstruction or incompetency
bovine pericardium

Polyurethane

Cardiac ventricular assist system bladders Polyurethane Dysfunction by stiffening or leaking

Vascular grafts Aortic homografts Graft obstruction or stiffening
Dacron grafts

Soft contact lens Hydrogels Opacification
Intrauterine contraceptive devices Silicone rubber, or polyurethane containing Cu2+ Birth control failure by dysfunction

or other agents or expulsion

Urinary prostheses Silicone rubber or polyurethane Incontinence and/or infection

than 4 years is almost uniform in adolescent and preadolescent polyurethane and used as ventricular assist systems or total
children with bioprostheses. Calcification is most pronounced artificial hearts. Thus far, calcification has only been noted in
at the flexure regions of the cusps, the points of greatest func- experimental animals. Rigidity caused by the mineral deposits
tional valve stresses. can result in deterioration of pump or valve performance

Homograft valves are valves that are removed from a through loss of bladder pliability or the initiation of tears,
person who has died, and then are sterilized, often further Or both. Blood pump calcification, regardless of the type of
preserved, and implanted in another individual. Human aortic polyurethane used, generally predominates along the flexing
homograft valves have been in widespread clinical use for areas of the diaphragm, either at the diaphragm housing junc-
the past 20 years in reconstructive surgery for congenital tion or at flexing areas of the pusher plate-type or cylindrical
cardiac defects or acquired aortic valve disease, or as vascular diaphragm, indicating that mechanical factors play an impor-
conduits with the valve removed. A homograft aortic valve tant potentiating role.
is surrounded by a sleeve of aorta. Many homografts, whether Calcification of blood pump components can be intrinsic
containing aortic valves or nonvalved (to replace a large or extrinsic. The calcific deposits are frequently associated with
blood vessel), undergo calcification and/or degeneration in microscopic surface defects, perhaps originating during bladder
the aortic wail. Homograft calcification has been noted fabrication or resulting from environmental stress or mechani-
regardless of the type of sterilization procedure used. Aortic cal effccB> }eading to crackmg ft is hypothesized that these

homograft calcification can lead to prosthesis failure as a surface defects and subsurface voids can serve as preferred sites

result of either valve dysfunction or deterioration of the for caldfic d ks m smooth { m[f ^ ̂  ^
aortic wall due to mineral deposits. . 1£ , , , u, • „ , , . , „ ,r not yet proven. If degraded blood cells and their subcellular

components trapped in these microscopic cavities become cal-
Ca/cMcdtfon Of Polymeric Bladders in cified, it is termed "extrinsic calcification." However, some

Blood Pumps calcific deposits occur below the surface in the absence of
defects (clearly intrinsic) or within the adherent layer of depos-

The deposition of calcific crystals on flexing bladder surfaces ited proteins and cells (pseudointima) on the blood-contacting
limits the functional longevity of blood pumps composed of surface (extrinsic).

FIG. I. Hypothesis for calcification of clinical bioprosthetic heart valves emphasizing relationships
among host and implant factors, nucleation and growth of calcific nodules, and clinical failure of the
device. (Reproduced with permission from F. J. Schoen et al., Lab. Invest. 52: 531, 1985.)
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FIG. 2. Calcified clinical porcine bioprosthetic valve removed because of extensive calcification, causing stenosis. (A) Inflow
surface of valve. (B) Outflow surface of valve. (C) Closeup of large calcific nodule ulcerated through cuspal surface. (D)
Radiograph of valve illustrating radio-opaque, dense calcific deposits.

Ca/cMcatfon on Contraceptive probe analysis, have shown that virtually all devices examined
Intrautcrine Devices have varying amounts of surface calcium deposition. lUDs that

function for longer periods have greater amounts of deposition,
Calcification of contraceptive intrauterine devices (IUD) has although there is lesser accumulation on devices that release

been suspected of causing dysfunction leading to either detach- conception-preventing hormones,
ment of the device or contraceptive failure. Accumulation of
calcific plaque on copper-containing lUDs can prevent the re-
lease of ionic copper, thereby altering the effectiveness of the Cafdlfcarfon on Soft Contact Lenses
devices, since copper release is needed to prevent conception.
Similarly, calcific deposits that interfere with the release of an Calcium phosphate deposits lead to the opacification of soft
active agent may also be a problem with hormone-releasing contact lenses, which are composed of poly-2-hydroxyethy-
IUD systems. Studies of explanted lUDs, using transmission methylacrylate (HEMA). Calcium from tears is considered to
and scanning electron microscopy coupled with X-ray micro- be the source of the deposits found on HEMA contact lenses.
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TABLE 1 Methods for Assessing Calcification

Technique Sample preparation Analytical results

Morphologic procedures
Gross examination Gross specimen Overall morphology
Radiographs Gross specimen Calcific distribution
Light microscopy-von Kossa or alizarin red Formalin or glutaraldehyde fixed Microscopic calcium distribution
Transmission electron microscopy Glutaraldehyde fixed Ultrastructural mineral
Scanning electron microscopy with electron microprobe Glutaraldehyde fixed Elemental localization
Electron energy loss spectroscopy Glutaraldehyde fixed or rapidly frozen Elemental localization (highest sensitivity)

Chemical procedures
Atomic absorption Ash or acid hydrolyzate Bulk Ca24

Colorimetric phosphate analysis Ash or acid hydrolyzate Bulk PO]~
X-ray diffraction Powder Crystal phase
Infrared spectroscopy Powder Carbonate mineral phase

Calcific deposits grow progressively larger with time and are techniques serve to identify and quantitate both the bulk min-
virtually impossible to remove without destroying the lens. eral constituents and crystalline mineral phase. Some morpho-
Calcification of soft lens is often associated with elevated tear logic techniques also allow site-specific quantitation.
calcium levels. However, at present, there is an incomplete
understanding of the causes of this calcification. No soft lens Morphologic Evaluation
material is yet available which is not susceptible to this prob- r fr

lem, although the polyglyceryimethyl methacrylate lens has The morphologic distribution of calcification has been ana-
been shown to fare better than the HEMA soft lens. Similarly, lyzed with a number of readily available and well-established
improved assessment of systemic and ocular conditions may techniques that range from direct gross examination or X-rays
also help in identifying patients at risk of early lens failure, of explanted prostheses to sophisticated electron energy loss
and improvements in lens materials may result in materials spectroscopy. Each technique has unique advantages; by com-
less likely to calcify. bining several approaches it is possible to attain a comprehen-

sive understanding of the structure and composition of each
type of calcification.

Encrustation of Urinary Prosthesis Following careful gross examination, often under a dissect-
ing (low power) microscope, explant X-rays (Fig. 2) have been

The increased use of polymeric prostheses to alleviate uri- used to assess the distribution of mineral in explanted biopros-
nary obstruction or incontinence has drawn attention to the thetic heart valves and ventricular assist systems. The technique
frequent formation of mineral crusts on the surfaces of these utilized typically involves placing the explanted prostheses on
devices. This problem has been observed in prostheses used in an X-ray film plate and exposing the specimen to an X-ray
either male or female urethral implants, as well as in artificial beam at an energy level of 35 keV for 1 min in a special X-
ureters. Encrustation can lead to obstruction of urinary devices ray device used for small samples. Mineralization is evident
and thus has been associated with device failure. The mineral on the roentgenograms as bright radiolucent images,
crust consists of either hydroxyapatite or struvite, an ammoni- Light microscopy of calcified tissues is widely used. Identifi-
um- and magnesium-containing phosphate mineral. Although cation of the mineral is facilitated through the use of either
there is some evidence that encrustation may be enhanced by calcium- or phosphorus-specific stains, such as alizarin red
the initial presence of a bacterial infection, this has not been (calcium) or von Kossa (phosphates) (Fig. 3). Both of these
established. Conversely, encrustation may predispose the im- histologic stains are readily available and can be easily applied
plant to bacterial infection. to either paraffin or plastic-embedded tissue sections. These

stains are most useful for confirming and characterizing sus-
pected calcified areas noted by routine hematoxylin and eosin
staining techniques.

ASSESSING CALCIFICATION Of BIOMATERIALS Electron microscopic techniques, which involve the bom-
bardment of the specimen with a highly focused electron beam,

Calcific deposits are investigated by using a combination have much to offer in the characterization of cardiovascular
of chemical and morphologic techniques. Morphologic tech- calcifications. Scanning electron microscopy, which images by
niques help to delineate the microscopic and ultrastructural backscattering of the electron beam, can be coupled with ele-
distribution of the calcific deposits (Table 2), and chemical mental localization by energy-dispersive X-ray analysis
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FIG. 3. Light microscopic appearance of progressive calcification of experimental porcine aortic heart valve tissue implanted
subcutaneously in 3-week-old rats, demonstrated by specific staining. (A) 72-hr implantation illustrating initial discrete deposits
(arrows). (B) 21-day implant demonstrating early nodule formation (arrow). Both stained with von Kossa stain (calcium
phosphates black). (A) x356; (B) x!90. (Reproduced with permission from F. J. Schoen et ai, Lab. Invest, 52: 526, 1985.)

(EDXA), allowing a semiquantitative evaluation of the local mens. Calcium has been quantitated by using atomic absorp-
progression of calcium and phosphate deposition in a site- tion spectroscopy of acid-hydrolyzed tissues. Ashing samples in
specific manner. Transmission electron microscopy analysis a muffle furnace is also another acceptable means for preparing
(Fig. 4) of the ultrastructure of calcifications also facilitates explanted materials for calcium and phosphate analyses, Phos-
the understanding of the initial sites of calcific crystals. This phorus, as phosphate, is usually quantitated using a molybdate
has been widely used to investigate calcification of biopros- complexation technique with spectrophotometric detection,
thetic heart valves. The electron microprobe or, more recently, As mentioned earlier, crystalline calcium phosphates, such
electron energy loss spectroscopy (EELS) are techniques that as hydroxyapatite, make up the actual mineral deposits. The
couple transmission electron microscopy with highly sensitive type of crystalline form of calcium phosphate (mineral phase)
elemental analyses. These techniques provide the most power- can be determined by X-ray diffraction. Powdered specimens
ful means for localizing the ultrastructural nucleation sites of are also useful for mineral phase analyses by X-ray diffraction,
calcium phosphate deposits. In general, the more highly sensi- Powdered analyses, using a Debye—Scherer camera, require
tive and sophisticated morphologic techniques require more minimal amounts of material and provide an X-ray diffraction
demanding, careful, and expensive preparation of specimens pattern produced by rotating the specimen in a capillary tube
to avoid artifacts. through an X-ray beam in the presence of a photographic

emulsion. In addition, samples may also be analyzed for car-
bonate-containing mineral phases using infrared spectroscopy.

Chemical Assessment

It is important to quantitate calcium and phosphorus in
biomaterial calcifications in order to make relevant compari- OVERVIEW OF EXPERIMENTAL MODELS
sons in terms of severity of deposition and the effectiveness of AND PATHOPHYSIOLOGY
preventive measures. The techniques that have been used for
assaying bulk mineral as well as mineral phase development General Considerations
in bone may be useful for biomaterials. Specimens for mineral
analyses are best prepared in a uniform powder by either mill- Common aspects of the various biomaterial-associated cal-
ing them in liquid nitrogen or finely mincing freeze-dried speci- cifications include such features as the mineralization of preex-
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FIG. 4. Transmission electron microscopy of calcification of experimental porcine aortic heart valve implanted
subcutaneously in 3-week-old rats. (A) 48-hr implant demonstrating focal caloric deposits in nucleus of one ceil (closed
arrows) and cytoplasm of two cells (open arrows), n, nucleus; c, cytoplasm. (B) 21-day implant demonstrating collagen
calcification. Bar = 2/Ltm. Ultrathin sections stained with uranyl acetate and lead citrate. (Figure 4A reproduced with
permission from F. J. Schoen et al., Lab. Invest. 52: 521, 1985.)
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TABLE 3 Experimental Models of Calcification

Type System Duration

Calcification of biopros- Rat subdermal im- 3 weeks
thetic heart valve plant 5 months

Calf or sheep ortho-
topic valve re-
placement

Calcification of polyure- Calf or sheep artificial 5 months
thane heart implant

Trileaflet polymeric 5 months
valve implant in
calf or sheep

Rat subdermal im- 2 months
plants

Calcification of hydrogel Rat subdermal im- 3 weeks
plant

Calcification of collagen Rat subdermal im- 3 weeks
plant

Urinary encrustation In vitro incubation Hours to days
In vivo bladder im- 10 weeks

plants (rats and
rabbits)

isting, adsorbed, or imbibed devitalized cell membranes; the
associated deposition of various calcium-binding proteins; and
the apparent enhancement of calcification by mechanical stress.
All of these features are also comparable with essential aspects
of bone mineralization. Cell and membrane-oriented calcifica-
tion may be due in part to the high concentrations of phospho-
rus normally present in cellular membranes and nucleic acids.
In addition, cell membranes contain high levels of the enzyme,
alkaline phosphatase, which is thought to play a role in initiat-
ing normal skeletal mineralization. Calcium-binding proteins
containing calcium-binding amino acids, such as y-carboxyglu-
tamic acid or aminomalonic acid, are present in both mineral-
ized bone and pathologic calcifications and may also play a
role in initiating mineral deposition. Stress-enhanced deposi-
tion may occur as a result of enhanced cell injury and membrane
disruption at high stress sites.

Cardiovascular Calcification

Animal models have been developed for the investigation
of the calcification of bioprosthetic heart valves, aortic homo-
grafts, cardiac assist devices, and trileaflet polymeric valves
(Table 3). Experimental circulatory implants of each type de-
velop calcification. Expense and technical complexity pose im-
portant limitations to all the circulatory models, since these
model systems require the use of large animals such as sheep or
calves, and implantation must be carried out by using complex
techniques such as cardiopulmonary bypass. However, calcifi-
cation of experimental bioprosthetic heart valves has also been
investigated with subdermal (under the skin) implant models
in a variety of species, including rats, rabbits, and mice. Subder-

FIG. 5. Maintenance of the physiologic gradient of free calcium across the
cell membrane is depicted as an energy-dependent process. With cell death or
membrane dysfunction, calcium phosphate formation can ensue within cellular
structures. (Reproduced with permission from Schoen, F. J. et at., ]. Appl. Bio-
mater. 21: 29, 1988.)

mal bioprosthetic implants have demonstrated calcification pa-
thology comparable to that seen in circulatory explants, with
the advantages that (1) calcification is markedly accelerated;
(2) the model is sufficiently economical so that many specimens
can be studied with a given set of experimental conditions,
thereby allowing quantitative statistical comparisons; and (3)
the specimens are rapidly retrieved from the experimental ani-
mals, thereby allowing the rapid processing required for sophis-
ticated morphological analyses. Polyurethane calcification has
also been studied with subdermal implants in rats. These im-
plants demonstrate calcific deposits comparable to those noted
in the bloodstream.

Pathophyslology of Calcification of
Experimental Bioprosthetic Heart Valves

Subdermal and circulatory implants of bioprosthetic heart
valve tissue in animal models have elucidated the pathophysiol-
ogy of calcification that occurs in an important clinical implant
system. This work has aided our understanding of pathologic
calcification in general. Calcification of the two principal types
of biomaterials used in bioprostheses, namely, glutaraldehyde-
pretreated porcine aortic valves or glutaraldehyde-pretreated
bovine pericardium, is virtually identical. Calcification in bio-
prosthetic heart valves proceeds as an interaction of host and
implant factors. The most important host factor is young age,
with more rapid calcification taking place in immature animals.
The most important implant factor is the glutaraldehyde pre-
treatment of the bioprosthetic tissue. It has been hypothesized
that the cross-linking agent, glutaraldehyde, stabilizes and per-
haps modifies phosphorous-rich calcifiable structures in the
bioprosthetic tissue. These sites seem to be capable of mineral-
ization upon implantation when exposed to the high calcium
levels of extracellular fluid. Thus, mineralization depends on
a susceptible substrate in a permissive environment.

These initial calcification sites are dead cells or cell mem-
brane fragments (Fig. 5). Living cells normally maintain an
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intraceilular calcium level that is 10,000 times less than that motes their calcification, but the extent of calcification does
of the extracellular fluid. Cells may calcify after glutaraldehyde not correlate with the degree of cross-linking,
pretreatment because this cross-linking agent stabilizes all the
phosphorous stores, but the normal mechanisms for calcium
exclusion are not available in glutaraldehyde-pretreated tissue.
Later in the calcification process, the structural protein, colla- PREVENTION Of CALCIFICATION
gen, which is widespread throughout bioprosthetic tissue, calci-
fies as well. Initial ultrastructural calcification deposits eventu- Three strategies for preventing calcification of biomaterial
ally enlarge and coalesce, resulting in grossly mineralized implants have been investigated: (1) systemic therapy with
nodules that cause the prosthesis to malfunction. anticalcification agents; (2) local therapy with implantable drug

delivery devices; and (3) biomaterial modifications, either by
removal of a calcifiable component, addition of an exogenous

Mineralization of Urinary Implants: In Vitro agent, or chemical alteration.
and In Vivo Calcification Model Systems Investigations of an anticalcification strategy must demon-

strate not only the effectiveness of the therapy but also the
Experimental systems that mimic the encrustation of urinary absence of adverse effects. Adverse effects in this setting could

prosthetic implants use either an in vitro system with a synthetic include systemic or local toxicity, tendency toward thrombosis,
fluid having a pH and mineral composition reasonably close induction of immunological effects or degradation, with either
to that of human urine, or bladder implants in experimental immediate progressive loss of mechanical properties or stabil-
animals. Polymer surfaces to be tested are incubated in the ity A disadvantage of the systemic use of anticalcification
circulating synthetic urine at 37°C and are observed for the agents for preventing pathologic calcification is side effects
formation of a mineral crust. This system has been particularly on bones leading to insufficient amounts of skeletal calcium
useful for screening possible improvements in prosthetic mate- phosphates. To avoid this, recent approaches for preventing
rials that may prevent urinary encrustation. Although this sys- the calcification of bioprosthetic heart valves have been based
tem is technically advantageous because of convenience and on ekher modifying the biomaterial or coimplanting a drug
low cost, its questionable relevance to in vivo phenomena is delivery system adjacent to the prosthesis. While none of these
an important disadvantage. In addition, urinary bladder im- methodologies is yet clinically applicable, several show promise
plants of polymeric biomateriais in rats or rabbits, such as and may be of conceptual importance (Table 4).
silicone elastomers, become encrusted. Although this in vivo Detergent pretreatment of bioprosthetic heart valve leaflets
system has not been extensively investigated, it may eventually prevents calcification of both rat subdermal implants and sheep
prove to be more useful than the in vitro system just described. circulatory implants. The mechanism of action of this type of

mitigation has not been established, but it may be due to
disruption or dissociation of the cells and cell-derived debris

Calcification of Hydrogels that contribute to the development of calcific lesions, Cell-

A subdermal rat model has also been successfully used for membrane phospholipids, thought to be the major calcifiable
studying the calcification of polyhydroxyethymethacrylate hy- component, are nearly completely removed by moderate deter-
drogels used in soft contact lenses. As in bioprosthetic heart Sent Pretreatment. Nevertheless, when studied experimentally,
valves, young age potentiates mineralization of this system. detergent pretreatments have been shown to be only transiently
Significant differences were observed in the rate and amount effective in the circulation, perhaps due to reabsorption of
of hydrogel calcification between growing (6 weeks old) and phospholipids from the blood, and thus apparently only delay
adult rats (>12 weeks old). The onset of calcification in the the onset of calcification.
adult rats was significantly delayed, and the young rats had The use of sPecific anticalcification drugs is another impor-
deposits that were significantly larger than those in mature tant aPProach f°r preventing calcification of biomateriais. Bis-
animals after the same implant period. Most important, the phosphonates are synthetic compounds that inhibit hydroxyap-
distribution of the calcific deposits was the same as that noted atlte formatl°n tn vitro and m vivo. However, effective systemic
in contact lens calcification. However, little is known of the theraPy wlth bisphosphonates always results in side effects
pathogenesis of this disorder. on bone' Thls occurs because of the similar mechanisms of

calcification of bioprosthetic tissue and bone. However, sys-
temic adverse effects caused by bisphosphonate are completely

Calcification of Collagen avoided by using either controlled release polymers as coim-
plants or by covalently linking these agents, such as aminobis-

Collagen-containing implants are widely used in various phosphonate, to residual aldehyde functions on glutaralde-
surgical applications, such as tendon prostheses and surgical hyde-cross-linked bioprosthetic tissue. Controlled release of
absorptive sponges. Calcification of these types of biomaterial ethanehydroxybisphosphonate (EHDP) using a polymer-based
implants also compromises their usefulness owing to stiffening drug delivery system has been effective in a subdermal setting
of tendons caused by calcium phosphate deposits. Calcification for preventing calcification of bioprosthetic heart valves with
of collagen implants has been studied using a rat subdermal local (directly into the heart valve) drug administration, but
model. Pretreatment of collagen sponge implants made of puri- has not yet been shown to be effective in the circulation. Con-
fied collagen with either glutaraldehyde or formaldehyde pro- trolled-release EHDP can be sustained for extrapolated dura-
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TABLE 4 Prevention of Calcification

Strategy Application Mechanism

Detergent pretreatment Glutaraldehyde-pretreated biomaterials Charge modifications or phospholipid
extraction

Al3'*' or Fe?t pretreatment Glutaraldehyde-pretreated biomaterials Restrict growth of mineral phase

Aminodiphosphonate or ethanehydroxydiphosphonate Glutaraldehyde-pretreated biomaterials Restrict growth of mineral phase
covalent bonding and polyurethane

Diphosphonates (controlled release) All implants Restrict growth of mineral phase

Al3^ (controlled release) All implants Restrict growth of mineral phase

Protamine pretreatment Glutaraldehyde-pretreated biomaterials Charge modification
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7» I INTRODUCTION reference materials that should complement the basic informa-
j i c r ti°n contained here.Jack h. Lemons

Synthetic biomaterials have been evaluated and used for a
wide range of medical and dental applications. From the earliest -j ^ CARDIOVASCULAR APPLICATIONS
uses (~1000 B.C.) of gold strands as soft tissue sutures for * _ . _ . .. . . . , , _ _,,
, ., i 1 1 •£• • , i Paul Didishetm and John T. Watsonhernia repairs, silver and gold as artificial crowns, and gem- J

stones as tooth replacements (inserted into bone and extending
into the oral cavity), biomaterials have evolved to standardized Over the Past 30 vears> ma)or advances have been made in
formulations. Since the late 1930s, high-technology polymeric Usin8 biomaterials to develop cardiovascular devices. Table 1
and ceramic substrates have played a central role in expending lists some of these devices and their annual use. However, the
the application of biomaterial devices. materials used in the fabrication of these devices have been

Most students enter the biomaterials discipline with a strong primarily designed for nonmedicai applications rather than
interest in applications. Critical to understanding these applica- specifically synthesized for medical purposes. In addition to
tions is the degree of success and failure and, most important, having the required mechanical properties, both the materials
what can be learned from a careful evaluation of this history. and the devices made from them mus<be biocompatible (Didis-
The following chapters present topics across the spectrum of heim and Watson, 1989; Webster, 1988). (Chapters 3.3.2.,
applications, ranging from blood contact and cardiovascular 3-3-3-)> »-e-' theY must not provoke undesirable responses or
devices to drug delivery and sensors for diagnostic purposes. complications during use.
A central emphasis is the correlation of application limits with
the basic properties of the various biomaterials and devices Blood—Material Interactions

and how it might be possible to extend and improve existing Blood-material interactions include any interaction be-
apphcations. One goal for future applications of devices is to tween a matefial Qf devke and blood Qr coraponent of

extend functional longevities by a factor of four (to 80 or more Woodj resukmg m effects Qn ̂  device of Qn ̂  Mood of ofl

years) so that the need for revisions and replacements will any Qrgan Qr ti§sue The rffectg commonly occur in various

e minimizea. combinations, since there is considerable synergism among
More extended literature on applications can be found in them Such effects ma Qf nQt have dinica|1 si ificant

the numerous books that have been written by professionals Qr undesirable consequences.
within the various fields, and more recently, by the edited
versions of conferences that are available through the profes- CtessMcatfdn of Blood-Material Interaction*
sional societies and government agencies. lo obtain this litera-
ture, the reader is referred to the computer-based (MedLine A. Those which primarily affect the material or device and
or equivalent) methods for initial surveys' within discipline which may or may not have an undesirable effect on the
areas. This will provide an extensive list of books and standard subject.

Biomaterials Science
_ _ _ Copyright © 1996 by Academic Press, Inc.
JLOJ All rights of reproduction in any form reserved.
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TABLE I Estimated Annual Use of Some In the case of cardiovascular devices, one must consider
Cardiovascular Devices in the United States interactions not only with blood, but also with adjacent and

surrounding tissues, and in addition adhesion and growth of
Device Implants bacteria or other infectious agents to or near the device. This

chapter describes some of the cardiovascular devices currently
Heart valves being used or developed, the materials from which they are

Mechamfal 32'000" made, the clinical benefits, and the problems observed with
Bioprosthetic 20,OOQfc . F

r their use.
Pacemakers 144,000"

Vascular grafts 160,000' CARDIOPULMONARY BYPASS
Oxygenators 260,000"
(Cardiopulmonary bypass) . . .

Also known as the extracorporeaS circulation or heart-
Heart assist systems ,ung machine? the cardiopulmonary bypass (CPB) system is

intra-aortic balloon pumps 31,300'' j • j i \ \ i t t • \
Ventricular assist devices 400* deslgned to pump unoxygenatedvenous blood from the right

(pulsatile and nonpulsatile) Slde °f the heart thr°U8h a synthetlc oxygenator rather than
Total artificial hearts \ld through the lungs and return oxygenated blood to the sys-

temic arterial circulation (Didisheim and Watson, 1989;

-National Center for Health Statistics (1989). Vi- Didisheim, 1993; Webster, 1988; Galletti and Brecher, 1962;
tai and Health Statistics. Detailed diagnosis and pro- Sabiston, 1991) (Fig. 1). Developed tn the 1950s, CPB has
cedures, National Hospital Discharge Survey, 1987.
Series 13: Data from the National Health Survey No.
100. DHHS Publ (PHS) 89-1761.

^Biomedical Business International, Tustin, CA.
Trost and Sullivan, Inc., New York.
dW. E. Pae, C. A. Miller, and W. S. Pierce, /.

Heart Transpl. 8: 277-280, 1989.

1. Adsorption of plasma proteins, lipids, calcium (see
Chapter 3.4.4.), or other substances from the blood onto
the surface of the device, or absorption of such sub-
stances into the device.

2. Adhesion of platelets, leukocytes, or erythrocytes onto
the surface of the device or absorption of their compo-
nents into the device.

3. Formation of pseudointima on the luminal (inner) sur-
face of the device or formation of tissue capsule on the
outer surface of the device.

4. Alterations in mechanical or other properties of the
device.

B. Those which have a potentially undesirable effect on the
subject.
1. Activation of platelets or leukocytes or the coagulation,

fibrinolytic, immunologic, or other pathways involving
blood components, including immunotoxicity (see
Chapter 4.3).

2. Formation of thrombi on the device surface.
3. Embolization of thrombotic or other material from the

device's luminal surface to another site within the circu-
lation.

4. Injury to circulating blood cells resulting in anemia,
hemolysis, leukopenia, thrombocytopenia, or altered
function of blood cells.

5. Injury to cells and tissues adjacent to the device.
6. Intimal hyperplasia on or adjacent to the device, result-

ing in reduced flow or affecting Other functions of the F|C. 1. Maxima holiow.fiber raembrane oxygenator. Two units of different
device. size are shown. (Medtronic, Inc., Minneapolis, MN. Courtesy Arthur }. Coury.)
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enabled the extraordinary advances in open-heart surgery CPB, and microfilters may be effective in reducing their
that have been made over the past 40 years. By using CPB, occurrence. The neutropenia commonly observed during the
surgeons can now repair complex congenital or acquired first 15 min of CPB may be caused by complement activa-
defects involving the walls of the heart's chambers, the septa tion (Chapter 4.3). Certain materials such as polyacrylo-
dividing the left and right sides of the heart, and the valves nitrile, polysulfone, and poly(methyl methacrylate) cause less
or vessels entering or leaving the heart. The most common activation of the complement system than do some of the
of these procedures is coronary artery bypass grafting materials commonly used in CPB components and other
(CABG). CPB is also useful for: (1) extracorporeal membrane cardiovascular devices (Hakim, 1993; Johnson, 1989). In a
oxygenation (ECMO) to assist in exchange of respiratory related condition, called "first-use syndrome," the comple-
gases in patients with pulmonary diseases, especially neonatal ment activation observed with hemodialysis using previously
respiratory distress syndrome (RDS), and (2) for sustaining unused Cuprophan membranes (see Chapter 7.9) may be
life after severe damage to the heart or lungs (e.g., myocardial responsible for the respiratory distress and pulmonary leuko-
infarctions, trauma, or pulmonary embolism). Percutaneous cyte aggregation sometimes seen. In both conditions, toxic
CPB is a recently developed technique by which, within a reactive oxygen species produced by activated polymorphonu-
few minutes, partial, life-sustaining circulatory support may clear leukocytes (PMNLs) may play a role in the cellular
be initiated and maintained for several hours while the injury that can occur.
patient receives adjuvant therapy (Shawl et al., 1990). Silicone elastomer has been widely used as a material for

The usual components of a CPB unit include a gas fabricating oxygenator membranes because of its high perme-
exchange device (oxygenator), blood pumps, heat exchanger, ability to respiratory gases. Microporous polypropylene is also
ventricular vent, pericardia! suction line, tubing, filters, and used although its advantages with regard to improved hemo-
reservoirs. Occlusive roller pumps are commonly used be- compatibility have not been established. Other materials used
cause they are reliable and cause little trauma to blood. in various components of CPB systems include polyester (mesh
Current oxygenators are of two types: bubble and membrane. in filter), acrylonitrile—styrene poolymers, polyurethane, poly-
The membranes (across which oxygen diffuses and enters carbonate, and stainless steel. Because no synthetic surface
red blood cells) may be in the form of plates, coils, or known is completely thromboresistant, systemic anticoagula-
hollow fibers. tion is a requirement of CPB use (as it is with hemodialysis).

Figure 1 shows two hollow-fiber membrane oxygenators; Although heparin in the high doses used completely prevents
the membranes consist of microporous polypropylene (Cel- coagulation in the CPB device, it may have deleterious effects
anese Celgard). Blood passes along the outside surface of the on platelet functions and induce their aggregation, further corn-
fibers, which are embedded in a cast two-part polyurethane promising hemostasis. Various techniques of binding heparin
(Biothane), and emerge with open lumens from the casting of to surfaces have been investigated. However, heparin-coated
the case. Inside the container, also in contact with blood, is oxygenator membranes have not been evaluated sufficiently to
a series of epoxy resin-coated aluminum tubes which act as determine their efficacy. Prostacyclin (prostaglandin I2, PGI2)
heat exchangers. has been administered instead of heparin during CPB because

Membrane oxygenators cause less trauma to blood than of its ability to prevent platelet adhesion and aggregation,
bubble oxygenators. This results in less hemolysis and protein However, although it prevents coagulation, prostacyclin's
denaturation, and better preservation of platelet count and marked hypotensive effect in the doses required has precluded
platelet functions. Consequently, fewer transfusions of blood its general use. Analogs of prostacyciin (e.g., Iloprost) may
and blood components are required. The disadvantages of provide the benefits of prostacyciin while minimizing its risks
membrane oxygenators are their greater cost and complexity of hypotension,
of operation. With bubble oxygenators, respiratory gases are
mixed directly with blood, requiring a defoamer and bubble
trap as integral components. Complement activation of a simi- uc ADT VAI vrc.
i i - 1 1 1 ' r A • • UtrtM VrtLVtJ
lar degree occurs with both types or oxygenators. Activation
of the contact, coagulation, and fibrinolvtic pathways (Chapter .
A r\ i -.1 i .1 .. r-r '• 11 a. *. • -c Prosthetic (mechanical or tissue) heart valves (Giddens et4.5) also occurs with both systems. Clinically, the most signm- . „ _ _ „ . , . . , , , ,
cant hemostatic disorder caused by CPB is an abnormality in a/" 199^ are used \° r(flace the f ̂  heart valves (mitral,
platelet functions (Chapter 4.5), wh.ch is believed to contribute Bicuspid, aortic, and pulmomc) when these no longer perform
to increased bleeding and the need for blood transfusions thfr normai functl«ns because _ of disease. Prosthetic heart
/Ha k t al 19R01 valves were first used in humans in 1960. Dramatic functional

The "postperfusion lung syndrome," characterized by improvement is usually observed with replacement of abnormal
nP?l ft" Vi31 VPS

respiratory distress following CPB, is believed to be caused
by circulatory platelet or leukocyte aggregates blocking the
pulmonary microcirculation. This process may be mediated Mechanical Vafve«
by activated complement. A similar mechanism in the cerebral
circulation has been suggested for the temporary changes in Mechanical valves are of two types: caged ball and tilting
behavior and personality that may occur in patients following disk. The materials most widely used are silicone elastomer,
CPB. Microbubbles may also contribute. The incidence of cobalt—chrome-based alloys, titanium, and pyrolytic carbon.
these complications increases with prolonged duration of The moving component or "occluder" (caged ball or tilting
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or perivalvular leaks are rare complications of this aspect of
the design. Strut fracture is a rare but potentially catastrophic
complication of any strut-bearing valve.

Tissue Valves

Tissue valves (bioprosthetic valves) are made entirely or
partly of materials of biologic origin and are classified as homo-
grafts (prepared from human cadavers—allografts) or hetero-
grafts (prepared from tissues of another species—xenografts).
Homograft valves are obtained at autopsy from patients with-
out valvular disease, and are then stored in antibiotic-contain-
ing solutions or freeze-dried. Cryopreserved homograft valves
have had fewer complications than mechanical or xenograft
valves. However, they have not been widely used because of
limited commercial availability, difficulties in obtaining valves
of the size required, and the complexity of the surgical implant
technique compared with xenograft or mechanical valves. The
human dura mater valve is prepared from cadaver tissue that
is mounted on a polyester fabric-covered stent or mold, as are

,,~ , , , , , , . , , . , n , , , r ,c r , > , j - i pericardial xenografts. Despite the low incidence of thrombo-
rllj. £• St. Jude Medical bileariet mechanical heart valve. (St. (tide Medical, . .. 1 1 1 t \ \- • \ - \ • » j
Inc., St. Paul, MN. Courtesy John H. Wang.) ' embolism and lack of endocarditis, this valve is also rarely

used because it is not commercially available.
Xenografts are made of either porcine aortic vaive cusps

or bovine pericardium. First used in 1965, xenografts have
proved less durable than mechanical valves. Deterioration

disk) responds passively to changes in pressure and flow within is commonly observed after several years of implantation,
the heart. The incidence of thromboembolism is 2—5% per and functional failure occurs in about 40% of patients
patient year even with adequate anticoagulant treatment. Con- by 10 years. Calcification is believed to be accelerated by
tinuous anticoagulant therapy is required, resulting in a signifi- high bending strains and leaflet deformation. Tissue valves
cant risk of bleeding. The Starr—Edwards caged ball valve, in are not normally used in children because they tend to cal-
which the sewing ring is cloth covered to reduce the incidence cify more than mechanical valves. On the other hand,
of thromboembolism, has a record of excellent durability for these valves are less prone to thromboernbolic problems
up to 20 years of use. Silicone elastomer has been used for the (0.1—2.0% per patient year) in all age groups, and there-
poppet or ball in caged valves. fore anticoagulant therapy is generally not necessary.

The Bjork—Shiley valve was the first clinically available After unsatisfactory results with a variety of preservatives,
tilting-disk valve and has undergone several significant design glutaraldehyde has been found to yield a stable product,
changes since its introduction in 1969. The struts (disk Several manufacturers now commercially distribute glu-
retainers) and orifice ring are made of cobalt-chrome-based taraldehyde-fixed porcine valves (e.g., Carpentier—Edwards,
alloy, the occluder (disk) of pyrolytic carbon, and the sewing Hancock) (Fig. 3). Glutaraldehyde appears to promote the
(outer) ring of expanded poly(tetrafluoroethylene) (ePTFE) stability of collagen cross-links and renders the valves
fabric. Other valves that have been marketed in the United virtually nonantigenic. The Hancock valve is mounted
States include the Medtronic-Hall tilting-disk valve, the on a Dacron poly(ethylene terephthalate) cloth-covered
Omniscience tilting-disk valve, the St. Jude Medical bileaflet flexible polypropylene strut. The Carpentier—Edwards
valve (Fig. 2), and the Duromedics bileaflet valve. Pyrolytic valve is mounted on an ePTFE-covered alloy strut. Xeno-
carbon is used for the occluder and orifice ring of the bileaflet graft valves prepared from fascia lata to form an un-
valves and for the occluder of the other valves. Dense, stented valve or attached to cloth-covered stents were found
isotropic carbon deposition at temperatures between 900°C to be prone to deterioration and are not widely used,
and 1500°C has been found useful for various medical However, stented xenografts using glutaraldehyde-
applications. For mechanical heart valves, silicon is usually cross-linked bovine pericardium (lonescu—Shiley valves)
codeposited with carbon to increase strength and wear resis- appear to have minimal antigenicity, good hemodynarmcs,
tance, and low thrombogenicity. The three leaflets are mounted on

Some valve designs allow the cage—strut structure and ori- a Dacron-covered titanium frame. Tethering and pressure
fice to move as a unit within the surgical sewing ring. This fixation are means of preserving the tensile viscoelastic prop-
feature enables the surgeon to provide the patient with the erties of aldehyde-fixed bovine pericardium for use as a xeno-
most advantageous occluder orientation. Spontaneous rotation graft.
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Hyperplasia results from the proliferation of normally qui-
escent smooth muscle cells (SMC) (Chapter 4.2) (Clowes,
1993). Factors postulated to be responsible include endothelial
injury associated with harvesting and handling the ASV, and
the increased shear forces to which the ASV is subjected when
placed in the arterial circulation. In the process of harvesting
and implanting the autograft, injury and denudation of endo-
thelial cells are difficult to avoid and result in (1) removal of
the endothelial source of heparin and the related glycosamino-
glycans that normally inhibit SMC proliferation, and (2) cir-
culating blood platelets contacting and adhering to subendo-
thelial collagen fibers and releasing intracellular components,
including platelet-derived growth factor (PDGF), known to
stimulate SMC proliferation. However, SMC proliferation also
occurs in the absence of endothelial denudation, probably as
a result of increased PDGF release from the SMCs themselves.
The increased shear forces to which the ASV is exposed when
implanted in the arterial system may stimulate PDGF secretion
from SMC.

Internal mammary arteries, located on the anterior thoracic
wall, yield even more favorable results than saphenous veins
for CABG, perhaps in part because of their higher blood flow
velocity owing to their smaller diameter and their higher con-
tent of nitric oxide (NO) endothelial-derived relaxing factor,
EDRF. However, their usefulness is diminished by their limited
accessibility and the location and number of lesions to be

FIG. 3. Medtronic Hancock bioprostheric (tissue) valve. (Medtronic, Inc., bypassed. The superiority of saphenous veins and internal
Minneapolis, MN. Courtesy Arthur ]. Coury.) mammary arteries to any prosthetic grafts for small-diameter

arterial reconstruction is related to the veins' and arteries' lining
of endothelial cells which synthesize molecules (e.g., prosta-
cyclin, heparin, tissue plasminogen activator, NO) that inhibit

VASCULAR GRAFTS thrombosis, vasoconstriction, and intimal hyperplasia (see
Chapter 4.1) (Libby and Schoen, 1993).

Biolotfic Grafts Venous homografts were used in the 1950s but were aban-
doned in the early 1970s because of a high failure rate. They are

Vascular grafts, like heart valves, are of either biologic antigenic and sensitize the recipient. Umbilical vein homografts
or synthetic origin (Sabiston, 1991; Clowes, 1993; Kambic were first used clinically in the 1960s. Glutaraldelyde tanning
et al., 1986). Venous autografts, introduced in 1949, are improved clinical results and significantly reduced their antige-
obtained from an autologous saphenous (ASV; vein (the nicity. The grafts were enclosed in a polyester mesh to increase
patient's own calf vein). In terms of duration of patency their wall strength. As femoropopliteal grafts [between femoral
and freedom from complications, they are more satisfactory (thigh) and popliteal (knee) artery of the leg], they have yielded
than any synthetic vascular grafts, Although 20—30% of patency rates similar to those reported for ASV. However, in
patients requiring bypass grafting do not have a suitable the femorotibial position (the distal anastomosis being below
saphenous vein either because it is too small, unusable the knee), the patency rate is distinctly inferior to that of ASV.
due to phlebitis (inflammation of a vein) or varicosities Occasional formation of aneurysms (localized dilatations) and
(permanently distended areas of a vein), or has already been separation of the inner lining with resultant luminal occlusion
removed, each year 300,000 patients in the United States have been reported.
receive a venous autograft to bypass an occluded or narrowed Arterial xenografts were used widely in the 1950s, but are
coronary or peripheral (usually leg) artery. Autologous saphe- rarely used now because of the high incidence of thrombosis
nous vein (ASV) yields the best results in reconstructive and rupture. Subsequent modifications improved the efficacy
arterial surgery below the knee, where homografts, xeno- of these grafts: this involved treatment of bovine carotid arter-
grafts, and synthetic grafts are unsatisfactory. ies with the proteolytic enzyme, ficin, which leaves a tube of

ASV has been used successfully to replace or bypass coro- collagen that is then tanned with dialdehyde. The use of this
nary, visceral, renal, and peripheral arteries; patency has been graft in humans results in a moderate fibroblastic reaction,
superior to that obtained with any other vessel of either tissue minimal inflammation, and infrequent thrombus formation. In
or synthetic origin except internal mammary artery, which is time, these xenografts develop a thin inner lining of host-
discussed later. Causes of failure of ASV are thrombosis in the derived fibroblasts. These grafts perform well in the aortic and
first few days of grafting or neointimal hyperplasia subse- iliac positions, but not below the inguinal (groin) ligament,
quently. where aneurysms form in 3—6% of grafts. Infection is also a
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significant problem. Patency when used as femoropopliteal to the luminal surface of synthetic grafts that would prevent
bypass is about 40%, which is clearly inferior to that achieved blood coagulation (heparin), platelet adhesion or aggregation
with ASV or synthetic grafts. (prostacyclin or dipyridamole), enhance fibrinolysis (uroki-

nase), or inhibit intimal hyperplasia (nonanticoagulant frac-
tion of heparin). These attempts have not yet been subjected

Synthetic Crafts to carenj% designed clinical trials. "Seeding" of synthetic
grafts with endothelial cells (the inner lining cells of all blood

The rationale for developing synthetic vascular grafts has vessels) capable of synthesizing thromboresistant molecules is
been based on: (!) the need to replace or bypass large vessels under development. The functional competence of the seeded
such as the aorta that become weakened, aneurysmal, stenosed, cells and the resistance of seeded grafts to thrombosis and
or occluded; (2) the unsatisfactory performance of homografts pseudointimal hyperplasia have been demonstrated in ani-
or xenografts for this purpose; and (3) the unavailability of a mals. Endothelial cell seeding may also confer resistance to
suitable autologous vein for coronary and other small-diameter bacterial infection. Trials of seeded grafts in human patients
artery grafting. are under way. All blood-conducting conduits have a charac-

Of the many polymers tested, ePTFE has proved to be the teristic compliance that is defined as the rate and amount
most satisfactory in terms of requisite tensile strength and of distension resulting from a standard increment of increased
low incidence of occlusion caused by thrombosis or excessive pressure. The role of compliance and of "compliance-match-
neointimal hyperplasia {see Chapters 4.2 and 4.5). However, ing" between the natural and the implanted vessel in graft
these events do occur, especially with grafts of 4 mm internal patency is uncertain. All synthetic grafts currently used are
diameter or less. Therefore, prosthetic vascular grafts are significantly less compliant than normal arteries, so that a
not suitable for use in bypass or reconstructive procedures mismatch exists at the site of anastomosis between the graft
in the coronary arterial circulation or in arteries below the and artery. Furthermore, graft compliance changes following
knee. Possible reasons for this failure include (1) increased implantation as various cellular and noncellular components
surface-to-volume ratio in small-diameter vessels, resulting are deposited within and around the graft.
in increased rate of activation of blood coagulation, comple-
ment, platelet, and other pathways by a surface which is
less thromboresistant than autologous vein; and (2) reduced
flow in small-diameter vessels, resulting in increased contact VASCULAR ACCESS
time of blood components with surfaces capable of activating
these pathways. Rarely, anastomotic aneurysm or graft infec- Some patients who receive chronic intravenous therapy e.g.,
tion may occur. hemodialysis require continuous vascular access or a conduit

Knitted Dacron is the most widely used prosthetic arterial between the skin surface and the implanted device. This repre-
graft for medium and large-diameter (>4 mm) sites. When sents a special challenge because the skin organ system func-
useci for aortofemoral bypass, the patency rate at 5 years is tions to expel foreign objects by epithelial downgrowth. The
about 90%. Grafts are available in many types of weaves and epithelium forms an extensive sinus tract around the implant
knits; however, the contribution of these factors to graft pat- until it is able to reattach, thus expelling the implant. For
ency has not been clearly established. To prevent excessive success, a stable interface must be established between the
bleeding through the graft during and following implantation, epithelium and the device surface.
knitted and woven grafts must be preclotted by forcing a small One approach is to encourage collagen ingrowth near the
volume of the patient's blood by syringe into and through the epithelium to provide a contact inhibition layer. This can be
graft's interstices prior to implantation. The clot that results seen in Fig. 4 where the concept for a "skin button" has been
is replaced by ingrowth of fibroblasts and collagen from the adapted to a peritoneal dialysis catheter. The textured thermo-
host. To eliminate the need for preclotting, manufacturers have plastic, aliphatic polyurethane (Tecoflex), used on the implant
impregnated the interstices with albumin or collagen. Collagen neck has carefully sized interstices (pores) for collagen in-
is chemotactic to fibroblasts, macrophages, and granulocytes growth. The collagen secures the implant in place and also
(Chapter 4.1) and thus may enhance tissue repair. significantly inhibits the epithelial downgrowth by contact inhi-

The healing process in humans (Chapter 4.2) involves the bition. The reaction products for this device, which are typical
formation of a fibrous capsule around the graft and a pseudoin- for polyurethanes, include methylene bis(cyclohexyl) diisocya-
tima (not a true intirna because of a lack of endothelial cells) nate, poly(tetramethylene)ether glycol, and 1,4 butane diol
on the luminal surface. In contrast to other species, humans chain extender. Aliphatic polyurethanes usually do not discolor
have a very limited ability to produce a true intima. Luminal with ultraviolet light, oxygen, or age as do aromatic formula-
healing composed of endothelial cells and SMC occurs only tions.
near suture lines. The remainder of the graft is lined primarily
with fibrin, which may later be replaced or covered by fibro-
blasts or macrophages. Healing of a graft is aided by porosity,
which permits the ingrowth of cells that take part in the healing DRUG ADMINISTRATION SYSTEMS
process and of capillaries that nurture the pseudointima
(Clowes, 1993). The Medtronic drug administration system consists of an

Numerous attempts have been made to bind molecules implantable programmable drug pump and delivery catheter.
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FIG. 4. "Skin button" adapted to a peritoneal dialysis catheter. (TCI Thermo Cardiosystems Inc., Woburn, MA.
Courtesy Victor L. Poiner.)

The pump provides peristaltic drug delivery from a bellows- limit (Fig. 5), and stents made of biodegradable polymers,
design reservoir powered by the vapor pressure of a fluid-vapor which serve as scaffolds for a finite period and may in addition
equilibrium, In addition to the titanium case (ASTM Grade serve as drug delivery devices as the drug-containing polymers
1), components include a refill septum (ETR silicone—Dow), are degraded.
a suture pad (MDX—Dow), and silicone elastomer catheters. Essential stent features include radial and torsional flexi-
When implanted, the device is sutured in place using a Dacron bility, biocompatibility, visibility by X-ray, and reliable ex-
mesh pouch. pandability. Concerns with any stent include the injury to

the vessel wall that is caused by its insertion, and the
potential consequences of injury, which include acute local-
ized thrombus formation or intimal hyperplasia (leading to

CTCMTC restenosis); both these complications have been observed.
Results of clinical trials suggest that the incidence of failure
caused by thrombosis or restenosis, is lower with stents than

A stent is a device made of inert materials and designed to w-lt^ aneioplasty.
serve as a temporary or permanent internal scaffold to maintain
or increase the lumen of a vessel (Schatz, 1989). First intro-
duced in the 1960s, this device has received increased attention
in recent years because of the high frequency of restenosis CATHETERS AND CANNUIAS
(30—50%) following percutaneous transluminal coronary an-
gioplasty (PTCA, balloon angioplasty). Four designs are being Catheters, cannulas, and related intravascular tubing are
investigated: (1) a springlike design with an initially small placed in virtually every portion of the arterial and venous
diameter that expands to a predetermined dimension when a circulation of patients. They are used for administering fluids
constraint is removed, (2) thermal memory stents in which (e.g., blood and blood products, nutrients, isotonic saline, glu-
the "memory metal" Nitinol is used and changes shape upon cose, medications, contrast medium for angiography) as well
heating, and (3) balloon-expandable stents, which operate on as for obtaining data (e.g., pulmonary artery pressure, gases)
the principle of plastic deformation of a metal beyond its elastic and withdrawing blood specimens for chemical analysis. The
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FIG. 5. Balloon-expandable coronary artery stent. (Courtesy Richard A. Schatz, Arizona Heart Institute Foundation,
Phoenix, AZ.)

large majority of these procedures are performed without inci- It is encased in ASTM grade 1 titanium. The pulse generator
dent. Rarely, catheter-related thrombosis may occur, creating is implanted beneath the skin, below the clavicle in the case
a potential source for thromboembolism. of endocardial pacemakers (on the inner lining of the heart)

Catheterization of arteries or veins in the newborn, which or over the upper abdomen for epicardial pacemakers (on
is performed with increasing frequency in neonatology, is asso- the outer surface of the heart). The electrodes are made of
ciated with an especially high risk of thrombosis and vascular platinum, silver, titanium, stainless steel, or cobalt alloys,
occlusion, in part because of the very small diameter of the Most pacemakers use a lithium-iodine battery. The lack of
catheters and consequently the high surface-to-volume ratio, gas evolution in these batteries (compared with previous
which favors thrombosis. Other factors include the flexibility mercury-zinc batteries) allows the pulse generator to be
and chemical composition of the catheter, activation of blood encased without requiring a vent. Failures from premature
components by the toxic effects of the delivered solution on battery exhaustion or moisture infiltration are rare,
the vessel wall, and the duration of catheter placement. Polyure- The lead connector is a complex subunit providing a body
thane and silicone elastomer are preferred materials, but con- fluid seal for the pujse generator while permitting continuous
trolled clinical studies of the relative incidence of complications communication between the electronics and the pacing lead,
with different catheter materials are not available and are diffi- A typical connector is injection moided of polyether urethane
cult to conduct. Injury to the vascular endothehum caused by an(J composed of polytetramethylene ether glycol (methylene-
the catheter or its contents probably plays a major role in bls.p.phenvl iSOCyanate) and 1,4-butanediol. The encapsulated
mmatmg thrombosis Several methods have been developed mml connector block is de 2 titanium. The set screws,
for binding anticoagulants especially heparin, to the luminal m^ of ̂ ^ ̂  wkh feedth h? are imulated wkh

surface of catheters, directly or by using a spacer between the , , , , - > , „. , . T, , ,
' , . f • /• single-crystal (sapphire) or polycrystallme alumina. The lead

anticoagulant and the surface to enhance function of the bound , , , , n . , , . , , , . ,
, r m rr f t i i • 1 - 1 - 1 must b e durable, flexible, noncorrosive, a n d a good electrical

molecule. Ihe ethcacy of these methods in reducing the risk , T . , , j n • t_ j-
, . , . . , ° conductor. I t must withstand repeated flexing by cardiac con-

of thrombosis is not clear. . / O A .n .,,. , , .
tractions (30—40 million cycles per year) in a warm, corrosive,
salinelike medium. The material used must be as inert as possi-
ble, not subject to fatigue, and nontoxic. The bipolar and
unipolar leads are secured in place by tines, anchoring sleeves,

PACEMAKERS and electrode pads of polyurethane or siiicone. Usually leads
are composites with metal alloy conductor coils whose compo-

Pacemakers (Webster, 1988; Sabiston, 1991) were devel- sition includes cobalt, chromium, molybdenum, and nickel,
oped to overcome abnormalities in heart rhythm. Approxi- As an electrode, platinum meets these requirements but lacks
rnately 500,000 persons in the United States are living with structural strength; when alloyed 10% with iridium, it becomes
these devices. A pacemaker system consists of a pulse genera- stronger than most steels. Pure silver is even softer than plati-
tor with lead connector, electrodes, and a lead wire connect- num, but when alloyed 10% with palladium, it acquires the
ing the two (Fig. 6). The pulse generator contains a hermeti- appropriate mechanical properties while retaining suitable elec-
cally sealed battery and a electronic module that trochemical properties,
communicates via a feedthrough to an external connector. A steroid-loaded electrode tip contains dexamethasone so-
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FIG. 6. Two bipolar pulse generators: the dual chamber Synergist II, the rate-responsive Legend ST miniature
ventricular device. Left to right are two bipolar urethane-insulated tined endocardial leads and three myocardial leads;
a stab-in, urethane-insulated lead with silicone sewing pad and Dacram mesh disk; a screw-in lead, insulated with
silicone; and an epicardial urethane-insulated lead with a silicone sewing pad, (Medtronic, Inc., Minneapolis, MM.
Courtesy Arthur]. Coury.)

dium phosphate in a polydimethylsiloxane matrix. The steroid als) to prevent stress corrosion cracking is usually required
acts to prevent an increase in stimulation threshold, which is (Bruck and Muller, 1988). Another mechanism of degradation,
caused by cell attachment and growth on the tip. Early lead metal ion-induced oxidation, affects polyurethanes but not
sheaths were made of polyethylene; modern leads are made silicones. Biomaterial-related complications of pacemaker use
of more resilient materials such as silicone rubbers or, more are rare, especially when they are implanted epicardially and
recently, polyurethanes (Bruck and Muller, 1988). Silicone are not in contact with flowing blood. However, 90% of pace-
elastomer is easily damaged by a scalpel, forceps, or too tight maker leads are implanted endocardially, by passage up an
a suture. Polyurethanes are stronger, enabling a thinner walled arm vein through a transvenous approach so that the lead tip
sheath and thinner lead to be used. Polyurethanes also have is lodged against the endocardial surface. Rarely, thromboem-
the advantage of having a very low coefficient of friction when bolic problems may occur as a result of localized endocardial
wet. Strain relief of the polyurethane sheath (and other materi- injury by the lead tip.
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used form of mechanical circulatory assistance (Webster, 1988;
Sabiston, 1991). It operates on the principle of counterpulsa-
tion: pressure pulses are cyclically applied from an external
pressure source, out of phase with the heart's systolic pulses.
The primary objectives are to reduce the workload of the abnor-
mal heart and to increase coronary artery perfusion. The device
consists of a cylindrical polyurethane balloon that is placed in
the descending thoracic aorta by way of a femoral artery and
connected by a catheter to an external cyclical pump (Fig. 8).
The balloon is rapidly inflated during diastole (the period of
relaxation and dilatation of the heart) in order to pump blood
both up and down the aorta from the site of the device. The

FIG. 7. Greenfield inferior vena cava filter. Left, filter loaded in catheter.
Center, catheter. Right, cone-shaped filter with wires that hook into vein wall.
(Courtesy Boston Scientific Corp., Medi-Tech Div., Watertown, MA.)

INFERIOR VENA CAVA FILTERS

Filters are introduced into the inferior vena cava of patients
who have had or are at risk of having pulmonary embolism
(Sabiston, 1991), but in whom anticoagulant therapy to pre-
vent recurrence is contraindicated. The "umbrella filter" is
made of silicone elastomer-coated stainless steel and is passed
like a closed umbrella, under local anesthesia, by way of the
jugular (neck) vein by means of a catheter, then opened in the
inferior vena cava just below the renal vessels. Rarely, this
filter has migrated to the right ventricle and pulmonary artery,
causing catastrophic obstructive symptoms. Greenfield and as-
sociates' cone-shaped stainless steel filter (Fig. 7) is inserted
into the inferior vena cava by way of the femoral (leg) or
jugular vein and is designed to trap emboli without significantly
reducing venous flow. Fixation is achieved by hooks that grasp
the wall of the vein. Rare complications include recurrent pul-
monary embolism from thrombi forming on the filter surface,
distal migration of the filter down to the bifurcation of the
inferior vena cava, and protrusion of the struts through the
venous wall. The "bird's nest" filter (Raehm et al., 1986) is
inserted and fixed in a similar fashion; its unique feature is the
dense network of interconnected, thin 302 and 304 stainless
steel wires designed to trap flowing thrombi. The filter is se-
cured to the vascular wall by hooks silver-soldered to the wires.

INFRA-AORTIC BALLOON PUMP

„,. - i 11 » in FIG. 8. Percutaneous intra-aortic balloon pump. Left, balloon deflated for
The Ultra-aortic balloon pump (IABP), introduced into dim- insertion. Right, balloon mflated. (Datascope Corp., Oakland, NJ. Courtesy

cal medicine by Kantrowitz in 1967, is the most commonly s. Wolvek.)
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balloon rapidly deflates before systole (the period of contrac-
tion of the heart), reducing the resistance to ejection and allow-
ing the heart to work more efficiently at a smaller end-systolic
volume (lower wall stress). For a number of clinical situations,
this reduction in workload allows recovery of normal heart
function and the ability to support the patient's circulation
without the balloon. It is useful in the treatment of cardiogenic
shock and other cardiac disorders and in the support of patients
undergoing coronary artery bypass surgery. Currently, it is
used primarily to treat cardiac failure developing after car-
diac surgery.

Complications following 1ABP use are primarily due to sur-
gical accidents associated with the procedure rather than to
device failure or bioincompatibility of materials used. While
the blood-contacting surface is large, the high blood flow veloc-
ity in the aorta prevents the accumulation of critical concentra-
tions of procoagulants that might lead to thromboembolic
complications. Carbon dioxide or helium is used to inflate the
balloon, and leakage of both these gases by diffusion through
the balloon necessitates periodic refilling. Patients have been
supported for up to a year with the iABP, although the duration
is more commonly a few days.

VENTRICULAR ASSIST DEVICES AND TOTAL
ARTIFICIAL HEARTS

Heart transplantation has become an effective form of ther-
apy for patients with intractable heart failure; at present 1-
and 5-year survival rates are approximately 80% and 70%,
respectively. However, the number of hearts available for trans-
plant, about 2000 per year in the United States, falls far short
of the number of patients who develop intractable heart failure,
which is estimated to be between 17,000 and 35,000 per year
in the United States. This discrepancy between supply and need
has stimulated research and development of both ventricular
assist devices (VADs) and total artificial hearts (TAHs).

VADs and TAHs are used to replace the mechanical func-
tions of part or all of the heart when those functions have
failed irreversibly and heart transplantation is not possible. It
was demonstrated in the early 1980s that patients with irrevers-
ible heart disease could survive for several months to over a
year with a totally implantable (Jarvik-7) artificial heart replac-
ing their own heart. However, these patients all succumbed to
thromboembolic complications (e.g., stroke), infections in and
around the device, and the failure of other organs (lungs, kid-
neys) (Didisheim et al, 1989; DeVries, 1988). For these rea-
sons, the clinical approach has shifted away from chronic im-
plantation of a TAH to replace the heart, to shorter term (days
to weeks) implantation of a TAH or VAD to support the patient
until a donor heart becomes available for transplant ("bridge
to transplant"). Improved design and better modes of anti-
thrombotic and antibacterial therapy may allow these devices
to be used for more prolonged periods. Meanwhile, research
is supporting the development of improved, totally implantable
TAHs intended for long-term clinical use. It is projected that
these devices will be fully developed and tested during the
next decade, A substantial fraction of their design features will

FIG* 9. Totally implantable left ventricular assist device (LVAD). (Novacor
Division, Baxter Healthcare Corp., Oakland, CA. Courtesy P. M. Portner.)

evolve from the clinical studies that are planned for implant-
able VADs.

Beyond the totally implantable artificial heart, an implant-
able ventricular assist system (VAS) (Fig. 9) is the most complex
cardiovascular device to be implanted in humans. Table 2 lists
typical biomaterials used in a VAS. The design and enabling
biomaterials of the blood pumping chamber represent a sub-
stantial challenge to the bioengineer. The blood pumping must
(1) be biocompatible (an objective not yet fully realized), (2)
possess necessary mechanical properties (structure, flex pat-
tern), (3) be impermeable to water, (4) allow gas transfer for
barometric and altitude equilibration, (5) prevent bacteria ad-
hesion (not yet achieved), and (6) not degrade during the useful
life of the implant.

Other design factors consist of possible local tissue response
to biomaterial extractables and erosion caused by device mo-
tion or vibration. Continuous relative motion between the VAS
and the surrounding tissue produces inflammation and a thick
fibrous encapsulation of the implant. This can lead to a site
of pocket infection that is untreatable because oral antibiotics
are walled off from the implant. This process must be mini-
mized so that only a thin, stable capsule is formed. Integration
of the VAS with surrounding tissue is desirable but has not
yet been shown in animals or humans.

VASs designed for long-term use (months, years) have now
been implanted in hundreds of patients as a bridge to cardiac
transplant. Patients are routinely supported for 3—4 months,
with a few VASs functioning for nearly 18 months before
transplantation. These results are significant when compared
to the early experience of the 112 days Dr. Barney Clark was
maintained using the Jarvik-7 TAH (DeVries, 1988). These
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TABLE 2 Novacor Implantable Ventricular Assist System

Device component Device subcomponent Biomateriai

Blood-contacting materials (Inner surface)
Pump/drive unit Blood pump sac Segmented polyether, polyurethane (Biomer)

Inflow and outflow
valves Porcine valve (with silicone flange)

Inflow and outflow Luminal surface Urethane elastomer (Adiprene L-100)
conduits Dacron vascular graft

Tissue-contacting materials (Outer surface)
Pump/drive unit Encapsulation shell Titanium (CP-1)

Medical grade
adhesive A (silicone)

Expoxy (polyamine)
Inflow and outflow conduits Outer surface (Graft) Dacron vascular graft
Variable volume compensator External reinforcement Polypropylene

Flexing diaphragm, connecting Segmented polyether,
tube polyurethane (Biomer), Dacron velour fabric

Rigid housing Titanium (6A1, 4 V)
Energy control and power unit Hermetic encapsulation shell Titanium (CP-1)
Belt skin transformer Belt body

Silicone
Medical grade adhesive A (silicone), Silver

contacts
Interconnecting leads Outer encapsulation Silicone, Medical grade

Adhesive A (silicone)
Special structural materials

Pump/drive unit Solenoid energy
Converter Titanium decoupling

Spring (6A1, 4 V), Vanadium permendur,
magnetic core, Copper coils

Blood pump Lightweight structural composite
Variable volume compensator Gas-filled (Replenishable) reservoir
Energy control and power unit Hybrids

Application specific-integrated
circuits, rechargeable batteries Ni—Cad

Belt skin transformer Multistrand wire Silver, copper
(Secondary)

patients are ambulatory and exercise regularly, and preexisting into a thin, collagenous, fibroblast-lined, blood-compatible lin-
organ dysfunction is often resolved. They perform moderately ing. Both the rigid and the flexing blood surfaces provide the
in sports shooting a basketball and playing volleyball. One anchoring function.
interesting case involved a blues musician who continued play- The Heartmate was the first impiantable, vented VAS ap-
ing his guitar at concerts, while singing and dancing. These proved by the Food and Drug Administration for clinical use
patients seem to have an excellent quality of life, manage their in the United States. A vented VAS uses a small percutaneous
own care, and rapidly recover from their subsequent heart conduit which provides volume compensation during the pulsa-
transplant operation. tile pumping cycle. The patient must protect this conduit from

The Heartmate VAS manufactured by Thermo Cardiosys- fluids and other contaminants which could cause blockage or
terns, Inc. {Woburn, MA) has demonstrated an interesting bio- infection. This VAS is also approved in Europe in a battery-
compatibility concept (Dasse etal., 1987; Meconi etal., 1995). powered version as an alternative to cardiac transplantation.
The blood pump's blood-contacting surface is lined with sin- The future for impiantable ventricular assist and artificial
tered titanium alloy of 75- to 100-micron microspheres and heart systems appears quite bright. Clinical trials will provide
the flexing silicon elastomer diaphragm with 25 x 300-micron data on patient quality of life, function, survival, and cost,
polyurethane fibrils that form an interdigitated matrix. The Extending device lifetimes from 2 to 5 years is a reasonable
design rationale is to create a surface that stimulates the devel- extension of existing knowledge. Newer innovative designs use
opment of a firmly attached fibrin layer that in time matures electrically transformed autologous skeletal muscle which is
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fatigue resistant to actuate the pumping chamber. Rotary blood problems are thrombosis and intimal hyperplasia, both of
pumps are much smaller devices which will anatomically fit in which can result in narrowing or occlusion, distal ischemia
nearly all adults and many children. A rotary or continuous- (reduced blood flow), and tissue injury,
flow blood purnp is equivalent to a pulsatile blood pump but
with a very small stroke volume and a very high beat rate.
Those new concepts are under study in a new program of the Current Research
National Heart, Lung, and Blood Institute (Kraft et al., 1994). . . u u • j ^ ^u' *" \ ? / Investigative approaches being pursued to overcome the

problem of thrombosis and intimal hyperplasia on device sur-
faces include

BLOOD SUBSTITUTES
1. Binding and controlled release of heparin and other anti-

Because normal human blood is dependent on the availabil- thrombotic compounds; both heparin and nonanticoag-
ity of healthy, willing donors, its supply has not always been ulan* ^actions of heparin inhibit smooth muscle cell
adequate to meet the demand. Furthermore, the recognition replication and intimal hyperplasia; binding of other
that blood transfusions can be a means of transmitting diseases growth factor inhibitors.
such as hepatitis or AIDS (current donor tests make this possi- 2' Jfedin8 of ^urfacft

s ™* endothelial cells, fetal fibro-
bility unlikely) has heightened the interest in developing blood blas,ts' or otber flls <fetal cells bav,e the advantage over

substitutes which would not carry this risk (Cheng, 1993). adul
|
t cells

£
of inducing a diminished anogemc response)

Although blood contains many separable therapeutic compo- 3' El*dl"% of synthflc PePtides that Simulate endothehal
nents (erythrocytes, leukocytes, platelets, and plasma proteins cel1 adheslon and spreading.
including gamma globulin, albumin, fibrinogen, and other co- 4" UsinS the techniques of genetic engineering, inserting
agulation factors), the term "blood substitutes" usually refers into endothehal or other cells the gene for tPA enhancing
to oxygen carriers to substitute for erythrocytes (red blood [helr caPaci;y to

f^
 dots5 seed™% such cells on tbe

cells). One group of compounds that have shown promise are lummal surface of devlces' or Prt>ducmg an "organoid
perfluorochemkals, some of wh,ch can carry as much oxygen <a hybnd °r8an composed o a network of biomatenal
as hemoglobin. Fluosol, first developed in Japan, is an emulsion fibers lined b? su<Jh cells) caPable of producing a systemic
ofperfluorodecalinandperfluorotripropylamine;itisundergo- dot-inhibitory effect. Genes controlling the expression
ing clinical trials. Fluosol has been approved for use during of other thrombus-inhibiting or hyperplasia-mhibitmg
percutaneous transluminal coronary angioplasty (PICA) for molecules could also be used
high-risk patients. It is also being evaluated as an adjunct to 5" Development of bioresorbable materials from which to
cancer therapy and in the treatment of myocardial infarction fabricate small-diameter vascular grafts that become re-

in conjunction with thrombolytic therapy. Placed b^ tjss,ues of suitable, streiig* f, the P0^"1 ers

Another approach has been to encapsulate or cross-link are resorbed; development of bioresorbable stents whose
hemoglobin following its separation from stroma. Compared stimulus for thrombosis or intimal hyperplasia dimm-
with erythrocytes, microencapsulated hemoglobin has a mark- lshes as they are «sorbed or which incorporate inhibitors
edly shortened survival in the circulation and is rapidly taken processes.
up by the reticuloendothelial system. Hemoglobin is cross 6" ImPr°ved hemodynamic design aimed at eliminating
linked to polymers to prolong its survival in the circulation. zones of stasis' stagnation, ^circulation, flow separa-
These red blood cell substitutes are effective in the treatment of tlon> turbulence, or excessively high shear stress (Slack
acute experimental hemorrhagic shock. However nonoxygen- a untto, lyyj).

carrying solutions such as isotonic saline and Ringer's lactate Approaches to the problem of infection include:
may be equally effective for replacement of 30—40% loss in
blood volume. With larger losses, cross-linked hemoglobin is 1. Study and modification of receptors to bacterial adher-
more effective. Safety and efficacy in clinical trials have not ence and colonization on polymeric and metallic sur-
yet been determined for microencapsulated or cross-linked hu- faces.
man hemoglobin. 2. Binding and controlled release of antibacterial agents.

3. Seeding of surfaces with endothelial or other cells known
to have antibacterial properties.

SUMMARY 4- Genetic engineering of endothelial or other cells to in-
crease their antibacterial properties; seeding of such cells

x , r I t • j - u j u - L L j j onto the luminal and outer surface of implanted devices.Most or the devices described in this chapter have advanced
from the animal experiment stage to the demonstration of
major clinical value within the past 40 years. TAHs and VADs Future Directions
have not yet attained acceptance for long-term therapy. Prob-
lems remaining to be solved with these devices are primarily In the future, there will be less emphasis on solving problems
related to biological events at the interface, especially thrombo- related to short-term exposure of devices to blood and tissues,
embolism and infection. The small-diameter prosthetic vascu- since the complications can usually be tolerated or pharmaco-
lar graft requires further development. In this case, the principal logically suppressed to acceptable levels. Instead, attention will
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be focused on interfacial events occurring after long-term im- Hemocompatibility Compatibility of a material with blood to which
plantation of devices, an area of increasing interest in device ir 's exposed.
development. In the cardiovascular field, the approach in long- Hemolysis Destruction of red blood cells.
term implants is shifting away from attempts to develop materi- Hemostasis The mechanisms whereby blood coagulation, platelet
als that are increasingly inert, and towards the development functions, vascular integrity, and vasoconstriction (constriction of
of a cardiovascular implant which in time becomes integrated blood vessels) control excessive bleeding following vascular injury.
with its biological environment. Such a device would contain Heparin An acid mucopolysaccharide present in many tissues and
on its lurninai surface or release molecules similar to the organ having the property of preventing blood from coagulating. Clinically
it replaces, encourage entry and organization of tissue cells it is used to prevent thrombosis.
within its structure, and become partially or completely re- Hyperplasia Abnormal increase in number of cells in normal arrange-
placed (by bioresorption) by the host's cells that provide the ment in a tissue.
mechanical and functional properties possessed by the organ Hypotensive Causing a drop in blood pressure; having a low
it replaces. This strategy is an application of the evolving disci- blood pressure.
pline called tissue engineering. Tissue engineering is the applica- Intimal Pertaining to the innermost layer of arteries or veins.
tion of engineering principles to create devices for the study, Inferior vena cava The major vein in the abdominal cavity draining
restoration, modification, and assembly of functional tissues tne legs, pelvic, and abdominal organs.
from native or synthetic sources (Anderson et al., 1995). Leukocyte White blood cell

Myocardial infarction Heart attack caused by necrosis (death) of a
portion of heart muscle.

... . . Neointimal Pertaining to a newly formed inner layer of a blood vessel.
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Neutropema A decrease in the concentration of polymorpnonuclear
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Polymorphonuclear leukocyte (PMNL) Neutrophil; one of several
types of white blood cells. Plays important roles in defense against
infection and in immune response.

* Pulmonary artery (left and right) Major artery carrying blood from
Angioplasty Surgical reconstruction of a blood vessel. tne heart to the lungs.
Anticoagulation The administration of a drug (anticoagulant) such Pulmonary embolism Obstruction of an artery in the lung by throm-
as heparin or coumadin, which prevents or delays blood coagulation. botic material that lodged there after flowing from a distant site such
r* 11 • i ^_ TO. i- u ..i. j .. L as the heart or a vein.Balloon angtopiasty 1 he process whereby the narrowed segment of
a vessel is dilated by inflating a balloon directed to the site of narrowing Restenosis Renarrowing of the lumen of a vessel (usually by neomti-
by a catheter. ma' hyperplasia) after the original narrowed segment has been re-

Bifurcation Division into two branches. " ' > & P "•
Cardiogenic shock Shock or failure of the circulation resulting from Thrombocvtopenia A decrease in the concentration of blood platelets
diminution of cardiac output in heart disease, as in myocardial in- to a subnormal level, commonly associated with bleeding,
farction. Thromboembolism The dislodgment of thrombotic material from its

Descending thoracic aorta The portion of the aorta in the chest distal Slte of formatlon res«lting in blockage of blood flow at a down-
to the ascending or proximal segment that arises from the left ventricle stream site.
and distal to the arch of the aorta. Thrombolytic therapy Therapy aimed at lysing clots. See fibrinolysis,

Dura mater Outermost tough fibrous membrane encasing the brain ' a urokmase.
and spinal cord. Thromboresistant Resistant to the initiation or formation of

Endothelial-derived relaxing factor (EDRF) A labile factor produced thrombus.
by and released from endothelial cells and having the properties of Thrombosis The formation of a clot in flowing blood in the heart
dilating blood vessels and inhibiting platelet aggregation. or a blood vessel.

Extracorporeal membrane oxygenation (ECMO) A system whereby Thrombus A blood clot forming in flowing blood in the heart or a
unoxygenated blood from a peripheral (arm or leg) blood vessel is blood vessel.
oxygenated by flowing it through a synthetic membrane oxygenator tPA Tissue-type plasminogen activator, an enzyme found in various
outside the body and returning it to the circulation. tissues, capable of activating plasminogen to plasmin and therefore of
Fascia lata A sheet of fibrous tissue that encases the muscles of the lysing clots.

8n- Urokinase An enzyme found in the urine of mammals, including
Fibrinolysis The dissolution of fibrin by an enzyme, such as tPA, humans, capable of activating plasminogen to plasmin, a fibrinolytic
urokinase, or streptokinase. enzyme, which dissolves clots.

Fibroblast A connective tissue cell that plays a role in supporting Vasoconstriction Diminution of caliber of vessels caused by contrac-
and binding tissues. tion of cells in the vessel wall, resulting in decreased flow.
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Major factors influencing blood interaction at polymer in- EVALUATION METHODS Of BLOOD
terfaces are determined by the composition of the surface and COMPATIBILITY IOR DESIGNED
the physical and chemical properties that the surface may en- POLYMER SURFACES
counter within the biological environment. One approach

taken by many groups is to synthesize nonthrombogenic poly- The ability of drugs to maintain thar biological effectiveness
mers with surfaces tailored to minimize specific blood interac- ^^ in rated with polymeric materiais 1S essential for
rions, such as thrombus formation and platelet interactions. ^ devel t of blood-contacting surfaces. A variety of
General methods of surface modification are described m Chap- unfavorable conditions, such as drug or protein denaturation,
ter 2.9, while specific examples of surface modification using , • . . ( , • , , • , • . \ - \ - . -' , *,, v , . . . . . complexation, or a variety of chemical or physical instabilities
pharmacologically active compounds are summarized in this may ^ encountered when combinmg bloactlve agents Wlth

chapter and also in Chapter 2.11 polymeric materials. For these reasons, the bioactivity of the
It is generally accepted that a hydrophilic environment at , , , • , , , u ,- i, , 5, , 3 v , i /- • i • i • 11 drug must be determined to evaluate the effectiveness of the

the blood—polymer interface is beneficial in reducing platelet c , . T , . f„ * , , f • ., ,-r f f fabrication process. In many instances, the measurement of
adhesion and thrombus formation. Modification of surface ,. , . , • • £ • , , - . , • < ,, ! , , , u - i i i i biological activity of a particular drug associated with a poly-
hydrophmcity was attempted using albumin and poly(ethylene . , . - , . , ,.(( . ,, , ', r . & _ . r / \ / meric device may require analytic techniques different from
oxide) by different research groups. Polymer surfaces were , , i i - .L , • , ., /, ,, , ,„„-,., . , , . fe* • i those documented to measure drug m the solution state,
designed by Mason et at. (1971) with selective affinity toward nl , , . , , , £ - . „ , ,„ ° . „?. r .\ . . . i i . i M Blood clotting and thrombus formation are controlled by
albumin. I hey confirmed that platelets showed little adherence ,, • , , , , , • u •y . .F.. „. . . . a naturally occurring polysacchande drug, hepann. Heparm
to albumin-coated surfaces, while hbnnogen-or gamma globu- _ ., , c • u u- j- * _VL u- m, . , , .. • i • i r f if • prevents thrombus formation by binding to antithrombm 111
hn-coated surfaces exhibited an increased number of adhering /ATTTT\ j i • a. c ATITT i- ^u, T,. . / < r t _^ , r , ... ,„„_„, ,. , (ATIII and catalyzing the action of ATIII to neutralize throm-
platelets. Kim et al. 1974 and Lee and Kim 1979 studied u- u u • u i • j i <rcu •% . , ,v . , . ., , , , bin, thereby preventing the catalysis and cleavage of fibrmogen
the interactions of adsorbed plasma proteins with platelets and * cu • /^ * i « . u j i • «. * £ k. r 11 u • • i • i • to nbnn. Currently, three models exist to account tor hepann
postulated mechanisms of cell adhesion involving glycoprotem - . . , »TTTT j u i.- u • E- 1 TUr _ _ / H , v r • ^ ^ i i 11 f t - interaction with Aim and thrombm, as shown in rig. 1. The
terminal sugar groups. Munroef a/. (1981) coupledalkyl chains t , , J I - L . L • c. i _ - j ^ ATTHr , , .,f r - i ,^.x ^-^v i widely accepted model is that hepann first binds to ATIII,
of 16- and 18-carbon residues (C16, CIS) to polymers to « , . . , , . ,. i A T H T u u- T u. ., . . . . . . , i i i - thereby potentiating the binding o f Al III t o thrombm. In the
enhance albumin binding to the surface and thereby improve , 111 • L- j c L u - ! _ r L - J -. . . . . . , . „ & . . , „ . , . ,. second model, hepann binds first to thrombm, before binding
blood compatibility. They demonstrated that albumin binding , A-TTTT -TL ^u- j j i *u ^ u.,, , . . . ^_ , i / ^ ^ n u t • i - i as a complex to Al 111. I he third model proposes that hepann
was significantly enhanced with Cl6 and Cl»alkylation, while , . . , . A-T^T , . , . . . , ,
,., . i • - i -i j i ^^ r> 11 i • TM can bind both AII11 and thrombm simultaneously, enhancing
hbnnogen adsorption was inhibited by CIS alkylation. Plate . . . . , / . . . , . ' . , .

. . ̂  . , . . „_ , . , r , , ^;, , ^.0 their interaction and rate of mactivation by increasing their
and Matrosovich (1976) also confirmed that C16- and C18- . . - , ,
. . . . , . i ,, • i • 1- i i proximity in the complex.

alkylated surfaces increased albumin binding, thereby improv- ^,. . ,, , . . . . . . . ,
, , , . , ... i f Clinically, hepann is administered via subcutaneous or m-

mg blood compatibility. , • - . /• ... , ,
, , , , , . , , ,nr.^M i - 1 1 • travenous administration f o r conditions such a s deep vein
Polytetnvlene oxide) (PEO) has also received much attention U L - T - u u - L r r i, ,. '. , . . . . f ^ •, , ,- thrombosis. Io prevent thrombosis on the surfaces of vascular

for applications as a biomatenal interface. Detailed studies c . . . , . ,,
... f r „_-, , , , . ^ , T - , , ^ , , . grafts, many groups are investigating the incorporation of hep-

utilizing PEO can be found in Chapters 2.3 and 2.4 and m a . ,. ,' . , , , f -r\ L j • •
,. ° , .- . , . r t _ _ . _,. . , ,, r T,T,^ • arm directly with the polymer surface. 1 heretore, determining

reference by Harris (1992). The main benefits of PEO are its . , . r u t j j • - i r, , . ' , . , . . . , , 1 1 - c • • the bioactivity of the polymer-associated drug is essential for
unlimited solubility in water, favorable chain conformation in , , i j • /• • • - • i, ., , . . . .... .. 1 1 1 1 the successful design of nonthrombogenic materials.
water that allows tor high mobility, and large excluded volume . ,, . , u i - L. j i L XT • i, . , ,T- • r i 1 - 1 A well-written protocol was published by the National
to repel protein and cell interactions. Furthermore, the simple u T j m j T KT 11 • m i L, . , rr>r-^ u r i - • 1 1 • Heart, Lung, and Blood Institute, National Institutes of Health
chemical structure of PEO allows tor sophisticated and quanti- / X T T T T mor \ j j r i i • LI j

, ,. , i i • i • • (NIH, 1985), to act as a standard tor those evaluating blood—
tative end-group coupling to enhance the chemical reactivity , . . , , ,. . , ,
, - . . ... . / T T . 10r.-i\ T-I • t polymer interactions. In addition, common laboratory proce-
f o r surface immobilization (Hams, 1992). These properties o f , , \ \ - \ - \ l u - i i
nrn • ii i i • • i i l l ! dures to evaluate the biological response should include m
PEO, especially the dynamic motion and excluded volume, .^ , - , , , , . ,

,. , , t , , X T , , vitro tests of blood coagulation, chromoeenic assays to measure
were studied as surface-grafted polymers. Nagaoka et al. L . • . . . , . , . . . ,
/^^o-i. • t - i - j r,r-^ i j i i • r i i hepann bioactivity, and ex vivo and m vivo implant expen-
(1982) immobilized PEO on hydrophobic surfaces and demon- T - U - • r i i • \ c. • s.

, , , t 1 - 1 - 1 1 ments. Ihe interaction of platelets with foreign surfaces is
strated that the water content, surface mobility, and volume .c , , ,, . . , .

, , , , , ... . , • • i r • n signmcant and the adhesion, aggregation, and activation prop-
restriction of t h e hydrophilic interface a r e critical factors intlu- . r i i L U I I - J * \

, , j . . r „ . i / ^ r t o ^ \ i j i erties of platelets should be determined. A general summary
encmg blood interaction. Gregoms et al. (1984) showed that r , , , , , , ., .,. , ., , .
„„ _, 1 , 1 1 1 . c i , . of methods to evaluate blood compatibility are described in
PEO covalently bounded to a quartz interface decreased protein ~, , r , . , , * HC\QA\ A L • r j

, . ' , . i l l - i Chapter 4.5 and in a reference by Brown (1984). A brief de-
adsorption as a function of molecular weight. . . r , - M I I -111

, j , . . , , £ / • • j r i j i - i - • scription of common techniques used bv the author will be pre-in addition to the benefits of increased surface hydrophilicity ,
documented with PEO, many groups have incorporated antico-
agulant drugs, such as heparin, directly into or upon the poly- , . , - . . — . _
mer surface. These drugs interact directly with the coagulation Activated-Partial Thromboplastin Thne Assay
cascade and prevent fibrin formation. Furthermore, the drug The bioactivity of heparin-containmg polymers coated onto
is concentrated directly at the site that initiates thrombus gener- surfaces can be measured using the activated-partial thrombo-
ation: the polymer surface in contact with blood. A more in- plastin times assay (APTT), modified to account for heparin
depth discussion of blood hemostasis can be found in Chap- immobilized onto a surface, rather than in solution (Kim et
ter 4.5. al, 1987; Park et al., 1992). In general, the heparinized poly-
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oped by Teien et al. (1976). In general, these methods rely on
the enzymatic activity of Factor Xa or thrombin to bind and
cleave chromogenic substrates, such as S2222 (Factor Xa) or
S2238 (thrombin). Thus, these methods determine the catalytic
binding of heparin to ATIII. Once bound to heparin, ATIII
then binds to Factor Xa or thrombin, which relates to increased
heparin-ATHI binding to Factor Xa or thrombin. This binding
decreases the fraction of free Factor Xa or thrombin which is
necessary to bind and cleave the chromogenic substrate. This
method is a direct measure of the biological activity of heparin
to bind and interact with ATIII.

Adsorption of ATIII and Thrombtn onto Heparin -
Containing Surfaces

A two-step enzyme-linked immunosorbent assay (ELISA)
is used to determine the adsorption of ATIII onto polymers,
either containing heparin or without heparin, which are coated
onto a glass bead surface. The adsorption of ATIII is carried
out either from phosphate-buffered saline (PBS), pH 7.4, solu-
tions or from plasma. Experimental details of this two-step
ELISA are given in the literature (Hennink et al., 1984).

A method to evaluate the kinetics of thrombin and ATIII
binding to immobilized heparin under flow conditions was
recently described by Byun et al. (1995). This in vitro model
investigated the binding of ATIII to immobilized heparin, fol-
lowed by thrombin. The experiments monitored the generation
of the thrombin-ATIII complex, also using an ELISA under
different flows.

Ex Vivo A-A Shunt Model

This is a simple and effective method to evaluate surface-
induced thrombosis under low blood flow conditions in an ex
vivo experiment (Nojiri, et al., 1987). Polyurethane tubing (1.5
mm i.d. x 30 cm in length) is first coated with the various

HG. 1. Hypothesized mechanism of heparin interacting with antithrombin heparin-containing polymers. The tubing is equilibrated over-
Ill and thrombin. (Top) Heparin first binding with ATIII, accelerating binding night in PBS (pH 7.4) and then implanted into the clamped,
with thrombin. (Middle) Heparin first binding with thrombin followed by ATIII u d ̂ ^ & of a ̂ ^ M tiffle f = Q ̂  d -&

binding. (Bottom) Simultaneous binding of ATIII and thrombin with heparin. . . . . n . • • • \ n
removed and the shunt now is started, maintaining the now
rate at 2.5 ml/min (shear rate = 126/sec) using a suture-tourni-
quet and a clamp. The experiment continues until the flow
rate within the shunt stops, indicating that a thrombus large

mers are coated onto glass beads, which serve as a physical enough to occlude the tubing was produced. This is a sensitive
support and also as a means to increase the surface area of and reliable method to evaluate different polymer or heparin-
the test sample. The heparinized polymer-coated beads are ized-polymer surfaces in a biological environment,
incubated with platelet-poor plasma and activated with throm-
bin at 37°C for 2 min. A calcium chloride solution (0.02 M)
is added, and the time for a clot to form is measured with a
mechanical endpoint fibrometer. The bioactivity of surface- HEPARIN-CONTAINING BIOACTWE SURFACES
immobilized heparin is obtained by comparing the APTT end-
points generated for surface-immobilized heparin with heparin Current methods to create biocompatibie surfaces using
solutions of known concentrations. heparin are discussed in this section. There are several tech-

niques available to utilize the anticoagulant activity of heparin
M ^ , 1 _ _. ._. „ . -.. , , in conjunction with blood-contacting materials, including: (1)Anti-Factor Xa and Thrombin Chromogenic Assay , . , . , , ,x , . . I T j 70 * heparm-releasmg surfaces, (2) heparm-immobmzed surfaces,

The bioactivity of heparinized polymers coated onto glass and (3) coating surfaces with copolymers of heparin. These
beads can also be determined using chromogenic assays devel- methods are illustrated in Fig. 2.
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FIG. 2. Heparin-releasing polymers. (A) Heparin (negatively charged) ionically bound onto a positively
charged surface. (B) Heparin ionically bound to positively charged gel and coated onto a polymer substrate.
(C) Hepann-dispersed polymers (diffusion release mechanism). (D) Thermosensitive hydrogel-grafted sur-
face loading heparin in low temperature. (E) Heparin (negatively charged)—positive charged polymer
complex (heparin released under electric current).

Heparin-Releasing Systems polymer, and the heterogeneity of heparin within the poly-

Heparin-dispersed polymers release heparin primarily by er ma rx.
diffusion from the bulk polymer, through the surface of the H

L
eParm was dispersed in sihcone rubber or sihcone rubber/

material, into the blood stream. Heparin-dispersed systems ^aPhlte and ^ncated as canine arterial grafts (Hufnagel et
were initially prepared by mixing heparin with a hydrophobic < 1968>' This device was able to Prevent thrombus formation
polymer solution and casting to form the device or applying m the ammal for a m'rumum ̂  2 hr. Hepann was also incorpo-
as a coating onto another substrate material. A summary of rated mto a poly(hydroxyethyl methacrylate) monolithic device
heparin-dispersed polymers is presented in Table 1. Limitations and the release of heParm was Detected for ~~10 hr (Ebert et
on the use of dispersed systems include the loading capacity al-> 198°)-In addition, low-molecular-welght heparm fractions
of heparin which prevents long-term release, optimal control were released more rapidly than polydispersed heparin from
of hydrophilic heparin release rates due to the hydrophobic polyurethane and polyvinyl chloride membranes, demonstra-

ting a rapid initial release, followed by a more gradual release
(Ebert and Kim, 1984). Heparin-releasing polyurethane cathe-
ters were also implanted in canine femoral and jugular veins,
exhibiting significant reduction of thrombus formation after 1

TABLE 1 Heparin-Dispersed Surfaces hr (Heyman et al, 1985).
Lin et al. (1987) and Nojiri et al. (1987) coated the lumen

Investigators Method of polyurethane tubing with a Biomer—heparin solution and
implanted the device as an A-A shunt in rabbits. The heparin

Hufnagel et al (1968) Hepann dispersed in silicone rubber and rdease ffle demonstrated an mjtial burst effcct followed
sihcone rubber plus graphite. , c , , , ,-,, _ 0, ~,, . „ a

by hrst-order release (see Chapter 7.8). 1 he systemic effects of
Holland et al. (1978) Heparin blended into epoxy resins. heparin released from shunts were determined by APTT, plate-
Ebert et al. (1980) Heparin dispersed into poly(hydroxy let number, and platelet aggregation assays. Without rinsing

ethyl methacrylate) monolithic de- tne heparin monolithic coating, heparin released from the de-
vices- vice caused changes in systemic blood parameters for 30 min,

Jacobs etal. (1985) Heparin-PGE, conjugate-coated releas- and extended APTT values were observed for 15 min after
ing surface. insertion of the shunt. Using a 15 -min rinse protocol, the release

Lin et al. (1989) Heparin-releasing surfaces via polyure- of heparin did not affect systemic blood hemostasis, and the
thane heparin solution coating. APTT values were within control values (Fig. 3). There was a

Gutowska et al. Heparin loading and release from tem- consistent decrease in platelet numbers 15 min after the shunts
(1992, 1994, 1995) perature-sensitive polymers. were inserted, which subsequently rebounded to normal con-

— trol values. Platelet aggregation with adenosine diphosphate
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FIG. 3. APTT measurements during A-A shunt patency.

(ADP) remained relatively constant when adjusted for platelet
number (Fig. 4). The occlusion time for the control, nonhepa-
rinized polyurethane was 30 ± 4 min. This compares well with
Biomer shunts, which occluded in 45 ± 7 min. The heparin-
releasing matrix tubing had prolonged patency times ranging
from 1 to 5 hr, decreasing with increased rinse times. Thus,
heparin released from the shunt was effective in improving the
blood compatibility of the device.

The ex vivo heparin level at the time of shunt occlusion
was estimated from parallel elution of [14C]heparin. For
experiments in which the shunts were prerinsed, the heparin
release level to prevent shunt occlusion was consistently
around 4 x 10~9 g/cm2/min. This release rate was termed
the minimum critical heparin release rate for nonthrombogen-

FIG. 4. Platelet counts during A-A shunt implantation.

icity of the heparin-releasing matrix (Lin et al., 1987).
Tanzawa et al. (1973) studied heparin elution from cationic
hydrophilic copolymers composed of vinyl chloride, ethylene,
and vinyl acetate that bind heparin by coulombic interactions.
The in vivo test of these heparin-releasing polymers showed
that a constant heparin elution rate of 4 x 10~8 g/cm2/min
will keep an inferior vena cava indwelling catheter thrombus
free for 2 weeks. Basmadjian and Sefton (1983) concurred
with this value by using a theoretical flow model to show
that heparin release will maintain the interfacial heparin
concentration above the minimum concentration for prophy-
lactic minidose heparin therapy.

The synergism between platelet aggregation and fibrin for-
mation in vivo stimulated the synthesis of a covalently bonded
conjugate of commercial-grade heparin and PGEi- This dual-
acting drug conjugate was evaluated for use as a controlled
release system for blood-contacting surfaces in order to im-
prove the blood compatibility of polymer surfaces. The com-
pound was synthesized using a modified mixed carbonic anhy-
dride method (Meienhofer, 1972) of amide bond formation
between the carboxylic acid moiety of PGEj and a primary
amine group on heparin. Bioactivity tests on PGEj—heparin
conjugates (Jacobs and Kim, 1986) (APTT and platelet aggre-
gation) confirmed that the antithrombic activity of heparin was
maintained. However, PGEj bioactivity, as measured by ADP-
induced platelet aggregation, decreased, but was still active.
Rabbit A-A shunt experiments revealed that heparin-PGEj
released from the polyurethane device prevented both fibrin
formation and platelet activation (Jacobs et al., 1989). This
approach is promising owing to the dual activity of the released
compound which prevents both platelet activation and fibrin
formation at the blood—polymer interface.

A new approach to create heparin-releasing systems was
presented by Gutowska et al. (1992). They incorporated hepa-
rin into thermosensitive hydrogels (TSH), hydrogels that ex-
hibit higher swelling at low temperature than at body tempera-
ture, as illustrated in Fig. 5. TSH were fabricated with N-
isopropyl acrylamide (NiPAAm) and copolymerized with butyl
methacrylate or acrylic acid. These NiPAAm/TSH were com-
bined with polyurethane to form a novel interpenetrating poly-
mer network (IPN) (Gutowska et al., 1992), and heparin load-
ing and release was studied from this device. Equilibrium
swelling studies showed that modification of NiPAAm gel with
polyurethane via a semi-lPN formation did not affect the gel
collapse point, but resulted in decreased thermosensitivity and
lower swelling levels. It was hypothesized that NiPAAm/poly-
urethane semi-IPNs, in which the polyurethane network is not
cross-linked and therefore more susceptible to phase separa-
tion, will form a microporous structure due to the enhanced
phase separation of components in the hydrated state (Gutow-
saka et al., 1994). This TSH-heparin-IPN was coated onto
polyurethane catheters followed by heparin loading in low
temperature solution and implanted as vascular access cathe-
ters in dogs. The device was removed after 1 hr to evaluate
surface-induced thrombosis. The amount of thrombus attached
to control surfaces (bare polyurethane or IPN without heparin)
was significantly greater than to heparin-releasing surfaces (Gu-
towska et al., 1995). Therefore, the TSH material was able
to absorb heparin at low temperature and release sufficient
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FIG. 5. Surface-grafted thermosensitive polymer release mechanism. Polymer swelling and heparin
loading at low temperature; polymer collapse and heparin release at body temperature.

amounts at body temperature to minimize surface-induced plex was formed by combining two water-soluble polymers,
thrombus formation in vivo. poly(allylamine) and heparin. Upon the application of an elec-

The fact that heparin is a highly negatively charged polysac- trie current, a rapid structural change of the complex occurred,
charide led researchers to bind heparin onto a cationic surface dissolving the polymer matrix in proportion to the intensity
through ionic binding. A summary of ionically bound heparin of an applied electric current. The disruption of ionic bonds
surfaces is presented in Table 2. However, the usefulness of in the polymer matrix attached to the cathode and subsequent
ionically bound heparin surfaces is limited, primarily due to release of heparin was due to the locally increased pH near
the short-term release of heparin. the cathode from hydroxyl ion production. Thus, the release

As another approach, Kwon et al. (1995) prepared and pattern of heparin followed the applied electric current, primar-
investigated an electroerodible polyelectrolyte complex for the ily due to surface erosion of the polymer matrix, as illustrated
pulsatile release of heparin. An insoluble polyelectrolyte com- in Fig. 6.

TABLE 2 Ionically Bound Heparin Surfaces

Investigators Method

Gott et al. (1966) Prior adsorption of cationic surfactant
onto graphite-coated surfaces, fol-
lowed by ionic heparin binding.

Leninger et al. (1966) Formation of quaternary amine groups
on the surface of polymers, followed
by ionic heparin binding.

Grode et al. (1972) Prior adsorption of tridodecyl methyl
ammonium chloride onto the preswol-
len material, followed by heparin
binding.

Tanzawa et al, (1973, Formation of quaternary amine groups
1978) in the bulk copolymer preparation, fol-

lowed by ionic binding of heparin.

Barbucci et al. (1984) Synthesis of polymers containing amido
and tertiary amine groups or premodi-
fication of polymer by grafting on
poly(amido amines), followed by
ionic binding of heparin.

Tanzi and Levi (1989) Synthesis of polyurethane-containing
poly(amido amine) blocks.

Kwon et al. (1994) Heparin binding to cationic polymer to
form insoluble complex; complex dis-
solution and heparin release under
electric current.

Heparin Immobilized onto Polyurethane

The main alternative to a hep arm-release device is the
covalent coupling of heparin or other anticoagulant drugs
directly onto the polymer surface. This procedure effectively

FIG. 6. Heparin release from polymer complex as a function of "on—off"
electric current.
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TABLE 3 Covalently Bound Heparin surfaces

Investigators Method

Merrill et al. (1970) Gluteraldehyde and/or formaldehyde
Sefton et al, (1983) cross-linking of heparin to polyvinyl

alcohol,

Labarre et al, (1974) Free radical graft copolymerization of
methyl methacrylate onto heparin ef-
fected by cerium salts.

Schmer et al, (1976) Heparin coupled directly to cyanogen
Danishefsky et al. (1974) bromide-activated agarose or via a

spacer arm to amino-substituted and
carboxylic acid-substituted agarose.

Ebert and Kim (1982) Heparin-bound polyurethane using car-
bodiimide and on diamino alkyl
agarose by means of Woodward K
reagent. The biological activity of
heparin increased as a function of al-
kyl chain length.

Jacobs and Kim (1989) PGEj—heparin conjugates: synthesis,
characterization, and application.

Grainger et al. (1988) Heparin block copolymers, heparin
Vulic et al. (1987) bound to PEO/PS and PEO/PDMS,

hydrophilic/hydrophobic block co-
polymer raicrodomains.

Park et al. (1988) Heparin covalently bound onto PU via
PEO spacer groups.

Lin et al. (1991) Increased heparin surface concentra-
Piao et a!. (1992) tion using branched, hydrophilic

spacer groups.

Byun et al. (1994) Binding kinetics for thrombin and
ATTII with surface—PEO—heparin re-
ported,

Nojiri et al. (1992) Quantitation and identification of dis-
tinct proteins adsorbing onto hepa-
rin—PEO surfaces after in vivo im-
plantation,

Park et al. (1991, 1992) Synthesis, characterization, and applica-
tion of polyurethane—PEO—heparin
graft copolymers used as coating for
existing surfaces.

maintains a constant concentration of heparin on the surface
to interact with ATIII. Thus, compared with dispersed or
ionic systems, chemically coupled surfaces should show
thromboresistance for longer times than the release systems.
A list of different techniques taken by various research groups
to immobilize heparin onto polymer surfaces is summarized
in Table 3.

Heparin was immobilized onto the surface of Biomer (a
polyurethane) using hydrophilic spacer groups, specifically
PEO, with molecular weights of 200, 1000, and 4000 (B-
PEO—HEP). The synthetic scheme (Fig. 7) involves coupling a
telecheiic diisocyanate-derivatized PEO to Biomer through an
allophanate—biuret reaction (i.e., the reaction between isocya-

nate and urethane NH or urea NH, respectively). The free
isocyanate remaining on the spacer group is then coupled
through a condensation reaction to functional groups (—OH,
-NH2) on heparin (Park et al, 1988).

The rationale for immobilizing heparin via PEO spacer
groups is that the increased hydrophilicity and dynamic motion
of PEO may reduce subsequent platelet adhesion and adsorp-
tion. Heparin immobilized through PEO spacers demonstrated
increased bioactivity compared with hydrophobic C6 alkyl
spacer. In addition, heparin bioactivity increased with increas-
ing PEO spacer length. The B-PEO 4000-HEP surface main-
tained the highest bioactivity at approximately 1.06 (±0.02) x
10~2 IU/cm2 (19%), even though it contained the least amount
of heparin on the surface, as detected by toluidine blue assay.
APTT bioactivity assay showed behavior consistent with the
Factor Xa assay, even though APTT measurements showed
less bioactivity than Factor Xa cornplexation. These results
suggest that the increasingly mobile nature of the longer hydro-
philic spacer chains increases the observed bioactivity of immo-
bilized heparin by providing a more bulk-tike environment
for heparin.

Correlations between platelet adhesion and the amount of
PEO spacers on the Biomer surfaces (surface density) are shown
in Fig. 8. Platelet adhesion onto PEO 1000-grafted surfaces
decreased markedly with increasing amounts of PEO; however,
this was not seen with PEO 200- or 4000-grafted surfaces. To
examine the PEO chain length effect on platelet adhesion, the
total amount of PEO on the surface was fixed at 12 /xg/cm2

and the value for PEO 200 was extrapolated.
The results also demonstrated the relationship between

FIG. 7. Synthetic scheme for the immobilization of heparin onto polyurethane
through PEO spacer groups.
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PEO Surface Concentration (^g/cm2)

FIG. 8. Platelet adhesion onto PEO-grafted surfaces as a function of PEO
chain length and PEO surface density.

platelet adhesion and PEO spacer length for B-PEO surfaces
at 12 /xg/cm2 PEO. Relative to Biomer controls, PEO-grafted
surfaces showed a decrease in platelet adhesion with minimum
platelet adhesion observed with PEO 1000 surfaces. Compared
with the alkyl spacer system, PEO spacer systems demonstrated
consistently lower platelet adhesion. These results correlate
with the interfacial free energy concept in which a decrease in
interfacial free energy decreases protein adsorption, causing
lower platelet adhesion and activation. Hydrophilic PEO spac-
ers can reduce the interfacial free energy between the surface
and the bulk solution, while hydrophobic alkyl spacers increase
interfacial free energy. Nagaoka et al. (1984) reported a de-
crease in platelet adhesion with increasing PEO chain length,
up to PEO 2500.

Furthermore, heparin-immobilized surfaces show lower
platelet adhesion compared with a Biomer surface and the
B—C6—HEP surface shows lower platelet adhesion compared
with a B—C6 surface. Kim and Ebert (1982) previously reported
that spacer group length did not influence platelet interaction
with heparin-immobilized agarose gels using alkyl spacer
groups.

Ex Vivo Evaluation by A-A Shunt Model

Figure 9 shows occlusion times for Biomer and B-PEO—
HEP (immobilized surfaces) using different chain lengths of
PEO evaluated in a rabbit A-A shunt model. Heparin-immobi-
lized surfaces demonstrated significant prolongation of occlu-
sion times. PEO-grafted surfaces without heparin did not pro-
long occlusion times, but reduced platelet adhesion in vitro.
These results suggest that surface-induced coagulation in whole
blood under conditions of low flow rate and low shear forms
stabilized thrombus masses on the surface as a result of syner-
gistic or cooperative actions of fibrin net formation together

with platelet aggregation. Heparinized surfaces using PEO
spacers appear to be effective in suppressing both fibrin and
platelet deposition for longer patency. It has been known that
PEO-grafted surfaces are less thrombogenic owing to decreased
protein adsorption and platelet adhesion as a result of high
dynamic motion and low binding affinities of grafted PEO
chains. There is the probability that thrombus was removed
from the surfaces as microemboli under the flow conditions
present in these systems. Weak cohesive forces between a form-
ing thrombus and the PEO surface would result in weak binding
interactions and subsequent embolization. By contrast, PEO-
grafted surfaces have generated extensive blood coagulation
under low flow conditions in A-A shunt experiments. More
complex thrombogenic events occurring at the interface may
promote thrombus formation in excess of that by simple surface
PEO mobility. These effects may include contact activation,
fibrin formation, platelet adhesion, and stable thrombus for-
mation.

B—PEO-HEP surfaces demonstrate longer occlusion times
than Biomer, as shown in Fig. 9. A significant hydrophilic
spacer effect is observed, that is, PEO spacers prolong patency.
The nonthrombogenic activities observed ex vivo for spacer
length systems of different lengths utilized for heparin immobi-
lization are attributed primarily to differing effects of spacer
lengths on the whole blood bioactivity of heparin.

It was obvious in these studies that the combination of
hydrophilic environment produced by PEO surface grafting
and the anticoagulant properties of immobilized heparin were
needed to reduce surface-induced thrombosis. PEO alone was
effective in vitro to prevent platelet adhesion and protein ad-
sorption, but failed in vivo to enhance biocompatibility. Simi-
larly, heparin coupled to surfaces with no spacer or with hydro-
phobic spacer did not enhance the biological activity. The
hydrophilic nature of the optimum chain length of PEO coupled
to heparin was necessary to optimize the biological response
in vivo.

FIG. 9. A-A shunt occlusion times for PU-PEO-HEP and PDMS-PEO-
HEP surfaces.
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FIG. 10. Synthetic scheme for the synthesis of PDMS-PEO-HEP co-
polymers,

HEP-PEO-Polymer Coatings

Another method to fabricate heparin-immobilized surfaces,
in contrast to chemical immobilization onto preformed sur-
faces, is that of synthesizing soluble heparin-grafted polymers.
These polymers were synthesized in solution and coated onto
the surfaces. This provides a distinct advantage over direct
(Grainger etaL, 1988) immobilization, including scale-up syn-
thesis and the ability to coat existing devices.

Several triblock and pentablock copolymers and comb-type
polymers consisting of a hydrophobic portion to anchor and
interact with the surface, a hydrophilic segment (PEO), and
heparin have been synthesized. HEP—PEO-silicone rubber
(polydimethyl siloxane—PDMS) and HEP—PEO polystyrene
triblock copolymers were synthesized (see Chapter 2.3 for a
discussion of block copolymers). Figure 10 shows the schematic

FIG. 11. Surface reorientation of HEP—PEO-grafted polymer coated onto
a base polymer in contact with blood.

FIG. 1Z. Synthetic scheme for the synthesis of PU-PEO-HEP soluble co-
polymers.

for the synthesis of HEP-PEO-PDMS. Ideally, the hydropho-
bic block will be coated on a hydrophobic substrate (Fig. 11),
wherein the hydrophobic portion anchors to the substrate, and
the hydrophilic PEO and heparin are extended into the aqueous
environment of blood. Both triblock and pentablock—PDMS—
PEO—heparin polymers were coated onto polyurethane and
demonstrated significant improvement in blood compatibility
compared with native polyurethane surfaces (Grainger et a/.,
1988; Piao et al, 1990; Vulic et al., 1989; Grainger, 1988).
Occlusion times in the A-A shunt model for triblock HEP-
PEO—PDMS-coated systems and controls are shown in Fig. 9.
Control surfaces (Biomer, PDMS, PEO) perform poorly in the
shunt, all demonstrating occlusion times of less than 50 min.
HEP—PEO—PDMS remained patent, even under these extreme
flow conditions, for over 200 rnin. Based on the low levels of
platelet adhesion detected in vitro, it is likely that patency is
a function of low platelet adhesion and heparin bioactivity.

Park (1990) extended this research to synthesize soluble
polyurethane (PU) polymers grafted with PEO and heparin
(PU—PEO—HEP), as illustrated in Fig. 12. A condensation reac-
tion between diisocyanate molecules (hexamethylene diisocya-
nate—HMDI) and the urethane protons on the polyurethane
chain was first performed. The PU—HMDI intermediate was
then coupled to a terminal hydroxyl group on PEO to form
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TABLE 4 Biological Activity of TABLE 6 Graft Patency in Dogs
Poiyurethane—PEO—Heparin-Grafted Copolymer Surfaces

- ——.—— Surface Days
Surface
heparin Bioactivity Poiyurethane (PU) 4-23

concentration FXa assay (%) PU—(PFO 4000) 72~30
Surface (MgW) (xlO-JIU/cm') (FXa/hepann) PU-(PEO 4000)-heparin ~>90

(PEO 1000)-HEP 0.47 ± 0.08 0.96 ±0.03 11.54 —
(PEO 4000)-HEP 0.28 ± 0.05 1.24 ± 0.02 22.17 Note' n = 3~5"

(PEO 7500)-HEP 0.24 ± 0.04 0.081 ± 0.04 18.25

protein adsorption (Nojiri et«/., 1989; Nojiri et a/., 1990). As
listed in Table 6, B-PEO—HEP grafts demonstrated signifi-

PU-PEO, Again, HMDI was used to activate the terminal cantly longer patency when compared with Biomer and B-PEO
hydroxyl on PEO for subsequent coupling to heparin. controls. In addition (Table 5), the Biomer and B-PEO grafts

This well-characterized heparinized polymer was coated demonstrated a thick (1000 to 2000 A) protein multilayer that
onto a polyurethane surface and evaluated for in vitro and in consisted mainly of fibrinogen and immunoglobulin G (IgG)
vivo blood compatibility. As shown in Fig. 11, coated graft and was low in albumin. In contrast, B-PEO-HEP displayed
copolymers will reorient hydrophilic PEO and heparin when a relatively thin (200-300 A) protein layer with a high concen-
in contact with blood to reduce surface-induced thrombosis. tration of albumin and IgG and which was low in fibrinogen.

As investigated for in situ surface modification, the molecu- Biomer and B-PEO grafts may lead to denaturation of ad-
lar weight of PEO (1000, 4000, and 7500) was studied to sorbed proteins, resulting in multilayer protein deposition pat-
maximize the bioactivity of heparin. PU-PEO and PU-PEO- terns- B-PEO-HEP may passivate the initial protein layer,
HEP graft copolymers were coated onto a glass surface and preventing denaturation and producing a stable monolayer
the in vitro bioactivity of heparin as a function of PEO chain °* proteins,
length was determined. As shown in Table 4, the PU-(PEO
4000)—HEP copolymer-coated surface showed the highest bio-
activity and correlated with results obtained by the in situ SUMMARY
immobilization method. In addition, PU—PEO—HEP surfaces
and the PU-PEO adsorbed less platelets than the bare polyure- Heparinized materials, including heparin-releasing devices
thane surface. anj immobilized systems, demonstrate advantages over cur-

The high bioactivity of the heparin-immobilized copolymer rentiy available blood-contacting materials. The effectiveness
surfaces was comparable with those achieved by the in situ Of heparin released from a hydrophobic matrix was dependent
modification techniques. The convenience of the copolymer on the hydrophobicity of the bulk material, while rapid and
synthesis, its ability to be used as a coating onto other polymer controlled release patterns were evident from thermosensitive
substrates, and the bioactivity of immobilized heparin con- polymer coatings. Heparin released from an ionic polymer
firmed that this procedure can improve the blood compatibility complex proved to be a unique new approach for controlled
of blood-contacting surfaces. release of the anticoagulant agent.

Much practical information regarding the interaction of
i» i/i.,- *.* >» i f ct ***** i surfaces with blood has been gained by studying the effect ofin vivo Arterial tiratt Model . , . . . . ,™n>v, . . . . , ,

a hydrophilic spacer group (PEO) in combination with antico-
Heparm-PEO-Biomer-coated grafts were implanted in the agulant drugs. During in vitro studies, PEO surfaces demon-

abdominal aorta of dogs and evaluated for graft patency and strated decreased protein and platelet adhesion, while the same
system in vivo was not effective in preventing surface-induced
thrombosis. However, during in vivo studies, heparinized sur-
faces did not show decreased protein and platelet interactions,

TABLE 5 Protein Surface Layer Thickness wm'le heparin immobilized directly onto a surface showed mini-
onto in Vivo Vascular Grafts maj jn vjvo effectiveness in preventing surface-induced throm-

~'""'" bosis. The most effective combination, therefore, was the chem-
___J^f Protein layer (A) kal coupling of heparin onto a surface using hydrophilic spacer

_ . , „,,,. noA ., groups. This method afforded heparin the most efficient biolog-Polyurethane (PU) 980 ± 5 6 . . . . . .. , . , . . , ,
icat activity, while demonstrating decreased protein and plate-

PU-(PEO 4000) 1860 ± 203 let interactions. The combination of the hydrophilic attributes
PU-(PEO 4000)-heparin 326 ± 29 of PEO and the retention of biological activity of heparin
— immobilized via PEO proved to be a viable approach to synthe-

Note. 3 weeks-1 month after implantation; n = size bioactive polymer surfaces. The bioactivity (antithrombin
3; values are means ± SD. activity) of immobilized heparin was shown to be a function
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FIG. I. Schematic representation of different dental implant designs.

screws, plateaus, etc.), blades (plates), transosseous or staples,
ramus frames, and endodontic stabilizers, are placed into the
bone as shown. In contrast, the subperiosteal devices are fitted
to the bone surface as customized shapes while bone plates
are placed onto the bone under the periosteum and fixed with
endosteal screws.

Modern dental implants began with the endosteal systems
fabricated from bent wires or lost wax castings (Phillips,
1973). Some examples are shown in Fig. 3. These early
implants incorporated many of the structural features that
continue to be used today. The blade or plate devices were
introduced to treat the edentulous spaces where the buccal-
lingual (thickness) dimensions of the bone were limited (see
Figs. 4A—B and 5A—D). This situation, or the loss of signifi-
cant bone, has been one of the adverse sequelae of utilizing
an ill-fitting ''free-end distal partial denture" over the long
term. Transosseous, staple, and ramus frame systems (shown
in later figures) were designed to treat the fully edentulous
mandible, with the bone pathways located along the anterior

FIG. 3. Examples of some lost wax casting or bent wire endosteal implants:
(1) Cast design after Greenfield, Au, Pt—Ir or Co—Cr-Mo. (2) Cast design after
Chercheve, Co—Cr— Mo. (3) Cast screw design after Strode, Cr-Co—Mo. (4) Cast
tree-like design after Lew, Co-Cr-Mo. (5) Bent wire design after Formiggini, Au
wire.

symphysis and ascending ramus (ramus frame) locations.
Endodontic stabilizers (shown in Fig. 1) were designed to pass
through the distal pump chamber regions of endodontically
treated teeth, the rationale being to improve the crown-to-
root ratio for compromised dentitions.

The subperiosteal system evolved much later than the
early root form devices (Rizzo, 1988). These implants are
custom-made devices that are designed and fabricated for
each patient. The cast framework is fitted to the bone using
an initial working model that is obtained from a surgical
impression of the bone or a CAT-scan image. Although the
materials of construction have remained essentially un-
changed (cobalt alloy or titanium), the geometric forms
of the bone framework regions and the intraoral denture
connections have changed over time. Many of these changes
have taken place since 1980 (James et al, 1991).

The types of dental implants available are numerous, with
experience and a history of peaks and valleys of interest
influencing the introduction of different designs. In many
situations, the dentist who invented an implant (Linkow,

FIG. 2. Schematic representation of the interfacial regions of dental implant systems. Idealized cross sections through
mandibular bone.
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FIG. 4. Examples of blade (plate) endosteal dental implants. (A) Custom Ti, two-stage with anodized surface, upper left.
Custom, 316SS design after Roberts, upper right. Ramus blade, 316SS, lower left. Pagan custom blade, Ti, Lower right. (B)
Miter, Alumina (1); Bioceram, sapphire (2); Carbomedics, carbon—silicon (3).

1983), (Roberts, 1971), (Weiss, 1986), (Branemark et al., surface coatings of calcium phosphate ceramics. The cobalt-
1977), (Kirsch, 1986) is also the principal clinician using based casting alloys are most often used for the subperiosteal
the device. This has resulted in many individuals and groups implant devices (McKinney, 1991). Since the properties of these
that are staunch proponents of specific designs that often biomaterials are quite different from one another, specific crite-
carry their names. This development has been viewed as ria must be applied to each device design and clinical applica-
offering both strengths and weaknesses. The strengths are a tion. These details are discussed in the following sections and
result of more than a casual or indirect interest in "solving other chapters.
all problems" and attempting to satisfy the patient's needs
over both the short and long terms. The weaknesses are
related to attempts by some to treat all clinical conditions CLINICAL ENVIRONMENT
with one design. Reporting may sometimes be biased, and
patient, clinical, and company interests (commercial, finan- Jhe body of Ae dental implant CQntacts Ac bon£ and soft

cial, and marketing) become intertwined. However there are dssue interfaces within the submucosal regions. These contact
no simple solutions to such complex issues. zones wkhin or abng Ac bone surface provide ̂  afeas for

mechanical force transfer (Bidez et al. 1986). Therefore, the
Materials And Biomaterials implant-to-tissue interface becomes a critical area for force

transfer and thereby the focal point for quality and stability
Synthetic materials for root form devices were originally of intraoral function. The implant body is directly connected

fabricated from precious metals such as gold, platinum, irid- to the transmucosal (or transgingival) post, which provides the
ium, and palladium. Cost and strength considerations soon base for the dental bridge abutment. The abutment is either
resulted in the development and use of alloys and reactive cemented or screwed to the intraoral dental crown, bridge, or
group metals such as tantalum, titanium, and zirconium, and denture prosthesis. This arrangement is schematically shown
the inert cast and wrought cobalt- (Stellites) and iron- (stainless in Fig. 2.
steel) based alloy systems. Since the 1950s, materials formerly The dental implant device provides a percutaneous connec-
used only for general industrial applications (automotive, air- tion from the intraoral to the tissue sites results in a very
craft, aerospace, etc.) have been reconstituted to include a wide complex set of conditions (Meffert, 1988). The oral cavity
range of metals and alloys, ceramics and carbons, polymers, represents a multivariant external environment with a wide
combinations, and composites (ASTM, 1992). Some com- range of circumstances (e.g., foods and abrasion, pH, tempera-
monly used biomaterials for dental implants are listed in tures from 5 to 55°C, high magnitude forces, bacteria, etc.).
Table 1. Stability requires some type of seal between the external and

The more commonly used biomaterials for endosteal im- internal environments, which of course depends upon both the
plants are titanium and titanium alloy, aluminum oxide, and device and the patient. Fortunately, the oral environment and
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FIG. 5. Examples of endosteal blade (plate), basket, and plateau design dental implants. (A) Oratronics (Ti). (B) Park dental
(Ti), upper and Oratronics (Ti), lower. (C) Oratronics (Ti, ion implanted), Upper. Bioceram (Ti, nitrided), lower left and
Oratronics (Ti), lower right. (D) Colmed basket (Ti with porous Ti coating), upper left. Omni "Sinus" plateau (Ti-6Ai-4V),
upper right. Miter (Ti-6Ai-4V), lower left, and Feigel (Ti-6Al-4V), lower right.

the associated tissues are known to be very tolerant and resis- vices are placed into the bone for several months prior to
tant to external challenges. attaching the abutment head and intraoral prosthesis. Healing

takes place under conditions of no imposed oral function and
thereby with minimal mechanical force transfer along the bio-
material-to-tissue interface.

CONCEPTS Of STAGING AND OSTEOINTEGRATION modeLTan^'remodelingTf^one alo^bi^^l^tf^
here bone tissue is directly adjacent to the synthetic materials

In contrast to most other types of musculoskeletal implants, (Albrektsson and Zarb, 1989; Rizzo, 1988). This condition
where some function and a relatively high magnitude force has been called osseo- or osteointegration. The staging con-
transfer exist immediately after surgery, dental implant treat- cept delaying the final treatment enhances the opportunity
ments can be staged in ways to directly influence the healing to obtain these types of interfaces, in that bone is allowed
and restorative processes (Branemark et aL, 1977). Some de- to form along the implant during the healing process and
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TABLE 1 General Summary of Synthetic Biomaterials
for Dental Implants0

Metals and Alloys
Titanium and 90* titanium-6 aluminum-4 vanadium
Zirconium and tantalum (99% purity)
68 cobalt-27 chromium-5 molybdenum
68 Iron-18 chromium-14 nickel

Ceramics and Carbons
Aluminum or zirconium oxide (99,9+%)
Calcium phosphates (<50 ppm impurities)
Glass and glass ceramics (high-purity compositions)
Carbon (99.9+%) and 85 carbon-15 silicon

Polymers
Polyethylene (ultra high molecular weight)
Foly(tetrafluoroethylene) Examples of root form one-stage endosteal implants. (1) Bioceram,
,-, , ' ,f sapphire (A1,O,)- (2) Synthodonts. alumina (A1,O,). (3) Carbomedics, carbon-Polvsulfone ... ,„ c.; \ . u . i >

' , 1 1 , silicon (C-Si).
roly(ethylene terephthalate)

"Detailed properties are available in Vol. 13.01, Medical Implants,
American Society for Testing and Materials, 1992.

''The numbers given provide nominal weight percentages of the EndoSSCOUS ImolgtlttS
various elements.

The endosseous implant designs include the various root
forms, blades, staples, frames, bone plates, screws, and wires.
Each group is reviewed separately.

in the absence of significant imposed motion between the Roof Forms an<| Endodontlc StaWHzers

implant and the tissues.
The root form dental implants are recommended for place-

ment at anatomical positions where natural tooth roots have
previously existed. Most have external surface configurations

ncMTAi IJUDI AWT cvcTciuc ^^ resemWe helical spirals, screw threads, cylinders, baskets,
DENIAL IMPLANT bYMLMb plateaus, rods, pins, cones, structures with surface vents, po-

rous or solid coatings, or combinations of these shapes and
Dental implant systems can be separated into those that are surface features. Published reviews of root form implants and

directly in contact with tissues and those that replace the crown their designs list more than 40 that are being utilized clinically
portions of the teeth. In addition, as mentioned earlier, the (English, 1988). Some examples of both one- and two-stage
implants can be separated into the categories of endosseous root form devices are shown in Figs. 6—9.
and subperiosteal designs. These are discussed separately in Biomaterials used for the foot form devices include the
the following sections.

FIG. 6. Examples of root form implants. (1) and (2) Omni R Series (Ti-6Al-
4V), two-stage. (3) TPS (Ti with porous Ti coating), one-stage. (4) Core vent
(Ti-6Al-4V), two-stage. (5) Sterioss (Ti), two-stage. (6) IMZ (Ti with porous Ti FIG. 8. Examples of carbon and carbon-silicon endosteal root form implants.
coating), two-stage. (7) Collagen-OTC (Ti), two-stage. (1) ande (2) Vitredent (C), two-stage. (3) Carbomedics (C-Si), one-stage.
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transfer from the tooth to the bone, to increase the tooth
stability, and thereby to enhance long-term usefulness. These
devices are used with endodontically treated teeth, and a rela-
tively stable seal at the tooth root apex area is critical to long-
term stability.

Stabilizers are fabricated with a mechanically rolled or
swagged surface configuration to enhance mechanical strength.
(See Chapter 2.2) These are usually nonalloyed titanium or
titanium-6 aluminum-4 vanadium (Ti-6Al-4V), although some
designs utilize cobalt alloy. Smooth surface designs are also
available in single crystal sapphire (aluminum oxide) ceramic.

Blades (Plates)

The blade (plate) form endosseous implants (shown in Figs.
FIG. 9. Examples of porous endosteal root form implants and corrosion 4A—B and 5A-D) were introduced to treat a special bone
test specimens. (!) Porous Ti and Ti-6Al-4V endosteal implants. (2) Porous situation encountered when patients have been edentulous for
C!7f ̂ ?n

COrr°S10n teSt spedmen' (3) Porous Ti and Ti-6AWV corrosion extended periods (Roberts, 1971). This device was first applied
spi.uniLn. to areas of bone resorption and residual dimensions of limited

thickness and height. Results were such that the clinical use
was expanded to include a wide range of treatments. The term
"blade" was used because the shapes of several early designs

metals and alloys, ceramics and carbons, and some polymers resembled a wedge or knife blade. Because of the length dimen-
or porous surfaces for bone and soft tissue interfaces. Titanium sion5 compared with width and depth, the devices appeared
and titanium alloy have been used for most devices, although to be a "blade" when viewed on two-dimensional radiographs.
some continue to be made from cobalt alloy. Designs fabricated Design changes now include many configurations that are not
from aluminum oxide as alumina (polycrystalline) or sapphire wedge-shaped and thus the term "plate" has evolved.
(single crystalline) have been more popular in Asia and Europe, Metallic dental blades (plates) are fabricated mostly from
although many have been used in North America. Some devices titanium or titanium alloy, although 316 type stainless steel
have been fabricated from titania and zirconia ceramics, but continues to be used for the ramus blade design (shown in
a limited number have been utilized clinically. Also, carbon, Flg 4A)? and a number of designs are cast from cobalt alloy.
carbon-silicon, and polymers [e.g., poly(methymethacrylate), Aluminum oxide ceramics and some zirconia ceramic plate
poly(tetrafluoroethylene), poiysulfone, and poly(dimethylsi- forms are also utiiizec[ clinically. These are also available with
loxane)] have been used in limited numbers during the past few porous surfaces of plasma-sprayed metals and alloys or with
years. Surface configurations include porous metallic plasma
sprays, sintered wire compacts, or complex geometric features
along the endosteal region of the device. Most designs are
available with calcium phosphate ceramic surface coatings.
(These subjects are covered in Chapter 2.6.)

The intraoral abutment connector for root form implants
utilizes several different types of attachment systems. These
include screws or cap screws, slots or tapers for cement lutings,
taper or friction lock configurations, or combinations of
shapes. This multiplicity of design is can be seen by examining
the upper portions (abutments) of the devices shown in Figs.
6—9. The denture attachment includes the configurations listed
plus connectors with magnets, ball or undercut slots with O-
rings, snap clips, nuts, or standard dental preparation shapes
for cementation to a crown or bridge. This subject has been
explained in detail by English (1988). These include both fixed
and removable connector systems, depending upon the type
of intraoral prosthesis that is required.

Endodontic stabilizers are long pins or screws that are of
a small enough diameter to be passed through a tooth root
canal. Examples of endodontic stabilizers and pins are shown
in Fig. 10. A schematic of clinical placement was shown in
Fig. 1. These designs of implants are sometimes placed into rM- m , , f J j - , j , , • , ,,\, , , ° r r flu. IU. Examples of endodontic, spiral, and pin endosteal implants. (1)
teeth that have minimal bone and penodontal ligament sup- Endodontic stabilizers (Ti). (2) Spiral root forms (Ti). (3) Pins (316LSS, Ti or
port. The stabilizer is intended to improve the mechanical force Co-Cr-Mo alloy).



314 7 APPLICATION OF MATERIALS IN MEDICINE AND DENTISTRY

FIG. 12. Schematic of a ramus frame placed in an edulous mandible. The
lower denture mounts on the intraoral bar.

Transosseous, Staples, and Frames

Early transosseous screw or post designs were fabricated
FIG. I I. Examples of a transteal bone implant cast from Co-Cr-Mo alloy. from cast c°balt alloy, as shown in Fig. 11. These were placed

through the anterior region of the mandible and protruded
through the gingiva into the oral cavity (Cranin, 1970). These

calcium phosphate ceramic or carbon coatings. Most devices protrusions or abutments (usually bilateral at the cuspid loca-
have relatively smooth surfaces without porosity or undercut tion) were used to stabilize standard type, soft tissue-supported
configurations. Almost all designs contain holes or vents lower dentures. An extension of this clinical concept was the
through the endosseous bodies of the devices to provide in- endosteal staple (Small, 1980) which incorporated a plate that
creased surface areas for force transfer and a cross-communica- interconnected the two transosteal threaded pins. Additional
tion for tissue continuity. pins were placed along the plate to penetrate the inferior border

FIG. 13. Examples of ramus frame dental implants. (A) M2, H. Roberts design (316SS). (B) Ra-2, R. Roberts design (316SS).
(C) M-25, H. Roberts design (316SS).
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FIG. 14. Examples of ramus frame dental implants, (A) Omni (Ti). (B) RA-2, R. Roberts design (Ti). (C) R2S5 Linkow five-
piece design (Ti),

of the mandible and thereby provide endosteal support. These dental design configurations exists that is intended to stabilize
designs were fabricated from titanium alloy. More recent ver- both simple and complex craniofacial bone lesions. All com-
sions now include bone screw stabilizers and calcium phos- monly used plates, screws, and wires are constructed from
phate coatings to improve mechanical stabilities within the metals and alloys,
bone.

The ramus frame implants are also intended for treatment
of the endentulous mandibular arch. This type of device appli- Subperiosteal Implants
cation is shown schematically in Fig. 12. Several commercially The subperiosteal implant designs are placed along bone
marketed ramus frame designs are shown in Figs. 13A-C and surfaces under the periosteum. Each metallic framework to be
14A-C. The anterior endosteal portion of these devices is piaced aiong the mandibular or maxillary bone regions is cast
placed into the central symphysis of the mandible, while the to specifically fit each patient's bone structure. The bone is
posterior extensions or blades are implanted into the ascending exposed surgically to make a polysulfide, polyether, or siiicone
ramus or distal mandibular regions. The extensions along the rubber pOlyrneric impression replica; or a radiographic three-
posterior (distal) regions, and additional surface tabs were dimensional replica is constructed from serial tomogram (CAT-
added as design changes in an attempt to enhance resistance scan) images (james et a^ 1991). jfo framework is cast from
to bone resorption and to progressive settling into the bone of either cobalt aUoy or titaniumj with most devices made from
the mandible during long-term use. These devices are utilized cobalt alloy.
as one-stage restorative systems in patient treatments. Many Examples of subperiosteal implant designs commonly used
of these devices are placed in patients who are completely during the 1960s are shown in Figs 15A and B These devices

endentulous and the patient starts to use the denture the first include four independent abutment posts that extended across
day after surgery. Thus, the frame-supported lower denture, the soft tissues into the orai cavity> j^ denture was processed
stabilized by the bone insertions, articulates with a tissue-sup- onto a metallic substructure framework for placement onto
ported upper denture. tbe abutment posts. The suprastructure and denture were re-

movable for cleaning and overnight periods. This design and
Plates, Screws, and Wires system have been used extensively for restoration of edentu-

Bone plates, screws, and wires used in oral and maxillofacial l°us conditions.
surgery are very similar to those used in orthopedic surgery. _ . . . .
n i • u • ( ,u i 1 1 Design EvolutionsOn a relative basis, more or the oral surgical implants are °
fabricated from titanium compared with orthopedic devices, The four-post subperiosteals with a relatively simple "over
and, in general, are smaller in dimension. A wide range of the bone" configuration have been redesigned to include a
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FIG. 1 5. (A) and (B) Examples of mandibular subperiosteal designs cast from Co-Cr-Mo alloy..

number of structural and material modifications (Steflic and Mucosal Inserts
McKinney, 1991), (James, 1982, 1990). The bone surface re- ~ , - ,. , , , . . . , , . , .; . ' I I - 1 f i One design listed as a dental implant is the mucosal implant
gions or these devices now include a wide range or open, elon- • -n. n u u j u u *b , _ , - 1 1 1 . - i • series. These are small, mushroom-shaped buttons that are
gated vents. Some mandibular devices provide a posterior seg- r u - ^ j - a. j u j j r . L J *0 , - . , . t i l l fabricated into t h e denture base a n d protrude from t h e denture
ment that incorporates an implant region along the lateral ( T, , „ i «. j • • \ A. . , . ,. • /• i i 41 i surface. The buttons are located using a surgical procedure,
border or the ascending ramus portion of the bone. Also, the . . t . . _ , ,. ° c . , ,. , ,,

. , i , i , - /• • i s°tnat they penetrate into the adjacent mucosa. Epithelial cells
intraoral connector regions have been changed from tour inde- 1 - 1 J U L j • u i- L *, & . , . - i i j . . e • nne the crypt around the buttons during healing; therefore
pendent posts to connected bars, bars with additions or rings, , • i u • ur , , ,, f ^ • 11 f these systems are not true implants. However, since they are
undercuts or balls tor O-nngs, or removable connectors tor £ , , . ( , , , r . , . . ,, . i - • i • ^ . often placed into freshly prepared soft tissue lesions, implant-
use with a two-stage clinical restorative sequence. Examples ,. . , , £ ,. . . , ,. . . . i .u i i 7 i quality materials and surface conditions are required (e.g., most
of mandibular a n d maxillary subperiosteal frames a r e shown - j - i I - - S A - j, . . . . . . , „ ~, i . f 1 1 1 i a*"e passivated stainless steel or titanium). As mentioned, most
in l-igs. 16A and B. These devices were cast from cobalt-based - r u - ^ j f ^ ^ i / - . - i ^ i j,, , , 1 - 1 1 • i inserts a r e n o w fabricated from type 3 1 6 stainless steel a n d
alloy and demonstrate a calcium phosphate coating on the . . , , , , ., • TU/... . . ._. ^ . ., . r r 1 - 1 1 1 titanium, with some made from aluminum oxide ceramics. The
maxillary device (Fig. 16A) and a two-stage mandibular design denture base ig constmcted from po}y(methvl methacrylate),

, " * . . , , . . which also is used as an implant biomaterial for orthopedic
The subperiosteal frames are also cast from titanium and ,, > , , , ,, , . > ,., , , . , i , , - (bone cement) and dental (bone substitute) applications,

some have been coated with porous metals, carbon, calcium
phosphate ceramics, or combinations of geometric forms and
materials. These various surface treatments are quite involved Crown Bridge And Denture Restorations
and the student is referred to Chapters 2.2 and 9.4 and ASTM
(1992) for related material. Since many of these devices are Intraoral prostheses involve a wide range of metals, ceram-
cast in dental laboratories (some owned by dentists providing ics, polymers, and composites. Since many of these intraoral
the clinical treatments), procedures for adequate quality con- devices are mechanically or chemically (cemented) attached to
trol and assurance have been incorporated into the laboratory- the dental implants, biomaterial interactions become a part
based manufacturing processes. A number of independent den- of the overall restorative treatment. Therefore, each implant
tal laboratories now provide these castings for implant applica- modality must be evaluated to ensure that adverse biomaterial
tions (Root, 1990). or biomechanical conditions are not introduced through incor-

FiG. 16. Examples of subperiosteal designs. (A) Maxillary device cast from Co-Cr-Mo alloy and coated with calcium-
phosphate ceramic. (B) Mandibular device cast from Co-Cr-Mo alloy with removable suprastructure.
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rect selections (Lemons, 1988). For detailed information, the implant body (Feigel and Makek, 1989). Descriptions of ori-
reader is referred to dental material textbooks (Phillips, 1973; ented collagen fiber networks that provide a hammock or shock
Craig, 1985; Leinfelder and Lemons, 1988). absorber zone have been discussed and supported as advanta-

geous (Weiss, 1986). Proponents of this relatively low modulus
Fixed Restorations region with regard to motion profiles emphasize that dynamic

Most root form and blade (plate) systems use restorative movement would be more like normal teeth (with periodontal
treatments in which the implant is rigidly attached to the in- ligaments), as opposed to directly adjacent regions of osse-
traoral prosthesis. Some systems provide polyethylene or poly- ous Issues-
oxymethylene spacers within the core of the implant to enhance Single-stage restorative treatments place many of these
mobility through the interposition of lower modulus materials, imPlant de8i«ns mto mechanical £unc«on durin§ the bone

while others require that occlusal surfaces of the teeth be fabri- hea m§ Pe
r
n°d- l,he interfacial motlon could be *e primary

cated from polymer-based restorative materials (Kirsch, 1986); etlol°Sy of thls fibrous tissue zone' These ^P68 of int^faces
Branemark, 1977). These variations result in a wide range have been shown for a variety of desiSns and materials.
of treatments being utilized clinically. In this regard, device Crmcal to longevity for any material or design is the dimen-
retrieval analyses have shown some situations where galvanic Slonal stablhty of thls fibrous tlssue zone over time (5 to

coupling of dissimilar alloys (see Chapter 6.3) or inadequate 20 years^ and an mcreas<: in the thickness of this region is
quality castings that contained porosities and high carbon con- one Predlctor of clinical failure,
tent have influenced device longevities (Lemons, 1988). At this
time, most implant device-related treatments include a prescrip- Osteolntenratian
lion or recommendation for the design and biomaterial of the
intraoral prosthesis. The concept of osseo- or osteointegration was initially asso-

ciated with root form implant designs, two-stage restorative
Removable Dentures treatments, and a titanium oxide implant surface condition

The subperiosteal, transosseous, staple, ramus frame, and (Branemark et al., 1977). This is described as a direct bone-to-
mucosal insert implant designs are associated with removable biomaterial interface (without fibrous tissue) for a functioning
denture prostheses. The dentures are fastened to the various implant at the optical microscopy limits of resolution (0.5 j«n).
intraoral'connectors or abutments shown in previous figures. A wide ran8e of implant biomaterials and designs have been
The dentures can be attached by a variety of connector types shown to exhibit this ^Pe of interface for functional dental
that range from magnets to simple recesses into one of the systems (Rizzo, 1988). Proponents support the concepts that:
components. Dentists and dental laboratory personnel have (1) greater force can be transferred along bone interfaces; (2)
been ingenious in developing these connector systems. In some dlrect ass°ciation ™ attachment eliminates or minimizes inter-
situations, interlocking devices have evolved to provide what facial movement (slip); and (3) periodontal soft tissue regions
is called "fixed-removable" prostheses. are more biomechanically stable.

Interestingly, both osseous and fibrous tissue interfaces
have provided functional situations for dental implant devices
over 15 or more years (Rizzo, 1988). Clinical trials that

TISSUE INTERFACES have been developed using prospective analysis protocols
should provide answers to the questions related to "which

Occlusal forces from the mastication of food are transferred is the best interface."
from the intraorai prosthesis through the implant abutment Calcium phosphate ceramic, glass ceramics, porous layers
and neck (connector) and into the implant-to-tissue interface added to metals, and other biomaterial surface modifications
region. These forces are dissipated through the associated tis- have been introduced and developed to enhance bone adapta-
sues, and the quality of functional stability can be correlated tion to endosteal and subperiosteal implant surfaces (Ducheyne
with the relative interfacial stability (micromotion) over time and Lemons, 1988). These surface modifications could result
(Brunski, 1988). Two types of interfacial conditions have been in a more stable implant-to-tissue interface. Clinical data are
described for functional dental implants: fibrous tissue integra- inadequate to evaluate this hypothesis at this time,
tion (called pseudo-ligament or fibro-osteal integration) (Weiss,
1986) and bone tissue integration (called osseo- or osteointe-
gration) (Branemark, 1977). TRENDS IN RESEARCH AND DEVELOPMENT

Fibro-osteal Integration ^be dental implant field has provided a significant contribu-
tion to our overall understanding of basic biomaterial and

The fibrous tissue interfaces with blade (plate), subperios- biomechanical properties. The oral cavity provides 28 to 32
teal, and insert surfaces have been described in detail in labora- candidate implant sites, a necessity for crossing the epithelium
tory animal and human retrieval studies (James, 1982; Lemons, to provide functional support, a wide range of anatomical
1988). In general, the functional zone is described as a relatively shapes, and an even wider range of environmental conditions,
acellular region of fibrous collagen and fibroblast tissues that The oral cavity and associated tissues provide a very severe
is oriented along and around the endosteal portion of the environment for implant biomaterials and designs, and it is
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interesting to note the trends in research and development ASTM (1992). Annual Book of ASTM Standards. Vol. 13.01, Medical
within this field. Implants, ASTM Publ., Philadelphia.

Bidez, M. W. (1987). Stress distribution within endosseous blade im-
plant systems as a function of interfacial boundary conditions.

Conservative Treatment Modalities _. .ph-?: t5™^11'Univ"sity °?AIabama at B™gham-
Bidez, M. W. (1991). Biomechanics literature review, int. J. OralImpl.

In the 1970s, dental implants were judged to be in a longitu- 8: 95-100.
dinal research and development phase. Typically, they were Bidez'M'W" Lemons' J- E'>and Isenburg, B. P. (1986). Displacements
only used in clinical situations where all other treatments had of P^ious and nonpreaous dental bridges utilmng mdosseous
, . , . , , , , , . i l l - i implants a s distal abutments. / . Btomed. Mater. Res, 2 0 : 785—79 / .
railed a n d where bone a n d sort tissue health w a s compromised D i n r u B / ^ A J H D T > I T I J ir Branemark, P. I., Hansson, B. O., Adell, R., Breme, U., Lmdstrom, J.,
for implant-based restorations. Hallelli o and ohman> A. (1977) Osteointegrated Implants m

As a result of the reported clinical longevities and the func- the Treatment of the Endentulous jaw. Almquist and Wiksell
tionalities of several dental implant designs and biomaterials, int., Stockholm.
opinions now reflect the use of implants on a routine basis Brunski, J. B. (1988). Biomechanics of oral implants: Future research
where they are indicated for dental restoration of normal func- directions. /. Dent. Ed. 52: 775-778.
tion. Dental implant-based treatments have moved from the Craig, R. G. (1985). Restorative Dental Materials. 7th ed., C. V.
longitudinal research phase in 1970 to a recognized conserva- Mosby, St. Louis,
tive modality in 1990. Important to this change is the quality Cra^ *•N- (1970)- Ord l™pla»tology. Charles C. Thomas, Spring-

and quantity of bone and soft tissue available at the time of _ . ' ' 1 T T _ .. ,_„„. „. . . , ,
, , . . . . , . . .r Ducheyne, P., and Lemons, J. t. (1988). Bioceramics: material charac-

implant placement, i.e., proper oral diagnosis, plus the signm- . . . . • u u • A \r v L A j c • eitr r i ? i i i tenstics versus m vivo behavior. Ann. Mew York Acaa. set. 523:
cant improvements in dental implant-based treatment systems. 000-000
This trend is expected to continue to provide ever improved English, C. E. (1988). cylindrical implant. Calif. Dent.J. 16(1): 17-40.
device function and longevity. Feigel, A., and Makek, M. (1989). The significance of sinus elevation

for blade implantology—report of an autopsy case. /. Oral Impl.
15: 237-249.

Computer Modeling and James, R. A. (1982). Host response to dental implants, in Biocompatt-
Surface Modifications hility of Dental Materials. CRC Press, Boca Raton, FL, pp.

163-197.
The recent introduction of computer-based finite element James, R. A. (1990). Implant prosthodontics. in Prosthetic Manage-

modeling and analysis (FEM and FEA) to the dental implant ment on Subperiosteal Implants. Year Book Med. Publ., Chicago,
area is significantly influencing design concepts (Brunski, Ch. H-
1988). Three-dimensional models that are now processed on James>R- A-> Lozada, J. L., and Truitt, H. P. (1991). Computer tomog-
supercomputer systems are providing opportunities to optimize raPhy (CT) applications in implant dentistry. /. Oral Impl. 17:

shape and material combinations (Bidez et al., 1986). These ~
, i i j i j - j - i j • j Kirsch, A. (1986). Plasma-spraved titanium 1 M Z implant. /. Oral Impl.

analyses should lead to improved implant designs and to more 11.404 400

objective rationales for device selection and use. One aspect Lemfeider, K. F., and Lemons J.E. (1988). CUmcal Restorative Maten-
of these analyses is the interfacial condition of slip (fibro-osteal al$ and Techmques> Lea and Feblger, Philadelphia,
integration) or nonshp (osteomtegration) (Bidez, 1987). Device Lemons, J. E. (1988a). Dental implant retrieval analyses. /. Dent. Ed.
shapes to better utilize coatings for bonding to bone and soft 52; 743-757.
tissues should evolve. To avoid the adverse sequelae of stress Lemons, J. E. (1988b). Quantitative characterization and performance
(or strain) shielding within bone, the concepts need to be further of porous implants for hard tissue applications. ASTM Publication,
developed and utilized. The addition of a calcium phosphate STP953, American Society for Testing and Materials, Philadelphia,
ceramic to an existing dental implant design may or may not Linkow, L. I. (1983). Dental Implants. R. Speller, New York,
be an acceptable modification. The tolerance of the host tissues McKinney, R. V., Jr. (1991). Endosteal Dental Implants, Mosby,
may be forgiving enough to accept both types of surfaces. St. Louis-

Meffert, R. M. (1988). The soft tissue interface in dental implantology.
/. Dent. Ed. 52: 810-812.

Phillips, R. W. (1973). Science of Dental Materials. Saunders, Phila-
Comblned Delivery Systems delphia.

Rizzo, A. A. (ed.) (1988). Proceedings of the consensus development
To provide mechanically and chemically clean implants, conference on dental implants. /. Dent. Ed. 52: 678-827.

many manufacturers and suppliers have moved to prepackaged Roberts, H. D. (1971). The Ramus, Single Tooth and Ramus Frame
and presterilized dental implant delivery systems. This helps Implants. Loma Linda Univ. Press, Loma Linda, CA.
to avoid contamination or altering of implant surfaces during Root, D. (1990). Current laboratory observation. Int. J. Oral Impl.
shipping, presurgical handling, and surgical placement. 6(2): 39-44.

Small, I. A. (1980). Benefit and risk of mandibular staple bone plates,
in Dental Implants: Benefit and Risk, PHS Pub. 81-1531, 139-

Blbltography 152> U.S. Public Health Service, Washington, DC.
Smith, D.C., and Williams, D. F. (1982). Biocompatibility of Dental

Albrektsson, T., and Zarb, G. A. (eds.) (1989). The Branemark Os- Materials. CRC Press, Boca Raton, FL.
seointegrated Implant. Quintessence Pub. Co., Chicago. Steflic,D.E., and McKinney, R.V., Jr. (1991). History of implantology.
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in Endosteal Dental Implants, Mosby Year Book, St. Louis, pp. HISTORICAL OVERVIEW
8-19.

Weiss, C. M. (1986). Tissue integration of dental endosseous implants: TO. . . . ,. , , *
IA • .- j *• i rcu j wound closure by means or sutures extends back manyDescription and comparative analysis or nbro-osseous and osseous ' 3

integration systems./. Oral Impl 12: 169-215. centuries. The idea of using an adhesive is more recent but
Williams, D. F. (1982). Biocompatibility of Orthopaedic Implants. dates back to at least 1787 when it was noted "that many

CRC Press, Boca Raton, FL, Vol. 1 workmen glue their wounds with solid glue dissolved in water"
Williams, D. F., and Roaf, R. (1973). Implants in Surgery. Saun- (Haring, 1972). Hide glue is similar to gelatin, which itself

ders, London. derives from collagen. Other biological adhesives such as blood
and egg white have also been known for centuries; however,
first attempts to develop adhesives with specific chemical struc-
tures began in the late 1940s and 1950s.

_ _ _ C Natural materials such as cross-linked gelatin and throm-
f .3 ADHESIVES AND SEALANTS bin-plasma were investigated, but a major stimulus was pro-

Dennis C. Smith vided by the discovery in 1951 of methyl 2-cyanoacrylate by
Coover et al. (1972). This clear liquid monomer and its higher

According to a definition of the American Society for homologs (ethyl, butyl, octyl, etc.) were found to polymerize
Testing and Materials, an adhesive is a substance capable rapidly in the presence of moisture or blood, giving rapid
of holding materials together by surface attachment. Inherent hemostasis and highly adherent films. Extensive clinical and
in the concept of adhesion is the fact that a bond that resists laboratory investigations on the cyanoacrylates took place in
separation is formed between the substrates or surfaces the 1960s and 1970s (Matsumoto, 1972), but problems of
(adherends) comprising the joint and work is required to manipulation and biocompatibility, including reports of cancer
separate them. in laboratory animals, have limited their current use to surface

"Adhesive" is a general term that covers designations such applications on oral mucosa and life-threatening arteriove-
as cement, glue, paste, fixative and bonding agent used in nous situations.
various areas of adhesive technology. Adhesive systems may The discovery of the adhesive properties of the cyano-
comprise one- or two-part organic and/or inorganic formula- acrylates prompted numerous studies on synthetic adhesive
tions that set or harden by several mechanisms. systems designed to interact with tissue protein side chain

Commercial adhesive systems are often designed to result groups to achieve chemical bonding (Cooper et al., 1972).
in only a thin layer of adhesive for efficient bonding of the Few systems have been found to possess the requisite combi-
two surfaces since thick layers may contain weakening defects nation of biocompatibility, ease of manipulation, and
such as air voids or contaminants. Such systems may be effectiveness. As a result of this experience and the more
low-viscosity liquids. In other situations where, for example, strictly controlled regulatory situation of today, little new
the surfaces to be joined are irregular, gap-filling qualities research is being done on novel tissue adhesives. Work
are required of the bonding agent. These systems may be has been reported on synthetic polymerizable systems
solid—liquid (filled) adhesives or viscous liquids and are containing the reactive cyanoacrylate or isocyanate groups,
usually referred to as cements, glues, or sealants. Thus, the but attention has been more focused clinically on materials
term "sealant" implies not only that good bonding and gap- on a natural basis. Some studies still continue on the gelatin-
filling characteristics are present in the material, but also that resorcinol—formaldehyde (GRF) combination (Cooper et
the bonded join is impervious, for example, to penetration by al,, 1972; Chopin et al., 1989; Nakayama et al.,
water. Since most adhesives, including biomaterials, are used 1994) but the main emphasis has been on fibrin glues
to joint dissimilar materials that are subjected to a variety derived from a fibrinogen-thrombin combination (Schlag
of physical, mechanical, and chemical stresses, good resistance and Redl, 1987).
to environmental degradative processes, including biodegra- As with soft tissues, interest in adhesive bonding to
dation, is essential. calcified tissues as a replacement for, or supplementation to,

The applications of adhesive biomaterials range from soft gross mechanical fixation such as screws has developed
(connective) tissue adhesives used both externally to temporar- mainly in this century and particularly in the past 30
ily fix adjunct devices such as colostomy bags and internally years. Fixation of orthopedic joint components by a cement
for wound closure and sealing, to hard (calcified) tissue adhe- dates back at least to Gluck (1891), and retention of metal
sives used to bond prosthetic materials to teeth and bone on or ceramic inlays and crowns on teeth by dental cements
a more permanent basis. All of these biological environments to about 1880. The development of acrylic room tempera-
are hostile, and a major problem in the formulation of medical ture polymerizing (cold-curing) systems for dental filling
and dental adhesives is to develop a material that will be easy applications in the 1950s led to their use as dental cements
to manipulate, interact intimately with the tissue to form a and later to their application for fixation of hip joint
strong bond, and also be biocompatible. Over the past two components by Charnley and Smith (Charnley, 1970; Smith,
decades, more success at a clinical level has been achieved in 1971). These situations involved bonding by mechanical
bonding to hard tissues than to soft tissues. interlocking into surface irregularities. In the case of tooth

More details on the background of adhesion and adhesives restorations, leakage along the bonded interface developed,
can be found in recent texts (Kinloch, 1987; Skeist, 1990; Lee, This so-called microleakage led to an intensive effort over
1991a,b; Pizzi and Mittal, 1994). the past 30 years to develop adhesive dental cements and
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filling (restorative) materials (Phillips and Ryge, 1961; Smith,
1991, 1994).

Bonding materials and techniques are now a major compo-
nent of clinical dentistry (Neuse and Mizrahi, 1994). Effective
clinical bonding of polymerizable fluid dimethacrylate mono-
mers and composite formulations to dental enamel, the most
highly calcified (98%) tissue in the body, has been achieved
by using phosphoric acid etching of the surface (the "acid-
etch" technique). Bonding to tooth dentin is currently
achieved by using acidic primer monomeric systems contain-
ing functional groups such as polycarboxylate or polyphos-
phate and hydrophilic monomers such as hydroxy ethyl
methacrylate (Asmussen and Hansen, 1993; Johnson et al.,
1991; Vanherle et al., 1993). Similar materials have been
investigated for adhesion to bone, which is compositionally
similar to dentin (Lee and Brauer, 1989).

BACKGROUND CONCEPTS

As indicated previously, significant advances in adhesive
biomaterials have occurred over the past 30—40 years as real
progress has taken place in the science and technology of adhe-
sion and adhesives. This development is continuing since the
fundamental aspects of the formation of adhesive bonds at
interfaces are not yet fully understood even though successful
application of adhesives in technically demanding situations
has been achieved.

Experience and, to some extent, theory have shown that
severe hostile environments such as biological milieu may re-
quire specific surface pretreatments for the surfaces being
joined in addition to selection of an adhesive with appropriate
characteristics. Such surface pretreatments may involve clean-
ing or etching processes designed to remove contaminants and
expose wettable surfaces and may require the application of
primers to achieve specific chemical reactivity at the surface.
These procedures are a reflection of the need for intimate inter-
facial contact between the bonding agent and the adherends
in order to form adhesive bonds across the interface. These
adhesive forces must hold the materials together throughout
the required service life of the joint. However, it must also be
appreciated that the factors of the design of an adhesive joint,
the applied loads, and the service environment it must with-
stand will all affect its mechanical performance and life expec-
tancy (Kinloch, 1987).

The establishment of intimate molecular contact between
the adhesive and adherend requires, ideally, the adhesive and/
or primer to (1) exhibit a zero or near zero contact angle when
liquid (2) have a low viscosity during bonding and (3) be
able to displace air and contaminants during application. As
discussed elsewhere in this volume (Chapters 1.3 and 9.7)
surface wetting to achieve these requirements involves an un-
derstanding of wetting equilibria on clean, high-energy sur-
faces, the kinetics of spreading of the adhesive, and the minimi-
zation of surface contaminants, including moisture, during the
bonding process.

Four main mechanisms of adhesion at the molecular level
have been proposed: (1) mechanical interlocking, (2) adsorp-

FIG. 1. Diagrammatic representation of mechanical interlocking by a cement
to tooth dentin. Note voids at interface due to imperfect adaption.

tion (including chemical bonding), (3) diffusion theory, and
(4) electronic theory. More complex interpretations have been
proposed (Schulz and Nardin, 1994) but the validity of each
theory is influenced by the system under consideration.

Mechanical Interlocking

This adhesion involves the penetration of the bonding agent
into surface irregularities or porosity in the substrate surface.
Gross examples of this mechanism include the retention of
dental filling materials in mechanically prepared tooth cavities
and of crowns by dental cements on teeth (Fig. 1) and the
fixation of artificial joint components by acrylic bone cement
(Fig. 2). Even apparently smooth surfaces are pitted and rough
at the microscopic level, and strong bonding can arise with an
adhesive that can penetrate at this level. The use of primers
(chemical pretreatments) can create surface irregularities or
porosities at the microscopic level, or can deposit porous layers
that similarly provide effective micromechanical interlocking.
Examples include the etching of dental enamel by 35—40%
phosphoric acid (Fig. 3) and primer treatment of tooth dentin
with acidic agents (Fig. 4). In each case the unpolymerized
bonding agent penetrates 5—50 fj,m into the surface, creating
numerous resin "tags" that provide a strong bond.

Adsorption Theory

This theory postulates that if intimate interfacial molecular
contact is achieved, interatomic and intermolecular forces will
establish a strong joint. Such forces include van der Waals and
hydrogen bonds, donor—acceptor bonds involving acid—base
interactions, and primary bond (ionic, covalent, metallic) for-
mation (chemisorption). Numerous studies have suggested that
secondary bonds (van der Waals and hydrogen bonds) alone
are sufficient to establish strong bonding. However, where
environmental attack is severe (e.g., by water as in biological
systems), the formation of primary bonds across the interface
seems to be essential.

Evidence of such bond formation has been found for com-
mercial adhesives, particularly as a result of the use of chemical
primers (e.g., silane coupling agents) on ceramics (Kinlock,
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FIG. 2. Section through femur after removal of stem of hip prosthesis showing mechanical interlocking by
bone cement into cancellous bone. (After J. Charnley, personal communication.)

FIG. 3. Dental enamel etched by 30-sec treatment with 35% phosphoric acid showing prismatic structure.
Prisms are about 5 /xm in diameter.
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FIG. 4. Treatment of dentin surface by acidic primer showing demineralized
collagen fibers in surface zone,

1987; Schulz and Nardin, 1994). In the biomedical field, the
polyacrylic acid-based dental cements (zinc polycarboxylate
and glass ionomer cements) (Fig. 5) have been shown to un-
dergo carboxylate bonding with Ca in enamel and dentin
(Smith, 1994). Silane primers are used also to form bonds
between dental resin adhesives and dental ceramics. Primary
bond formation has also been postulated in several reactive
dentin bonding systems (Asmussen and Hansen, 1993), but
no unequivocal evidence for this has yet been presented
(Eliades, 1993).

FIG* 5. Diagrammatic representation of setting of zinc polyacrylate and
bonding to calcific surface.

Diffusion Theory

This theory states that the intrinsic adhesion of polymers to
substrates and each other involves mutual diffusion of polymer
molecules or segments across the interface. This can occur only
when sufficient chain mobility is present. The application of
this theory is limited to specific situations. Diffusion of poly-
mers into intimate contact with metallic or ceramic surfaces
may in fact result in enhanced adsorption or even micromecha-
nical interlocking as a source of improved bonding. This con-
cept (and others) has led to the idea of an "interphase" that
is formed between adhesive and substrate which influences
bonding behavior.

Electronic Theory

Electronic theory postulates that electronic transfer between
adhesive and adherent may lead to electrostatic forces that
result in high intrinsic adhesion. Such interactions may arise
in certain specialized situations, but for typical adhesive-
substrate interfaces, any electrical double layer generated does
not contribute significantly to the observed adhesion (Kinlock
1987; Schulz and Nardin, 1994).

The evidence available at present suggests that for most
biological adhesives, adsorption phenomena or micromecha-
nical interlocking account for the bond formation and behav-
ior observed. Since few practical surfaces, especially tissues,
are completely smooth and nonporous, it is likely that both
mechanisms exist in practical clinical situations, with one
or the other predominating according to the type of adhesive
system, surface preparation technique, and bonding envi-
ronment.

COMPOSITION AND CHARACTERISTICS OF
ADHESIVE BIOMATERIALS

Soft Tissue Adhesives

Most soft tissue adhesives are intended to be temporary,
that is, they are removed or degrade when wound healing is
sufficiently advanced for the tissue to maintain its integrity.
Effective adhesion can be obtained on dry skin or wound sur-
faces by using wound dressing strips with acrylate-based adhe-
sives. However, on wound surfaces that are wet with tissue
fluid or blood, the adhesive must be able to be spread on such
wet surfaces, provide adequate working time, develop and
maintain adhesion, desirably provide hemostasis, facilitate
wound healing, and maintain biocompatibility. Positive antimi-
crobial action would be an additional advantage.

Few, if any, systems comply with all these requirements.
Currently, there are two principal systems in clinical use—
cyanoacrylate esters and fibrin sealants. Another glue based on
a gelatin—resorcinol—formaldehyde combination still receives
limited use. An interesting but still experimental system based
on polypeptides from marine organisms (mussel adhesive) does
not seem to have developed into practical use.
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FIG. 6. Structure of methyl cyanoacrylate and methyl methacrylate.

Cyanoacrylate Esters

These esters are fluid, water-white monomers that polymer-
ize rapidly by an anionic mechanism in the presence of weak
bases such as water or NH2 groups. Initially, methyl cyanoacry-
late (Fig. 6) was used but in the past decade isobutyl and
w-butyl cyanoacrylate have been found more acceptable. The
higher cyanoacrylates spread more rapidly on wound surfaces
and polymerize more rapidly in the presence of blood. Further-
more, they degrade more slowly over several weeks, in contrast
to the methyl ester, which hydrolyzes rapidly, yielding formal-
dehyde that results in an acute inflammatory response.

These materials achieve rapid hemostasis as well as a strong
bond to tissue. However, the polymer film is somewhat brittle
and can be dislodged on mobile tissue, and the materials can
be difficult to apply on large wounds. Because of adverse tissue
response and production of tumors in laboratory animals, cya-
noacrylates are not approved for routine clinical use in the
United States although a commercial material based on n-butyl
cyanoacrylate (Histoacryl blue) is approved by several other
countries.

The current uses are as a surface wound dressing in dental
surgery, especially in periodontics, and in life-threatening appli-
cations such as brain arteriovenous malformations. Reports of
sarcomas in laboratory animals (Reiter, 1987) late complica-
tions after dura surgery (Chilla, 1987), and evidence of in vitro
cytotoxicity (Ciapetti et al., 1994) appear likely to restrict
their further use in spite of work on synthesis of new types
of cyanoacrylate,

Fibrin Sealants

Fibrin sealants involve the production of a synthetic fibrin
clot as an adhesive and wound-covering agent. The concept
of using fibrin dates back to 1909 but was placed on a specific
basis by Matras et al. in 1972 (Schlag and Redl, 1987). The
commercial materials first available (Tisseel, Tissucol, Fibrin-
Kleber) consisted of two solutions that are mixed immediately
before application to provide a controlled fibrin deposition.
More recently a "ready to use" formulation (Tisseel Duo) has
been introduced.

The essential components of these solutions are as follows:

Solution A Solution B

Fibrinogen Thrombin

Aprotinin CaO2

The fibrinogen is at a much higher concentration than that in
human plasma. On mixing the two solutions, a reaction similar
to that of the final stages of blood clotting occurs in that
polymerization of the fibrinogen to fibrin monomers and a
white fibrin clot are initiated under the action of thrombin
and CaCl2.

Fibrinogen for commercial material is manufactured from
the pooled plasma of selected donors. The material is sub-
jected to in-process virus inactivation and routinely screened
for hepatitis virus and HIV (Schlag and Redl, 1987). To
minimize these risks, recent processes produce the fibrinogen
in a "closed" blood bank or from the patient's own blood
(Silberstein et al., 1988; Lerner and Binar, 1990). Autologous
fibrin glue now appears to be the approach of choice (Tawes
et al., 1994).

Fibrin sealant has four main advantages: (1) it is hemostatic,
(2) it adheres to connective tissue, (3) it promotes wound heal-
ing, and (4) it is biodegradable, with excellent tissue tolerance
(Schlag and Redl, 1987). The adhesive strength is not as high
as cyanoacrylates but is adequate for many clinical situations.
Possible complications include formation of antibodies and
thrombin inhibitors. The material has been used in a wide
variety of surgical techniques that are reviewed in a seven-
volume report by Schlag and Redl (1987) and in numerous
papers in the recent literature (Lerner and Binar, 1990; Tawes
et al., 1994). The composition may be adjusted to promote
hemostasis, for example, or to minimize persistence of the clot
to avoid fibrosis. The use of fibrin sealant alone or in admixture
with bone chips, tricalcium phosphate, and antibiotics in ortho-
pedic surgery has been reviewed (Schlag and Redl, 1987). More
recently, the material has been used as a drug release vehicle
for local sites.

Gelatin-Resorcinol-Formaldehyde Glue

This glue was developed in the 1960s by Falb and co-
workers (Falb and Cooper, 1966; Cooper et al., 1972) as a
less toxic material than methyl cyanoacrylate. The material is
fabricated by warming a 3 :1 mixture of gelatin and resorcinol
and adding an 18% formaldehyde solution. Cross-linking takes
place in about 30 sec.

This glue was used in a variety of soft tissue applications
but technical problems and toxicity have limited its application
in recent years to aortic dissection (Nakayama et al., 1994). In
attempts to overcome the toxicity and potential rnutagenicity/
carcinogenicity of the formaldehyde component, modified for-
mulations have been developed in which other aldehydes such
as glutaraldehyde and glyoxal (Ennker et al., 1994a,b) are
substituted for the formaldehyde. Favorable results with this
material (GR-DIAL) have been reported (Ennker et al.,
1994a,b).

Bloadhesives

Bioadhesives are involved in cell-to-cell adhesion, adhesion
between living and nonliving parts of an organism, and adhe-
sion between an organism and foreign surfaces. Adhesives pro-
duced by marine organisms such as the barnacle and the mussel
have been extensively investigated over the past 20 years be-
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FIG. 7. Auto-polymerizing methyl methacrylate systems as used in dental resins
and acrylic bone cement. (From R. Roydhouse (1989), in Dental Materials Properties
and Selection, W. J. O'Brien, ed., p. 129. Quintessence Books, Chicago, with per-
mission.)

cause of their apparent stable adhesion to a variety of surfaces Hard tissue Adhesives
under adverse aqueous conditions. These studies have shown
that these organisms secrete a liquid acidic protein adhesive As previously noted, prostheses can be attached to calcified
that is cross-linked by a simultaneously secreted enzyme sys- tissues (bone>tooth enamel, dentin) by gross mechanical inter-
tem. The bonding probably involves hydrogen and ionic bond- locking to machined surfaces. Thus, room temperature-poly-
ing from the acidic groups (Waite et al., 1989). merizing methyl methacrylate (Fig. 7) systems are used to fix

The adhesive from the mussel has been identified as a poly- orthopedic implants (e.g., acrylic bone cement, see Chapter
phenolic protein, molecular weight about 130,000 Da, which 7.7) and for dental restorations. The former, in a closed system,
is cross-linked by a catechol oxidase system in about 3 min. has been relatively successful. However, conditions are much
A limiting factor in the practical use of this material is the more stringent in the mouth because of the changing environ-
difficulty of extracting it from the natural source. The basic ment, thermomechanical stresses on the bond, and the presence
unit of the polyphenolic protein has been identified as a specific of oral bacteria that result in renewed tooth decay. Thus, con-
decapeptide. Recombinant DNA technology and peptide syn- siderable development of new dental cements and adhesive
thesis have been used in attempts to produce an affordable systems has occurred in recent years in attempts to provide a
adhesive with superior properties. Little information has been leakproof bond to attach fillings, crowns, and veneers to the
reported on the performance of these materials. tooth (Fig. 8).



7.5 ADHESIVES AND SEALANTS 325

carboxyl groups form a complex to Ca ions in the surface
of the tissue (Fig. 5). The zinc polycarboxylate cements have
adequate physical properties, excellent biocompatibility in the
tooth, and proven adhesion to enamel and dentin (Smith,
1988).

The glass ionomer cements are also based on polyacrylic
acid or its copolymers with itaconic or maleic acids, but
utilize a calcium aluminosilicate glass powder instead of zinc
oxide (Smith, 1988, 1994). In this case, the cements set by
cross-linking of the polyacid with Ca and Al ions from the
glass. The set structure and the residual glass particles yield
a stronger, more rigid cement (Table 1) but with adhesive

FIG. 8. Leakage of oral fluids and bacteria around dental filling material in properties similar to the zinc polyacrylate cements. In recent
tooth crown. (From R. W. Phillips (1991). Science of Dental Materials, 9th Ed., matenals the polyacid molecule contains both ionic Carboxyl-
p . 6 2 , W . B . Saunders, Philadelphia, with permission.) 1 1 - 1 1 i i i - • j i

ate and polymenzable methacrylate groups and is induced
to set both by an acid-base reaction and visible light polymer-
ization. These cements are widely used clinically. Adhesive
bonding but not complete sealing is obtained because of

Dental cements are traditionally fast-setting pastes obtained imperfect adaptation to the bonded surfaces under practi-
by mixing solid-liquid components. Most of these materials cal conditions.
set by an acid-base reaction and more recent resin cements Resin cements are fluid or pastelike monomer systems based
set by polymerization (Smith, 1988, 1991). on aromatic or urethane dimethacrylates (Fig. 9). Silanated

Zinc phosphate cement is the traditional standard. This ceramic fillers may be present to yield a composite composition,
material is composed primarily of zinc oxide powder and a The two-component materials polymerize on mixing through
50% phosphoric acid solution containing Al and Zn. The a two-part organic peroxide—tertiary amine initiator—activator
mixed material sets to a hard, rigid cement (Table 1) by forming system in about 3 min. More recent are one-component materi-
an amorphous zinc phosphate binder. Although the cement is als containing diketone polymerization initiators that achieve
gradually soluble in oral fluids and can irritate pulp, it is clini- polymerization in about 30 sec by exposure to visible (blue)
cally effective over 10—20-year periods. The bonding arises light energy. These set materials are strong, hard, rigid, insolu-
entirely from penetration into mechanically produced irregu- ble, cross-linked polymers (Table 1). Bonding is achieved by
larities on the surface of the prepared tooth and the fabricated mechanical interlocking to surface roughness. In recent materi-
restorative material. Some interfacial leakage occurs because als, reactive adhesive monomers may also be present (see the
of cement porosity and imperfect adaptation (Fig. 1), but this following discussion), conferring also a presumed chemisorp-
is usually acceptable since the film thickness is generally below tion mechanism.
100 /urn. Enamel and dentin bonding systems are composite poly-

Poly carboxylic acid cements were developed in 1968 (Smith mer-ceramic formulations similar to resin cements but are
1988, 1994) to provide materials with properties comparable more complex systems containing reactive monomers. Their
to phosphate cements but that would adhere to calcified tissues. use usually involves an acidic pretreatment of the tooth surface,
Zinc polyacrylate (polycarboxylate) cements are formed from an unfilled monomer bonding (primer resin) composition to
zinc oxide and a polyacrylic acid solution. The metal ion cross achieve good wetting of the tooth surface, and a filled bonding
links the polymer structure via carboxyl groups, and other agent for the bulk of the bond. These materials are used to

TABLE 1 Properties of Dental Cements and Sealants

Strength (MPa)
Modulus of elasticity Fracture toughness

Material Compressive Tensile (GPa) K\C MN~3/2

Zinc phosphate 80-100 5-7 13 -0.2

Zinc poiycarboxylate 55-85 8-12 5-6 0.4-0.5

Glass ionomer 70-200 6-7 7-8 0.3-0.4
Resin sealant unfilled 90-100 20-25 2 0.5
Resin sealant filled 150 30 5

Resin cement 100-200 30-40 4-6
Composite resin filling material 350-400 45-70 15-20 1.6
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FIG. 9. Structures of some dimethacrylate monomers used in dental composite filling and bonding
systems.

attach composite resin restorative materials, ceramic veneers, ing agents. The resulting resin tags (5—50 (Jim long) in
and orthodontic metal and ceramic brackets to enamel and the surface of the tissue result in efficient micromechanical
dentin surfaces. Because of the different composition and physi- interlocking with a potential tensile bond strength of about
cal properties of enamel and dentin (see Chapter 3.4), more 20 MPa, which is equivalent to cohesive failure in the resin
complex and greater demands are placed on multipurpose ad- or in the enamel.
hesive systems intended for both tissues. Bonding to dentin currently involves pretreatment of the

Bonding to enamel is achieved by pretreating the surface prepared (machined) surface with acidic solutions (phosphoric,
with 35—50% phosphoric acid for 30—60 sec as described nitric, maleic acids) or ethylenediaminetetracetic acid (EDTA)
earlier (Fig. 3). This resulting washed and dried surface is to remove cutting debris (the smear layer). This procedure
readily wettable and penetratable by resin cements and bond- opens the orifices of the cut dentinal tubules and creates micro-
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FIG. 10. Reactive monomer structures for bonding to calcific tissues. M-R,
monomer portion of molecule. (After Asmussen, E., Aranjo, P. A., and Pentsfeld,
A. 1989, Trans. Acad. Dent. Mater. 2: 59.)

porosity in the surface (Fig. 4). A primer treatment is then
applied that comprises a reactive monomer system (Fig. 10)
containing a carboxylate or a polyphosphate function, depend-
ing on the type of product. These primers also contain hydro-
philic monomers, such as hydroxyethyl methacrylate (HEMA),
and may also contain water.

The function of the primer is to penetrate the demineral-
ized dentin surface and facilitate wetting by an unfilled
dimethacrylate bonding resin which is subsequently applied.
Polymerization of this treatment layer by visible light activa-
tion results in the formation of micromechanical bonds by
penetration into the dentin and surface tubules, forming the
so-called hybrid layer (Nakabayashi et al., 1991) or resin-
interdiffusion zone (Van Meerbeck et al., 1992). Chemical
interaction with the hydroxyapatite and/or proteinaceous
phases of the dentin surface may also occur (Asmussen and
Hansen, 1993). However, direct chemical evidence has not
been provided yet for the postulated interactions (Eliades,
1993). Under the best conditions, initial tensile bond strengths
of 15—25 MPa can be obtained depending on test conditions.
The long-term durability of these bonds under oral conditions
is being investigated.

NEW RESEARCH DIRECTIONS

As a result of the experience of the past two decades, the
problems involved in developing an adhesive system for both

soft and hard tissues have been addressed. Nevertheless, it is
difficult to reconcile short- and long-term biocompatibiiity
needs with chemical adhesion mechanisms that use reactive
monomer systems.

Where relatively temporary adhesion is required, as in
wound healing, systems based on natural models that allow
biodegradation of the adhesive and interface and subsequent
normal tissue remodeling appear to merit further development.
For longer term durability in both soft and hard tissues, hydro-
philic monomers and polymers of low toxicity which can both
diffuse into the tissue surface and form ionic bonds across the
interface seem to be the most promising approaches. Evidence
has been obtained of the need for hydrophobic-hydrophilic
balance in adhesive monomer systems (Nakabayashi et al.,
1991). The use of hydrophilic monomers such as hydroxyethyl
methacrylate in commercial materials has facilitated surface
penetration.

On calcified surfaces, the use of hydrophilic electrolytes
such as the polycarboxylates has demonstrated that proven
ionic bonding in vitro can also be achieved in vivo. An advan-
tage of such systems is that surface molecular reorientations
can improve bonding with time. Encouraging preliminary re-
sults have been obtained with such glass ionomer cements
in orthopedics and there is considerable scope for the future
development of such polyelectrolyte cements.

A practical limitation in many systems is ease of manipula-
tion and application. For example, the effectiveness of the
fibrin sealant is critically dependent on proper mixing of the
ingredients and uniform application. Further technology trans-
fer could improve this often-neglected area of adhesive develop-
ment. For example, the visible-light polymerization technology
developed in dentistry that allows extended working time and
curing "on demand" in a few seconds could usefully be applied
to medical applications. Laser activation of fibrin sealants has
received an initial trial.

The development of more efficient adhesives and sealants
that, in addition to enhancing the durability of current applica-
tions, would permit new applications such as osteogenic bone
space fillers, percutaneous and permucosal seals, and functional
attachment of prostheses is a challenging problem for the
future.
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FIG. I. Schematic representation of the eye.

The principal properties sought in contact lens materials, Soft Hydrogel Contact Lenses
in addition to the required optical properties, chemical stability,
and amenability to manufacture at reasonable cost, are high The soft hydrogel contact lenses (SCL) are supple and fit
oxygen transmissibility (to meet the metabolic requirements ***& on the corneal surface. Because there is little tear ex-
of the cornea), tear film wettability (for comfort), and resistance change under these lenses, most of the oxygen that reaches the
to accumulation on the lens surfaces of mucus/protein/lipid cornea must permeate through the lens. The oxygen permeabil-
deposits from the tear film and other external sources. Contact ^ coefficient of hydrogel materials increases exponentially
lenses also must be easy to clean and disinfect (Kastl, 1995). with the water content.

Most of the available contact lenses were developed with The hydrogel lenses are made of slightly cross-linked hy-
the important property of oxygen permeability in mind. The drophilic polymers and copoiymers. The original hydrogel con-
oxygen permeability coefficient, P, is a property characteristic tact lens material was poly(2-hydroxyethyl methacrylate)
of a material. [P = Dk, where D is the diffusivity, in cm2/sec, (PHEMA) (Wichterle and Lim, 1960); at equilibrium swelling
and k is the Henry's law solubility coefficient, in cm3 (STP)/ in physiological saline solution, it contains about 40% water of
cm3 mm Hg.] For a given contact lens, its oxygen transmissibil- hydration. (Hydration of hydrogel contact lenses is customarily
ity (Dk/L) is more important than its permeability; oxygen given as a percentage of water by weight, on a wet basis.) The
transmissibility is defined as the oxygen permeability coefficient oxygen transmissibility of the original rather thick PHEMA
of the material divided by the average thickness of the lens (L, hydrogel contact lenses was found to be insufficient for normal
in cm) (Holden et al., 1990). corneal metabolism. New hydrogel contact lenses were soon

For oxygen permeability, the ideal contact lens would be developed with higher water content or with a water content
made of poly (dimethyl siloxane). For better mechanical proper- similar to that of PHEMA but more amenable to fabrication
ties and manufacture, most silicone elastomeric lenses have in an ultrathin modality. New fabrication techniques were also
been made of diverse poly(methyl phenyl vinyl siloxanes). Be- developed to make ultrathin PHEMA lenses. This takes advan-
cause of its hydrophobic character, to be useful, a silicone tage of the law of diffusion which, applied to contact lenses,
rubber lens must be treated in an RF-plasma reactor or other will guarantee that for any lens type under the same conditions
suitable procedure to make its surface hydrophilic and tolerated of wear, the oxygen flux through the lens will double when
on the eye. Nevertheless, the silicone rubber lenses have not the thickness is halved.
been very successful for general cosmetic use, not only because Other hydrogel contact lens materials include HEMA copol-
of surface problems and comfort, but principally because they ymers with other monomers such as methacrylic acid, acetone
have a strong tendency to adhere to the cornea. acrylamide, and vinyl pyrrolidone. Commonly used also are

There are currently a wide variety of contact lens materials copoiymers of vinyl pyrrolidone and methyl methacrylate, and
with diverse physical properties that determine the fitting char- of glyceryl methacrylate and methyl methacrylate. A variety
acteristics of the lens on the eye (Kastl, 1995). of other monomers as well as a variety of cross-linking agents



330 7 APPLICATION OF MATERIALS IN MEDICINE AND DENTISTRY

TABLE 1 Chemical Composition of Some Hydrogel high oxygen permeability) with vinyl pyrrolidone (which
Contact Lenses imparts wettability) and methyl methacrylate (which imparts

•— ' rigidity). This flexible, nonhydrated contact lens, made by
Polymer USANa % H2O the molding procedure, had a high oxygen permeability and,

—————— owing to its high fluorine content, was claimed to be more
2-hydroxyethyl methacrylate (HEMA) resistant to coating by tear proteins than other contact

with ethyleneglyco! dimethacrylate lens materiais> At this time, the FFP lenses are no longer

^EGDM) Pol^macon 38 commercially available.
HEMA with methacrylic acid (MAA) and Ocufilcon A 44

EGDM Ocufilcon C 55

HEMA with sodium methacrylate and 2-
ethyl-2-(hydroxymethyl)-l,3- IM~I*I r -+ t
propanedio! trimethacrylate Etafilcon A 58 *>&** *-ont*<* LeiiSCS

HEMA with divinyl benzene, methyl The rigid contact lenses, as well as the FFP lenses, fit loosely
methacrylate (MMA) and l-vinyl-2- on tne cornea and move with the blink more or less freely over
pyrrolidone (VP) Tetrafilcon A 43 the tear film that separates tne lens from the corneal surface.

HEMA with VP and MAA Perfilcon A 71 The mechanical properties of rigid and FFP contact lenses must
HEMA with N-(l,l-dimethyl~3-oxobutyl) be such that any flex on the lens provoked by the blink must

acrylamide and 2-ethyl-2- recover instantaneously at the end of the blink.
(hydroxymethyl)-l,3-propanediol Bufilcon A 45 The first widely available contact lenses were made of poly-
trimethacrylate Bufilcon B 55 (methyl methacrylate), which is an excellent optical biomaterial

2,3~Dihydroxypropyl methacrylate with in almost all respects except for its virtual impermeability to
MMA Crofilcon A 39 oxygen. Several materials that were specially developed for the

VP with MMA, allyl methacrylate and Lidofilcon A 70 manufacture of rigid gas-permeable (RGP) contact lenses are
EGDM Lidofilcon B 79 copolymers of methyl methacrylate with siloxanylalkyl meth-

MAA with HEMA, VP and EGDM Vifilcon A 55 acrylates (Refojo and Dabezies, 1984). To compensate for the
hydrophobic character imparted to the polymer by the high

"U.S. adopted name. siloxane content of these copolymers (required for oxygen per-
meability), the copolymer also contains some hydrophilic corn-

are used as minor ingredients in hydrogel contact lenses onomers. The most commonly used hydrophilic comonomer in
(Refoio 1979) (Table 1) rigid lenses is methacryhc acid. There are also minor ingredients

Hydrogel lenses have been classified by the U.S. Food and and cross-linking agents. A diversity of RGP contact lenses,
Drug Administration (FDA) into four general groups: low wa- consisting of different but closely related comonomers used in
ter (<50% H,0), nonionic; high water (>50% H2O), non- a variety of proportions to obtain the most desirable properties,
ionic; low water, ionic; and high water, ionic. The ionic charac- are commercially available (Table 2). However, any subtle
ter is usually due to the presence of methacrylic acid, which change m the chemistry of a contact lens material might
is responsible for higher surface protein binding to the contact stton^ affect lts dimcal Performance. As a general rule, the
lenses. High water of hydration is a desirable property for oxygen permeability coefficient of the siloxanylalkyl methacry-
good oxygen permeability, but it carries some disadvantages, late contact lens materials is inversely proportional to the
such as friability and protein penetration into the polymer density.
network. Physiologically and optically, ultrathin low-water- The development of the fluorine-containing contact lenses
content contact lenses can perform very well as daily-wear and the realization that the fluoroderivatives may improve
ienses oxygen permeability and resistance to deposit formation caused

As a result of temperature changes and water evaporation, contact lens chemists to include a fluoroalkyl methacrylate or
all hydrogel contact lenses dehydrate to some degree on the a similar fluorine-content monomer as an additional ingredient
eye. Higher-water-content lenses dehydrate more than low- m the siloxanylalkyl methacrylate-comethyl methacrylate RGP
water-content lenses, and thin lenses dehydrate more easily contact lens materials. These perfluoroalkyl-siloxanylalkyi-
than thick lenses (Refojo, 1991). A drawback of high-water- methyl methacrylate contact lenses have high oxygen perme-
content, thin hydrogel contact lenses is that as they dehydrate ablllty and' supposedly, better surface properties than the non-
on the eye, they induce corneal epithelium injuries by a mecha- fluorine-containing rigid contact lenses,
nism still unclear. Therefore, the ideal hydrogel contact lens Cellulose acetate butyrate (CAB) is also used as a rigid
would be ultrathin, resistant to mechanical damage, made of oxygen-permeable contact lens material. However, CAB
a nonionic polymer, and retain a high water content (i.e., not only has relatlvely low oxyge" permeability compared
>70% H,O) on the eve w't'1 siloxanylalkyl methacrylate copolymers but also has

low scratch resistance and tends to warp with humidity

Flexible Fluoropolymer Lenses changes.
Other copolymers useful as contact lens materials are iso-

The flexible fluoropolymer (FFP) lens was made from a butyl and isopropyl styrene, with hydrophilic comonomers of
copolymer of a telechelic perfluoropolyether (which imparts the HEMA or vinyl pyrrolidone type.
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TABLE 2 Composition of Some Rigid Gas-Permeable corneal surface and is reepithelialized with the recipient corneal
Contact Lenses epithelium (Werblin et al., 1987). A modification of this tech-

—— nique attempts to obtain similar results with an artificial mate-
Polymer USANa rial that would heal into the donor cornea and be able to grow

the epithelium of the donor cornea on its surface (Fig. 2).
Cellulose acetate dibutyrate Porofocon An epithelium that has become irregular through swelling

Cabufocon and proliferation has been replaced by an artificial epithelium
3~[3,3,5,5,5-pentamethyl-l,l- made of a hard plastic contact lens glued with a cyanoacrylate

bis[pentamethyldisiloxanyl)oxy] adhesive to the corneal stroma (Fig. 2). This procedure has
trisiloxanyl]propyl methacrylate, with methyl not been successful mainly because of failure of the glue to
methacrylate (MMA), methacrylic acid maintain a tight attachment of the prosthesis to the corneal
(MAA) and tetraethyleneglycol stroma and also because of epithelial penetration between the
dimethacrylate (TEGDMA) Silafocon prosthesis and the cornea.

MMA with MAA, EGDMA, 3-[3,3,3,-
trimethyl~l,l-bis(trimethylsiloxy)disiloxanyl] Artificial CorneAS
propyl methacrylate (TRIS) and N-(l,l-
dimethyl-3-oxybutyl)acrylarnide. Nefocon Corneal transplants from donor eyes are usually highly suc-

VP with HEMA, TRIS, allyl methacrylate and cessfuL In the rare instance of transput failure, an opaque
a-methacryloyl^-(methacryloxy) Cornea can be rePlaced with an artifidal cornea (k^topros-
Poly(oxyethyiene-co-oxy(dimethylsilylene)- thesis) (Barb,er> 1988>' These are usually through-and-through
co-oxyethyiene, Mesifilcon corneal implants, consisting of a central optical portion and

some modality of skirt that fixes the prosthesis to the recipient
TRIS ™*hj '̂ dimethyl ltaconate> MAA cornea (Fig. 3). The main problem with through-and-through

and I EGDMA. Itafocon keratoprostheses is common to all kinds of implants that are
TRIS with 2,2,2,-trifluoro-l-(trifluoromethyl) not fully buried in the recipient tissue: faulty tissue-prosthesis

ethyl methacrylate, l-vinyl-2-pyrrolidone interface, epithelium downgrowth, and tissue ulceration and
(VP), MAA and ethyleneglycol infection around the prosthesis. The most feasible solution to
dimethacrylate (EGDMA). Melafocon these problems would be the development of a material for

TRIS with 2,2,2-trifluoroethyl methacrylate, tne optical portion of the keratoprosthesis that would accept
MAA, MMA, VP with EGDMA. Paflufocon growth and attachment of transparent epithelium on its sur-

. _^___ . face- Also needed are biomaterials that would heal into the
aU.S. adopted name. recipient corneal tissue.

CORNEAL IMPLANTS

The cornea is an avascular tissue that consists of three
principal layers (Fig. 1). The outermost layer, which itself con-
sists of about five cellular layers, is the epithelium. The central
and main portion of the cornea is the stroma, a collagenous
connective tissue that is 78% hydrated in its normal state.
Normal corneal hydration is disrupted by injury to the limiting
epithelial and endothelial membranes. The endothelium is the
innermost monocellular layer, which by means of a "pump-
leak" mechanism, is mostly responsible for maintaining normal
corneal hydration. Swelling, tissue proliferation, and vasculari-
zation may compromise the transparency of the cornea. There
are several types of corneal implants (Refojo, 1986a; Abel,
1988) that replace all or part of the cornea.

LplkeratophaklA and Artificial Epithelium
FIG. 2. Schematic representation of superficial corneal implants. (Top) In

To correct the optics of the eye after cataract extraction, the epikeratophakia procedure, the corneal epithelium is removed before the

the surgeon may perform an epikeratophakia procedure which ™plant f_p'aced °ntl?e str°T' surface.fnd epitheil"m grows over *f impl,ant:
. , I • i - f t rr-i (Bottom) I he artificial epithelium or epikeratoprosthesis is a contact lens glued

consists Of transplanting a slice of donor cornea. The trans- to a deepithelialized cornea. Ideally, the epithelium should not grow over or
planted tissue heals into a groove carved into the recipient under the glued-on lens.
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Artificial Endothelium

The corneal endothelium has been replaced, but not very
successfully in the long term, by a silicone rubber membrane
that passively controls corneal hydration (Fig. 3). Unfortu-
nately, the membrane serves as a barrier not only to water but
also to the nutrients that the cornea normally receives from
the aqueous humor.

Intrncomeal Implants

Ophthalmic surgeons may use diverse polymeric devices
to correct the optical function of the eye. Thus, intracorneal
implants can be used instead of spectacles or contact lenses to
correct nearsightedness and farsightedness (Fig. 4). The intra-
corneal implants most likely to succeed are made of hydrogel
materials tailored to have high permeability to metabolites and
able to correct severe myopia (McCarey et al., 1989). The
stromal cells (keratocytes) and the epithelium receive their nu-
trients from the aqueous humor and also release waste products
in the same direction. Therefore, some previously used intra-
stromal implants, such as poly(methyl methacrylate) and poly-
sulfone, which are impermeable to metabolites, will result in
the ulceration and vascularization of the overlying stroma.
A more recent development is the intrastromal ring made of
poly(methyl methacrylate) or silicone rubber, which may
change the corneal curvature and, hence, the eye's optical
power. These rings can make the corneal curvature steeper,
increasing the refractive power, or flatter, decreasing the refrac-
tive power.

IMPLANTS FOR GLAUCOMA

Polymeric devices are used to control abnormally high in-
traocular pressure in otherwise intractable glaucoma (Krupin

FIG. 3. (Top) Schematic representation of a through-and-through artificial
cornea (kerastoprosthesis) that consists of an optical cylinder that penetrates the
opaque tissue. The prosthesis has an intrastromal rim that holds the prosthesis
in the cornea. (Bottom) Schematic representation of the artificial corneal endothe-
lium that consists of a transparent membrane sutured to the posterior part of
the cornea denuded of its endothelium. This membrane acts as a barrier to the
inflow of aqueous fluid into the corneal stroma.

FIG. 4. Schematic representation of intracorneal implants used to change
the curvature of the cornea in refractive keratoplasty. (Top) An intrastromal
hydrogel intracorneal implant. (Bottom) An intrastromal corneal ring.

et al., 1988). These devices consist essentially of tiny tubes that
transport the aqueous humor—which normally maintains the
physiological intraocular pressure and flows in and out of the
eye in a well-regulated manner—from the anterior chamber
to some artificially created space between the sclera and the
other tissues that surround the eyeball; then the aqueous humor
is absorbed into the blood circulation. The main problem with
glaucoma implants is tissue proliferation around the outlet of
the plastic device. Tissue proliferation, or capsule formation,
takes place in and around all implanted biomateriais and may
retard or even stop the outflow of aqueous humor from the eye.

INTRAOCULAR LENS IMPLANTS

Intraocular lenses (lOLs) are used after cataract extraction
to replace the opaque crystalline lens of the eye (Apple et al.,
1984). lOLs consist of an optical portion and haprics that
support the optical portion in its proper place in the eye (Fig.
5). lOLs may be placed in the anterior chamber, in the pupil,
and in the posterior chamber. The last type are most commonly
used at this time; they are usually placed within the posterior
capsule of the crystalline lens, which remains in the eye after
the lens contents have been removed surgically (Fig. 5). A large
variety of IOL designs and shapes are available; the choice does
not necessarily depend on need but rather on the preferences of
surgeons and manufacturers.
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The requirements of IOL materials are good optical proper- during introduction of the implant and for preserving the cor-
ties and biocompatibility with the surrounding tissues. Al- neal endothelium (Fernandez-Vigoetal., 1989). Other impor-
though oxygen or metabolite permeability is irrelevant for tant developments may be the surface modification of lOLs
lOLs, one may have to be concerned with the potential absorp- with permanent hydrophilic or hydrophobic coatings,
tion in the IOL material of aqueous humor proteins or a topical
or systemic drug given to a patient wearing an IOL, particularly
if the IOL matertal is a hydrogel or silicone rubber. IMPLANTS FOR RETINAL DETACHMENT SURGERY

Most JOLs are made of poly(methyl methacrylate), and the
haptics are often made of the same material or polypropylene , • i i i /• • /• • • • i i •
/-, , A i t tnoA\ r-t • r i n r v L L i TW u u A retina detached from its source of nutrition in the choroi-fiber (Applet aL, 1984 .Filtration of UV light by UV-absorb- . . . . . , . . .. , _, , ., .

. , j • * T^T • i / i dal circulation ceases to be sensitive to light. Ihe choroid ising moieties polymerized into the IOL is desirable to protect . . . . . , .°, , ._. ..
i • / \* 'n -mo-7\ the vascular layer between the retina and the sclera (rig. 1).the retina (Miller, 1987). T , .7 . , , , f ,

. , , , . . , , . ,. In cases of retinal detachment, the surgeon must reattach the
Corneal astigmatism may result trom tissue distortions oc- . . . _, . ' , , , , . . .

; , , ,. c i i retina to restore vision. Retinal detachment could result tromcurnng a s a consequence of t h e uneven healing or t h e wound . . . . . . , ,
, , i T~7 , j -n. • i traction of a retracting vitreous humor or from seepage ofmade when the IOL was implanted. There is currently a strong ,. ., , . , °, . ,, . . , - ,

. j , c I>\T t _ - L L. • j • u liquefied vitreous through a retinal hole between the retina andinterest in developing soft lOLs, which can be inserted in the .n . . . _ . ° , . . ,
, , ,. . . . . . , • j £ the choroid. Retina surgeons can often restore vision to these

eye through smaller surgical incisions that are required tor . . . , 1 1 1 1 1 1 - • i
. , j i A 11 • • • i • i eves with vitreous implants and scleral buckling materials
implanting rigid lenses. A smaller incision may result in a lower ' . QO/-L\ /p- f[\
incidence of astigmatism. Soft lOLs have been made of HEMA ^ ' ' M g- J -
or other hydrogels, which can be inserted into the eye fully
hydrated or in the dehydrated state; in the latter case they will VWreoifS Implants
swell in situ to their equilibrium hydration (Barrett e£al., 1986).
Flexible lOLs are made also of silicone rubber and of alkyl Vitreous implants are desirable in certain difficult cases of
acrylate copolymers. retinal detachment surgery (Refojo, 1986b). Physiological sa-

Biopolymers in the form of a viscoelastic solution are also line solution, air and other gases, as well as a sodium hyaluro-
used in IOL implantation. The corneal endothelium is an ex- nate solution frequently are injected into the vitreous cavity
tremely delicate cell layer and can be irreversibly damaged during virtreoretinal surgery. These fluids may perform well
upon contact with an IOL, during or after insertion. The sur- as a short-term vitreous substitute. For long-term vitreous re-
geon must be extremely careful not to touch the corneal endo- placement, however, the only substance used at this time, and
thelium with the IOL or with any instrument used during with variable results, is silicone oil of high viscosity (1,000 to
surgery. Highly viscous, and preferably viscoelastic, solutions 12,500 centistokes) and for short-term vitreous replacement,
of biopolymers such as sodium hyaluronate, chondroitin sul- perfluorocarbon compounds of low viscosity. The main prob-
fate, or hydroxypropyl methylcelluose are useful adjuncts in lem with long-lasting intravitreous implants is tolerance. Reti-
IOL implant surgery for maintaining anterior chamber depth nal toxicity, oil emulsification, glaucoma, and corneal clouding

are some of the complications of permanent vitreous implants.
These complications may be avoided by removing the implant
after choroidal-retinal adhesion has been achieved, but implant
removal involves further surgery, is difficult to achieve com-
pletely, and carries the risk of recurrence of the retinal de-
tachment.

Scleral Budding Materials

Scleral buckling materials for retinal detachment surgery
must be soft and elastic. Solid silicone rubber and silicone
sponge have been used successfully. More recently an acrylic
hydrogel made of a copolymer of 2-hydroxyethyi acrylate with
methyl acrylate has become available. It may improve the al-
ready relatively small rate of infection resulting from the use
of the sponge and the potential for long-term pressure necrosis
of the more rigid solid silicone rubber implants (Refojo,
1986b).

SURGICAL ADHESIVES
FIG. 5. (Top) Schematic representation of a typical intraocular lens implant
with a central optical portion and the haptics or side-arms that hold the lens in
the eye. (Bottom) A schematic representation of the anterior segment of the eye As in most applications of polymers 3S biomedical implants,
with an intraocular lens placed into the empty crystalline lens bag. in ophthalmology any polymeric device must be as free 3S
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FIG. 6. Schematic representation of an eye with a detached retina. The retina can be pushed back
into its normal place by injecting a fluid in the vitreous cavity (inside arrow) while the subretinal fluid
is drained (outside arrow). A scleral buckling implant (the drawing represents an encircling implant) is
placed over retinal tears to counteract the traction on the retina of a shrinking vitreous and to reapproxi-
mate the retina to the underlying tissues.

possible of residual monomer. However, in the unique case of project: An interlaboratory comparison of Dk/L measurements,
the cyanoacrylate surgical adhesives, the monomers are applied Optom. Vis. Sci. 67: 476-481.
directly to the tissues and almost instantaneously polymerize Kaf >.P' R- <«»•>• ^95) Contact Lenses: The CLAO Guide to Basic

, ,. , , . „, , „ Science and Clinical Practice. Kendall/Hunt Publishing Co.,
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w; ui T » D •(/ » i j D * i A c nQQ-7\ c a,-- L. the first calcium phosphate laid down are subjects of consider-Werbhn, 1. P . , Peiffer, R . L., a n d Patel, A . S . (1987). Synthetic kera- , . i n /• • n u-
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will see later, the fact that a Ca-bearing inorganic compound
is one of the components of calcified tissues has led to the
development of a whole class of ceramic and glass-ceramic

7.7 ORTHOPEDIC APPLICATIONS materials that are osteophilic within the body (i.e., they present
/. Lawrence Katz surfaces that bone chemically attaches to).

To appreciate the way in which collagen contributes to the
-ri_ i i r u - <. • \ c L. j- c. hierarchical structural levels of bone, it is necessary to discussThe developer of biomatenals tor orthopedic purposes faces . , „ T T ,'. ,. .

, , £ £ ,, * . , the structure of collagen. However, this would require an intro-
the same duality ot concerns present m all other implant use: . . . , , 1 1 - 1 <- i - i
/ 1 N , • , . rt , i • i • i • , . duction to ammo acids, how they link to form polypeptides,(1) the material must not affect adversely its biological environ- , , . . . ' , . , , . f

i / i x ..i .. • i • .. 4. * L j i and how these lead to proteins, which the constraints of spacement and (2) the material in return must not be adversely ... „ , . , . , - , , / • , , , , . . .
rt j i t j- u 4.4. j ri - j A 4. • will not allow. A simplified picture or how the alpha chain isaffected by the surrounding host tissues and fluids. A starting , . . . . r, f, , , , r „

I I 4.U- • • u j 4. j- r ^ u - i tormed, how three chains coil together to form the tropocolla-point to address this issue is the understanding of the interrela- ' , , , , , , „ •• • ,
, • i i i ... r , , gen molecule, and how molecules form a protohbnl is showntionship between the structure and properties ot the natural . „. _ _ , . .. ^i. • i „ ,-/-,,-«.

i i - i j A • 4.- i u «£ m rig. 3. ror further reading, see Glimcher and Krane (l^oo).tissues that are being replaced. An appreciation ot the form- .° , , &' „ , , \ /
£ . „ , . i • • , .c ,... -11 u i - j • As yet, we do not know fully how the two components,function relationship in calcified tissues will help provide in- „ , _ T T . J , , .

• « • a j • • • i j - u j collagen and OHAp, are arranged or what forms hold themsight into factors determining implant design as well as deter- ° . . \' . . f _, ,
, . , ., * • i r u • 4. * -c together at this molecular level. Whatever the arrangement,mining which are the materials ot choice to meet a specific .f . . . . . . . . . . . & . '

i i i when it is mtertered with, as is apparently the case m certainorthopedic need. . . . . . . .'. . *\. ! - 1 1
bone pathologies in which the collagen structure is altered
during formation, the result is a bone that is formed with
seriously compromised physical properties.

CTDiirTiior A wn PDrtPtDTirc nr The second' or ultrastructural, level may be loosely defined
CTKUi-TUKi. ANO PKOPtKl Itb Of as ̂  stmctural level observed with transmission electron mi-

CALCIFIED TISSUES croscopy (TEM) or high-magnification scanning electron mi-
croscopy (SEM) (Fig. 1). Here too, we have not yet achieved

Structure a full understanding of the collagen-OHAp organization. It
_., , ,.,, i -r j • - i i appears that the OHAp can be found both inter- and intra-
There are several different calcined tissues in the human A, -n . • i • i n . L n i L-. . . , ,.,, , . . , ... . . hbrillany within the collagen. As we shall see later, at this

body and several different ways of categorizing them. All calci- , , . , , , , , ,
, , / . . i • • • 11- • i level, it appears that we can model the elastic properties ot
ned tissues have one thing in common: in addition to the , . . „ , .

. . . . 11 1 j n c tms essentially two-component system by resorting to some
principal protein component, collagen,l a n d small amounts o t £ ,. . . r L i - j i r L

* . * i n i • • sort °r linear superposition of the elastic modules of each
other organic phases, they all have an inorganic component . , , , , ,
, , • / i i • t / - . T T A \ ^ 7«/-x s / / ^TT\ -> T component, weighted by the percent volume concentration
hydroxyapatite (abbreviated OHAp) or Ca10(PO4)6(OH)2.

2 In Of each
the case of long bones such as the tibia or femur, an understand- Ti ri_ -n e \ a. j, . ° . . , , • • i . * hese hbrillar composites form larger structures, fibers, and
ing ot the organization ot these two principal components is Ci , •,, L. L , , . , ,, . ,

• i . . i c i i • • t\ hber bundles, which then pack into lamellar-type units that
the beginning phase of the characterization ot bone structure , , J - I _ L L C T - H * j • i • T-I

j- i /• 1 1 i r i L • i • \ can be observed with both SEM and optical microscopy. This
according to scale, (i.e., the level ot the observation technique). . i , . , . , , , f ~. .
T L L . , , • i is the third, or microstructural level of organization. Figure 4
It has been convenient to treat the structure ot compact cortical , , t\ \\ • • / r \ T-- ^
, , , , , . c j • i i /• < r i shows two such types ot lamellar organizations (5), Figure 4a
bone (e.g., the dense bone tissue found in the shafts of long .„ , . , , , . , v , „ . f, f i i r • /T~ - « \ /V <«n« illustrates the circular (or nearly circular) lamellar units form-bones) on four levels ot organization (Fig. 1) (Katz, 1980a: , , / T T • \ r j -
P If 19841 mg the secondary osteons (Haversian systems) found in mature

™J n • i L i - i / n x j human bone. Figure 4b shows the straight lamellar units form-
Ihe collagen triple helical structure (tropocollagen) and . , \ -c i\ H \ L ^ j n -

^T r . „ \ • i • • • i i i i i m§ tne plexitorm (lamellar) bone found generally in young
OHAp crystallography, comprise the initial or molecular level. j j i t . • /• j ? -n • • i
,~, f / ^ T T A - I T- i /v ^r.-r^v T quadruped animals the size of cats and larger. This is theThe structure ot OHAp is shown in Fig. 2 (Young, 1975). It , , , , . , . , ., , , , ,,,

° structural level that is being described when the term bone
tissue" is used or when histology is generally being discussed.
At this level, composite analysis can also be introduced to

~~~~ " ' ~ " ' . ' ' model the elastic properties of the tissue, thus providing an
There is one exception to this, enamel, which is found in the outer sheath i i- c i - /• i ,-

of teeth; enamel has a small amount of another protein, enamelin. understanding of the macroscopic properties of bone (i.e.,
2In actuality, this stoichiometric formula is not achieved in biological apatites. tnose associated with the behavior of the whole bone, or fourth

There are carbonate and other ions present as well in bones and teeth. level of Structure). Unfortunately, this modeling is much more
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FIG. 1. Hierarchical levels of structural organization in a human long femur. (Adapted with permission from
J. B. Park, Biomaterials: An Introduction, Plenum Publ., 1979, p. 105.)

complex than that cited earlier so that a complete description Since a significant portion of bone is composed of collagen,
lies beyond the scope of this chapter. Interested readers are it is not surprising to find that in addition to being anisotropic
referred to some of the original sources (Katz, 1980a,b, 1981). and inhomogeneous, bone is also viscoelastic like all other
A short account of some of this modeling is provided below biological tissues. Clearly, duplicating such properties with a
in the section on composites. synthetic material is a forbidding if not hopeless task. However,

FIG. 2. Hexagonal hydroxyapatite. Each OH position is statistically only 50% occupied, as indicated by the dotted
outline of half of each OH group. (Reproduced courtesy of the Centre National de la Recherche Scientific, Paris, from
R. A. Young in Physico-chimie et Christallographie des Apatites d'lnterest Biologique, CNSR Publ. No. 230, 1975.)
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FIG. 3. The tropocollagen unit. (A) The a-helix is left handed. Each spot is a residue and repeat length is 3.1 A. (B) the a-
helix is twisted into a right-handed helix which reduces repeat length between residues to 28 A and the repeat of the supercoil
is 10 rimes the residue length or 28 A. (C) and (D) Three a-helices are threaded to form a single tropocollagen (TC) unit.
(Adapted from M. J. Glimcher and S. M. Krane, in Treatise on Collagen, Vol. IIB, Biology of Collagen, G. N. Ranchandran
and B. S. Gould, eds., Academic Press, 1968.)

a description of the various properties does provide some in- strain curves, providing data such as Young's modulus, Pois-
sight into potential starting pomts for the design of implant ma- son's ratio, yield stress, fracture stress and elastic and plastic
terials. strain in tension, compression, torsion, shear, and fatigue. A

comprehensive survey of such efforts through the beginning
of the 1970s will be found in F. Gaynor Evans' 1973 book,
Mechanical Properties of Bone (Evans, 1973). This book pro-

Elastic Properties vides an instructive overview of the large number of factors,
some intrinsic and some extrinsic, that affect the mechanical

Although bone is viscoelastic, a considerable amount of properties in one way or another.
understanding is obtained by examining its elastic properties. There have been sufficient measurements of bone properties
Most of the original and subsequent studies of such properties to make it quite clear that a profound relationship exists be-
have been performed using mechanical testing instruments at tween the microstructure of bone and its material properties.
quasi-static strain rates. These experiments resulted in stress- By analyzing results of a number of such experiments, it has
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FIG. 4. Optical micrographs of transverse cross section showing the microstructure of human and bovine femora, (A)
Human Haversian bone. (B) Bovine plexiform bone. (From H. S. Yoon and J. L. Katz, /. Biomech. 9: 408, 1976, Copyright
1976 Pergamon Press, Ltd. Reprinted with permission.)

been possible to show analytically that bone has either trans-
verse isotropic (hexagonal) symmetry requiring either five elas-
tic compliances or stiffness coefficients to describe its elastic
properties, or orthotropic (orthorhombic) symmetry requiring
nine such constants.

This identification of the elastic anisotropy and its relation
to bone microstructure has become the hallmark of the recent
studies of elastic properties. One of the principal driving forces
is the desire to know what kinds of changes in bone due to
resorption and remodeling are going on at the bone—implant
biomaterial interface. For the general Hooke's law:

where cr,̂  and skt are the stress and strain tensors, respectively,
and Cfri are the fourth-rank elastic stiffness coefficients. The
matrix of the latter for the transverse isotropic case is given
in the usual reduced notation (11 —> 1, 22 —» 2, 33 —> 3,
23 -» 4, 13 -> 5, 12 -* 6) by:

where c66 = 1/2 [cn_cl2].
In cases where bone resorption leads to porosity, there is

a gradient in the structure so that measurements of properties
in the radial and tangential directions are significantly different.
This is also observed in the plexiform lamellar bone found in
young mammals. For such bone, orthotropic symmetry is the

proper description. In that instance, the matrix of stiffness
coefficients is given by:

There are also forms of bone that are isotropic both in
microstructure and in measurements. While elastic properties
are a significant aid in understanding the magnitude and anisot-
ropy present in bones, a complete description requires knowl-
edge of the viscoelastic properties of bone as well.

Viscoelastic Properties

Interest in the viscoelastic properties of bone arose during
the nineteenth century at about the same time as interest in
elastic properties. In more recent times, a number of investiga-
tors have measured various aspects of the viscoelastic proper-
ties of bones and related calcified tissues such as dentin. There
are measurements of creep, stress relaxation, strain rate depen-
dence, and even some dynamic measurements. Recent experi-
ments have shown that bone as a material is nonlinear and
thermorheologically complex (i.e., time-temperature superpo-
sition cannot be used to obtain its properties) (Lakes et aL,
1979). A relaxation spectrum for compact human bone is
shown in Fig. 5. A calculation of the amplitudes and frequencies
of various mechanisms likely to occur in bone is presented
in Fig. 6. Comparing these calculations with the relaxation
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FIG. 5. The relaxation spectra for two specimens of wet human tibial bone in simple torsion. (From
R. S. Lakes and J. L. Katz,/. Biomech. 12: 685, 1979.)

spectrum shows that the fit is not unreasonable, with most of
the mechanisms appearing to occur at frequencies within the
physiological range.

Also, it should be noted that although bone is nonlinear, the
nonlinearity occurs outside the physiological range of interest.
Thus, for most physiological purposes we can use the Boltz-
mann superposition integral as the viscoelastic constituitive
relationship for bone, which in general is given by:

where the tensors here are now the time-dependent analogs to
those in Hooke's law. As a result, we can use simple linear
rheological models to describe creep, stress relaxation, etc.,
not only for the behavior of bone but also for the soft connective
tissues, collagen, tendon, ligaments, etc.

FIG. 6. Predicted contributions to the mechanical losses in cortical bone. (From R. S. Lakes and
J. L. Katz,/. Biomech. 12: 684, 1979.)
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FIG. 7. Kelvin-Voight theological model (creep compliance).

RheologicAl Models

Figure 7 describes the Kelvin-Voigt model that is useful in
portraying creep:

On the other hand, the Maxwell system provides a good model
for stress relaxation (Fig. 8).

Of course, to provide a better description for bone or other
tissues, a three-element model or general linear system should
be used (e.g., either Fig. 9a or 9b), which provides equivalent
results. The solution to the dynamic experiment can be ob-
tained using the general linear system by substituting

where &> is the applied frequency and 8 is the phase angle
between stress and strain. With these descriptions of bone
properties, the stage is set for introducing the various categories
of materials available for possible use as implants.

FIG. 8. Maxwell rheological model (stress relaxation).

FIG. 9. Three-element or general linear models,

BIOMATERIALS

Metals

Since the principal function of the long bones of the lower
body is to act as load-bearing members, it was reasonable
that the initial materials introduced to replace joints, such as
artificial hips, were metals. Both stainless steel, such as 316L,
and Co—Cr alloys became the early materials of choice, because
of their relatively good corrosion resistance and reasonable
fatigue life within the human body. Of course, their stiffness,
rigidity, strength, exceeded those of bone considerably. How-
ever, in certain applications, owing to size restrictions and
design limitations (e.g., in rods used to straighten the spine in
scoliosis), fatigue failures did occur.

The hip prosthesis has been the most active area of joint
replacement research (Fig. 10) (Williams, 1984). A dramatic
improvement in the efficacy of the hip implant occurred with
the introduction by English orthopedic surgeon John Charnley
(later knighted for this innovation) of his total hip arthroplasty
consisting of a metal femoral prosthesis that was held in place
by poly(methyl methacrylate) (PMMA), with the acetabulum
component made of ultrahigh-molecular-weight linear poly-
ethylene (UHMWPE), also cemented in place with PMMA
(Fig. 11) (Charnley, 1972). This system has seen many varia-
tions over the years, but is still a significant faccor in modern
joint replacement surgery. Further discussion of the properties
of polymers and the function of each is covered in the section
on polymers.

As alluded to above, a number of properties of the implant
materials are important when selecting suitable candidates for
joint replacements in current use. Because of the success of the
total hip, similar material configurations have been used with
an appropriate geometric design for the knee and almost every
other large joint in the body. In addition to the 316L and
Co—Cr alloys mentioned above, titanium and the so-called
aviation alloy Ti-6Al—4V are now also used for the femoral
portion of hip prostheses. Table 1 lists the relevant mechanical
properties of these metals along with those of bone for com-
parison.

In addition, considerations of corrosion and fatigue life
are obviously of prime importance. Also, the metals must
of necessity not be toxic, mutagenic, or carcinogenic within
the body, either of themselves or due to the release of
chemical components as a result of interactions with the
various body fluids. More complete descriptions of the be-
havior and properties of metals used for implants are avail-
able (Park, 1984; Boretos and Eden, 1984; Mears, 1979).
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FIG. 10. The stages in the development of arthroplastic devices for the hip joint are shown schematically. (Reproduced
with permission of Sulzer Bros., Ltd., Winterthur, Switzerland, in Biocompatibility of Orthopedic Implants, D. F. Williams,
ed., CRC Press, 1984.)

There is also an extended series of books published by CRC chromium-tungsten—nickel alloy, (4) commercially pure tita-
Press on various biomaterials, their biocompatibility and nium and (5) titanium—6A1—4V alloy. However, recently
properties, not only for use in orthopedics but as implants there has been concern over the wear of the load-bearing
for other tissues and organs as well. Owing to the importance surfaces of titanium hip implants.
of these considerations, the ASTM Committee F-4 on Sur- There is still considerable research activity in this area, with
gical Implant Materials has written standard specifications new developments being introduced regularly. Because of vari-
for these metals as well as many other materials used ous concerns with the efficacy of the PMMA fixation of im-
for implants. At present, there are five metallic systems plants, alternative methods of fixation have been introduced.
used as implants: (1) stainless steel, (316L), (2) cast cobalt These include the use of porous outer coatings on the metals
chromium-molybdenum alloy, (3) wrought cobalt- in the case of titanium because of its low crevice corrosion. In
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FIG. 11. The moment arms about the hip joint are shown before operation,
A, and after reconstruction, with a small-diameter femoral head replacement, B
(22 mm). The arthroplastic hip shows medial displacement of the center of
rotation and lateral projection of the greater trochanter. (Reproduced with
permission of J. Charnley, Acrylic Cement in Orthopaedic Surgery. Churchill
Livingstone, 1972.)

addition, either solid or porous claddings of polymers, compos-
ites, and ceramics on metallic shafts are all being tried. Descrip-
tions of the properties of these nonmetallic materials will be
discussed later.

Polymers

There are two specific applications in orthopedics in which
polymers have proved useful. First, they are used for one
of the articulating surface components in joint prostheses.
Thus, they must have a low coefficient of friction and
low wear rate when they are in contact with the opposing
surface, which is usually made of metal or ceramic. Initially,
Charnley used Teflon for the acetabular component of
his total hip arthroplasty. However, its accelerated creep
and poor stress corrosion (for the material he used) caused
it to fail in vivo, requiring replacement with his ultimate
choice, UHMWPE. Thus, the twofold demands of "not
doing damage" and "not being damaged" were preeminent
once again.

Second, polymers are used for fixation as a structural
interface between the implant component and bone tissue.

Clearly in this case, the appropriate mechanical properties
of the polymer are of major importance. There are two
different ways in which this fixation can be produced and
each requires a different type of material with substantially
different properties. The first type of use was again Charn-
ley's. He used PMMA as a grouting material to fix both
the stem of the femoral component and the acetabular
component in place, and distribute the loads more uniformly
from the implants to the bone.

Since high interfacial stresses result from the accommoda-
tion of a high-modulus prosthesis within the much lower modu-
lus bone, the use of a lower modulus interpositional material
has been introduced as an alternative to PMMA fixation. Thus
recently, polymers such as polysulfone have been used as po-
rous coatings on the implant's metallic core to permit mechani-
cal interlocking through bone and/or soft tissue ingrowth into
the pores. This requires that the polymers have surfaces that
resist creep under the stresses found in clinical situations and
have high enough yield strength to minimize plastic defor-
mation.

As indicated earlier, the mechanical properties of con-
cern in polymer applications are yield stress, creep resis-
tance, and wear rate. These factors are controlled by such
polymer parameters as molecular chain structure, molecular
weight, and degree of branching or (conversely) of chain lin-
earity.

Polyethylene is available commercially in three different
grades: low-density, high density, and UHMWPE, the form
used in orthopedic implants. The better packing of linear chains
with the resulting increased crystallinity in the last form pro-
vides the improved mechanical properties required for orthope-
dic use even though there is a decrease in both ductility and
fracture toughness. The properties of the three grades are com-
pared in Table 2.

TABLE I Mechanical Properties of Cortical Bone, 316L
Stainless Steel, Cobalt-Chromium Alloy, Titanium and

Titanium-6-Aluminum-4-Vanadium

Young's Compressive Tensile
modulus strength strength

Material (GPa) (GPa) (GPa)

Bone
(wet at low strain rate) 15.2 0.15 0.090
(wet at high strain rate) 40.7 0.27-0.40 —

316L stainless steel 193 — 0.54

Co-Cr (cast) 214 — 0.48
Ti

0% porosity 110 — 0.40
40% porosity 24* — 0.076

T1-6A1-4V
0% porosity 124 — 0.94

40% porosity 27a — 0.14

"Calculated based on assuming £ = E (1 - V)3.
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TABLE 2 Properties of Polyethylene3 materials. The model proposed for the "chemical" bond
— formed between glass and bone is that the former undergoes

Low density High density Low density UHMWPEfo
 a controlled surface degradation, producing an SiO2 rich layer

a^j ^ £^ P-rich layer at the interface. Originally amorphous,
Molecular weight (g/mol) 3 4 x 1C)3 5 x 105 2 x 10" the Ca^ p.rich layer eventually crystallizes as a mixed hydroxy-
Density (g/mi) 0.90-0.92 0.92-0.96 0.93-0.944 carbonate apatite structurally integrated with collagen, which
Tensile strength (MPa) 7.6 23-40 3 permits subsequent bonding by newly formed mineralized

Elongation (%) 150 400-500 200-250 tissues.
Modulus of elasticity 96-260 410-1240 - There is stil1 an endrely different series of inorganic com-

fMPa) pounds that also have been shown to be osteophilic. These
include OHAp, which, is the form of the naturally occurring

"Reprinted with permission from J. B. Park, Biomaterials Science inorganic component of calcined tissues, and calcite, CaCO3,
and Engineering, Plenum PubL, New York, 1984. and its Mg analog, dolomite, among others being studied. The

''Data from ASTM F 648. most extensive applications in both orthopedics and dentistry
have involved OHAp. This has been used as a cladding for
metal prostheses for the former, and in dense, particulate form
for the latter. The elastic properties of OHAp and related
compounds are compared with those of bone, dentin, and

f t -i ft enamel in Table 5.Ceramics and Glasses
Ine use of both OHAp and the glass ceramics as clad-

In recent years, ceramics and glass ceramics have played an dings on the metallic stems of hip prostheses is still another
increasingly important role in implants. This has occurred method of providing fixation instead of using PMMA. In
because of two quite disparate uses. First, there is the use these cases, the fixation is via the direct bonding of bone to
associated with improved properties such as resistance to the cladding surface. Several of these systems are undergoing
further oxidation (implying inertness within the body), high clinical trials,
stiffness, and low friction and wear as articulating surfaces.
This requires the use of full-density, controlled, small,
uniform grain size (usually less than 5 /im) materials. The
small grain size and full density are important since these Composites
are the two principal bulk parameters controlling the ceram-
ic's mechanical properties. Clearly, any void within the It is evident from the description of bone properties and a
ceramic's body will increase stress, degrading the mechanical comparison with the corresponding properties of the various
properties. Grain size controls the magnitude of the internal metals' polymers, and ceramics, that there is a considerable
stresses produced by thermal contraction during cooling. In
ceramics, such thermal contraction stresses are critical be-
cause they cannot be dissipated as in ductile materials via
plastic deformation. Thus full-density, small grain size alu- TABLE 3 chemical and Mechanical Properties of Alumina
mina (A12O3) has proven quite successful as the material in for implants0

matched pairs of femoral head and acetabular components
in total hip arthoplasty. Some of alumina's chemical and Property Value
mechanical properties are listed in Table 3. Other ceramics
either in use or under consideration for such use include Chemical
Ti02 and Si3N4. A12O3 99.7%

The second, and scientifically more exciting application, MgO 0.23% (max)
takes advantage of the osteophilic surface of certain ceramics

j i • Ti . • i - j £ e SiO2 and alkali metal oxides 0.1%and glass ceramics. These materials provide an interface of
such biological compatibility with osteoblasts (bone-forming
cells) that these cells lay down bone in direct apposition to the Ph^J and Mechanical ^ ^
material in some form of direct chemicophysical bond. The „ . . ~ . g cm
. . . . . . , .. . . f Gram size 4 am
initial suggestion was the use of special compositions of c * * »u / • \ con n i ^AAA n VT -2, , , *, Fracture strength (compression) 580.0 ksi or 4000.0 N mm L

glass ceramics, which were termed bioglasses, for implant Flexure strength (MOR) 58 0 ksi or 400 0 N mm-2
applications in orthopedics. The bioglasses have nominal Young's modulus 55.000 ksi or 380,000 N mm2

compositions in the ranges: 40-50% SiO2; 5-31% Coefficient of friction: water
Na2O; 12-35% CaO; 0-15% P2O5; plus in some cases lubricant 0.05
MgO or B2O3 or CaF2, etc. Table 4 lists the compositions of Wear rate
several of the more relevant materials (Hench and Ethridge, (50 &/in.2; 400 mm sec'1) 3 x 10~W mg/mm
1982).

Several of these compositions have seen wide use as implant "Adapted with permission from Gibbons (1984).
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TABLE 4 Compositions of Surface-Active Glasses and Glass Ceramics1^'

Material SiO2 P2O5 CaO Na2O Other

4SS5 45.0 6.0 24.5 24.5

45S5-F 45.0 6.0 12.25 24.5 Caf2, 12.15

45S5-B5 40.0 6.0 24.5 24.5 B2O3, 5

45S5-OP 45.0 0 24.5 30.5 —

45S5-M 48.3 6.4 — 26.4 MgO, 18.5

Alkali-rich glass-ceramic 42-47 5-7.5 20-25 20-25 —

Ceravital 40-50 10-15 30-35 5-10 K2), 0.5-3.0
MgO, 2.5-5.0

Composition C 42.4 11.2 22.0 24.4

"Adapted with permission from L. L. Hench and E. C. Ethridge, Biomaterials: An Interfacial Approach, Academic Press, New York, 1982.
hln weight percent.

mismatch among the relative properties; thus, the present inter- superposition of the respective moduli of the components,
est in composite materials. £t and £2, weighted by their respective volume fractions Vl

As indicated in the introductory discussion of bone as a and V2 (rule of mixtures):
composite, the starting point used in modeling composite rV u w , c- \r L \r . \r t /->\
L I - • L - j r L • i • • £ = E\vi + E2V2 where Vl + V2 = 1 . ( 7 )behavior is the introduction of the simple superposition
relationships for a pair of disparate materials. When two Similarly, Fig. 12b illustrates the behavior of the isostress
materials with different elastic moduli but identical Poisson's distribution, the so-called series or Reuss model. In this case,
ratios are bonded together, there are two distinct limiting the superposition is over the compliances (inverses of the mod-
cases on the elastic properties of the composite. (When the uli), again weighted by their respective volume fractions, yield-
Poisson's ratios are not equal, a correction term must be ing as the Reuss modulus, £R, the value:
introduced into the equations.) Figure 12a illustrates the 1 V V £ £
behavior when the strains are distributed uniformly across — = — + — or £R — • - ... , (8)
the materials' interface, the so-called parallel or Voigt model. R i 2 1 2 2 1
This results in the Voigt modulus, £v, being the linear where again Vl + V2 — I.

TABLE 5 Elastic Properties of Mineral and Synthetic Apatites and Various Calcium-Bearing Minerals from Ultrasonic
Measurements Compared with Bone and Teeth

Bulk Modulus Shear Modulus Young's Modulus
Material (1010 N nT2) (1010 N nT2) (1010 N mf2) Poisson's ratio

FAp (mineral) 9.40 4.64 12.0 0.26

OHAp (mineral) 8.90 4.45 11.4 0.27

OHAp (synthetic) 8.80 4.55 11.7 0.28

ClAp (synthetic 6.85 3.71 9.43 0.27

Co3Ap (synthetic, type B) 8.17 4.26 10.9 0.28

CaF2 7.74 4.70 11.8 0.26

Dicalcium phosphate dihydrate 5.50 2.40 6.33 0.31

Bone (human femur, powdered) 2.01 0.800 2.11 0.33

Dentine (bovine, powdered) 3.22 1.12 3.02 0.35

Enamel (bovine, powdered) 6.31 2.93 7.69 0.32
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FIG. 12. (A) Parallel or uniform strain model of two phases (also call the Voight model); the stress
axis is parallel with the laminae. (B) Series or uniform stress model of two phases (also called the Reuss
model); the stress axis is perpendicular to the laminae.

While neither of these expressions is rigorously correct, the
Voigt and Reuss models do provide the upper and lower bounds
respectively on the behavior of such simple composites. When
the two moduli differ by no more than a factor of two or three,
the simple linear superposition of the Voigt and Reuss values
provides a good approximation. Of course, when one compo-
nent is now a low modulus matrix, Em, and the second compo-
nent is composed of high modulus, Ef, unidirectional fibers
oriented at some angle <£ with respect to the stress direction,
then a simple suitable modification of Eq. 8 by introducing a
fiber reinforcement factor that depends on <£ can provide for
such angular-dependent behavior:

whereas before Vm + Vf — 1.
Such a disparity in moduli means that there will be a corre-

sponding disparity in the composite modulus as a function of
angle. When the reinforcing fibers line up with the stress axis,
the composite modulus is determined predominantly by the
fiber modulus. However, for specimens with fibers oriented at
right angles ($ = 90°) to the stress axis, the trigonometric term
causes the value of the composite modulus to be reduced to
that of the matrix alone, which is usually that of a compliant
material. Thus, depending on the fiber orientation, the desired
modulus can be designed for the composite. Actually, the equa-
tions provided are simplified ones based on limiting cases. For
specific cases of interest, it is clear that the rich literature on
composites must be utilized.

The number of composite applications in orthopedics
has been rising in recent years. There have been attempts to
improve the properties of the UHMWPE used in total joint
replacement by including short, chopped, carbon fibers. How-
ever, in a series of laboratory experiments at the Hos-
pital for Special Surgery in New York City on total knee re-
placements using such components, it was found that the in-
creased elastic modulus of the fiber-reinforced UHMWPE was

responsible for increasing the maximum contact stress, the
maximum shear stress, the maximum principal stress, and the
range of the maximum principal stress (Wright et al., 1985).
All of these suggested that the surface damage in the carbon-
reinforced components would be at least as considerable as in
the ordinary component, if not actually even more severe.
Collateral fracture toughness and fatigue crack propagation
tests also showed rather interesting results. There was no sig-
nificant difference between the composite and ordinary poly-
ethylenes in the former tests, while in the latter, the fatigue
crack growth rates were nearly eight times higher for the car-
bon-reinforced component. Poor bonding between carbon fi-
bers and the polyethylene matrix was found to be responsible
for this poor fracture resistance. Clinical studies by the same
group on retrieved components from total knee replacements
confirmed the similar nature of the surface damage modes
observed on both the carbon-reinforced and unreinforced poly-
ethylene components. Thus in this use, the composite system
provided no improvement, and possibly even a reduction in
the functioning level of the component.

An area where composites appear to provide an interesting
and important application is in bone plates. These are plates
placed across fracture sites to provide fixation during the initial
stages of healing. However, the rigidity and stiffness of the
metallic plates generally used are much greater than the adja-
cent bone under the plate. The plate continues to carry a major
portion of the load even after healing has been initiated, thus
effectively "stress shielding" the underlying bone and delaying,
even possibly retarding, full healing. Eventually a second opera-
tion is required to remove the plate. A number of composite
plates of various compositions have been designed and tested,
including carbon-reinforced epoxy resin with the fibers ori-
ented at various angles to the longitudinal plate axis. In some
instances, thin layers with different fiber orientations are lami-
nated together to form a "super" composite. Carbon fiber-
reinforced polysulfone has been used as well as metal-rein-
forced polyacetal resin plates. Animal studies comparing these
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with comparable-sized stainless steel plates showed that both Gibbons, D. F. (1984). Materials for orthopedic implants, in Biocom-
the degree of bone resorption and the change in elastic modulus patibility of Orthopedic Implants, D. F, Williams, ed. CRC Press,
of the plated bone were greater the greater the stiffness of the Boca Raton> FL> v°l- 1> PP- 112-13/.
plates. However, even with such plates a second operation is Glimcher M. J., and Krane, S M. (1968). The organization and struc-

. if • i ture °* "One and the mechanism or calcification, in Treatise on
_, . . . . . . . . . Collagen, Vol. 11B, Biology o f Collagen, G , N . Ranachandran a n d
This situation is one where composites can provide a unique fi s ̂ ^ ̂  Acad presSj New York> pp. 68-251.

solution to the problem. There are mateials that can be biode- Hench) L L> and Ethridge, E. C. (1982). Biomaterials: An Interfacial
graded within the body, often with the timescale governed by Approach, Academic Press, New York.
the manner in which the material is processed. Thus, in princi- Katz, J. L. (1980a). The structure and biomechanics of bone, in The
pie, it might be possible to design a plate that would remain Mechanical Properties of Biological Materials, J. F. V. Vincent and
stiff and rigid enough to support the loads of physical activity J- D- Currey, eds. Cambridge Univ. Press, London and New York,
until the bone itself could oblige. Then, instead of continuing pp- 137~l68-

. r v i j c L J I - L Katz, L L . (1980b). Anisotropy o f Young's modulus of bone. Natureto bypass part or the load away from the underlying bone, as -i r/ b

the plate biodegraded, more and more of the load would trans- ^ ̂  L (~9gl); Composite matenai models for cortlca} bone5 m

£er onto the bone, thus providing the proper loading required Mechanical Properties of Bone, S. C. Cowin, Ed. A.S.M.E., New
for the full healing dynamics to take place. Totally bioresorb- York, AMD Vol. 45, pp. 171-184.
able composite plates have been made from poly(glycolic acid) Lakes, R. S., and Katz, J. L. (1979). Viscoelastic properties and behav-
(PGA) fibers embedded in a poly(lactic acid) (PLA) matrix. The ior of cortical bone; Part II: Relaxation mechanisms. /. Biomech.
time evolution of the properties of the PLA can be controlled by 12: 679-687.
making stereo copolymers of D- and L-lactic acid (denoted by Lakes' R- s-> Kat2' J- L" and Sternstein, S. S. (1979). Vtscoelastic
FIT A v L v • i_ ^ r i x.- - j • \ L. properties of wet cortical bone: I, Torsional and biaxial studies. J.PLA X, where X is the percentage or L-lactic acid units); the * . . .„ .,._ ,_. '

, , . i i i t i • Biomech. 1 2 : 657-678.
number of D- units apparently controls the degradation rate. MearSj D c (J979) Mafenals md Orthopaedtc Surgery> Williams

These composites are bioresorbable, exhibit good biocompati- an^ ypilkins Baltimore MD
bility with the tissues in which they are implanted, and have Park, J. B. (1989). Biomaterials Science and Engineering. Plenum Pub!.,
adjustable resorption rates, depending on the relative amounts New York.
of L- and D-lactic acid units as well as on the quantities of Wright, T. M., Bartel, D. L., and Rimnac, C. M. (1985). Carbon fiber-
GA and LA repeating units. This concept of bioresorption or reinforced UHMWPE for total joint replacement components, in
biodegradability is an important one in many areas of bioim- Proc- 1st International Conf.: Composites in Bio-Medical Engineer-
plants (e.g., time-released drug delivery) (Boretos and Eden, '**• Pkstics *nd Rubber Institute' London' PP- 21/1'4-
+ QQA\ Yoon, H. S., and Katz, J. L. (1976). Ultrasonic wave propagation in

„ ,,'. , , , , . . . . . human cortical bone—I. Theoretical considerations of hexagonal
Still another use of composites in orthopedics is in replace- Symmetry. /. Biomech. 9: 407-412.

ment of damaged tendons and ligaments. Both of these behave Young; R A (1975) Some aspects of crystal stmcturai modeling
as tensile systems within the body with a tendon providing a Of biological apatites, in Physico-chimie et Cristalhgraphie des
connection between a muscle and a bone, and a ligament serv- Apatites d'lnteret Biologique. CNSR Publication #230, Editions
ing the same purpose between a pair of bones. Thus, carbon du CNRS, Paris.
fiber-reinforced polymer systems have been introduced in this
area. In this case, biodegradable polymers such as PLA have
been used to coat high-strength uniaxial filamentous carbon
to form a composite ribbon. This system is based on the concept
that the implant acts as a scaffold, allowing ingrowth of fibrous
collagenous tissue in an attempt to reform the connective tis-
sue ltself 7.8 DRUG DELIVERY SYSTEMS

The systems described have by no means exhaust the com- Joree Helle
posites being used nor the areas in orthopedics in which they are
utilized. The leading biomedical materials journals regularly . . . . . . t .
publish research articles describing some new composite, ce- . The ma)or ^antage in developing systems that release
ramie, alloy, or polymer for implant use. ^ m a Controlled manner can be appreciated by examining

rig. 1, which illustrates changes in blood plasma levels follow-
ing a single dose of a therapeutic agent. As shown, the blood
plasma level rapidly rises and then exponentially decays as the
drug is excreted and/or metabolized. The figure also shows

Bibliography concentrations above which the drug produces undesirable side
T ™ I T ^ I » , , , i v / . , ™ . , v ^ , „- • effects and below which it is not therapeutically effective. The

IJoretos, J. w.. and tden, M. (eds.) (19»4). Contemporary Biomaten- ,./-,- , , , . . t , ,
i \t * / ju * D ^ /-/• • i A^I- *- xr -r i ditrerence between these two levels is known as the therapeu-als: matenai ana Host Response, Clinical Applications. New Tech- . . . r

nology and Legal Aspects, Noyes Med. Publ., Park Ridge, NJ. tlc mdex-
Charnley, J. (1972). Acrylic Cement in Orthopaedic Surgery, Churchill UsmS a sin§le dose> the time during which the concentra-

Livingstone, London. ti°n of the drug is above the minimum effective level can
Evans, F. E. (1973). Mechanical Properties of Bone. Charles C. only be extended by increasing the size of the dose. However,

Thomas, Springfield, IL. by doing so, blood plasma concentrations extend into the
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FIG* 1« Drug concentration following absorption of therapeutic agent as a
function of time. ( ) safe dose, ( ) unsafe dose, ( ) controlled release.
(Reprinted from T. J. Roseman and S. H. Yalkowsky, in Controlled Release
Polymeric Formulations, D. R. Paul and F. W. Harris, eds., ACS Symposium
Series 33, American Chemical Society, 1976, pp. 33-52.)

toxic level, an undesirable situation. For this reason, develop-
ing controlled-release devices that can maintain a desired
blood plasma level for long periods without reaching a toxic
level or dropping below the minimum effective level is of
great interest.

Aside from the clear therapeutic advantage of controlled-
release products, there are also compelling business reasons
for the development of such devices. Because of increasingly
more stringent U.S. Food and Drug Administration (FDA)
regulations, the cost for introducing new drug entities has
escalated to an average of $150 million for each drug and
it is not uncommon for development to require more than
10 years of research and development work. Thus, it is
reasonable for pharmaceutical companies to attempt to max-
imize their financial return for each drug by research aimed
at extending the patented lifetime of the drug. One means
of doing this is to develop a patented controlled-release
formulation. However, the commercial feasibility of such a
strategy is predicated on a demonstration that the controlled-
release formulation is indeed superior to the unformulated
drug and most important, that the cost of the controlled-
release formulation is low enough to ensure a reasonable
market penetration.

Successful efforts to produce pharmaceutical formulations
that would prolong the action of therapeutic agents, thus min-
imizing the frequency between dosing, go back to the late 1940s
and early 1950s with the introduction of the first commercial
product known as Spansules. This product was designed to
increase the duration of orally administered drugs and con-
sisted of small spheres with a soluble coating. By using coatings
having varying thicknesses, dissolution times could be varied,
prolonging the action of the therapeutic agent. Such formula-
tions are now known as sustained-release or prolonged-re-
lease products.

However, the functionality of such products depends on
the external environment which varies greatly from patient to
patient. For this reason, a major effort has been under way
since the late 1960s to develop products which are capable
of releasing drugs by reproducible and predictable kinetics.
Ideally, such products are not significantly affected by the exter-

TABLE 1 Classification of Controlled Release Systems

Type of system Rate-control mechanism

Diffusion controlled
Reservoir devices Diffusion through membrane
Monolithic devices Diffusion through bulk polymer

Water penetration controlled
Osmotic systems Osmotic transport of water through

semipermeable membrane
Swelling systems Water penetration into glassy

polymer

Chemically controlled
Monolithic systems Either pure polymer erosion (surface

erosion) or combination of
erosion and diffusion (bulk
erosion)

Pendant chain systems Combination of hydrolysis of
pendant group and diffusion from
bulk polymer

Regulated systems
Magnetic or ultrasound External application of magnetic

field or ultrasound to device
Chemical Use of competitive desorption or

enzyme-substrate reactions. Rate
control is built into device

nal environment so that patient-to-patient variability is greatly
reduced. Such devices are known as controlled-release prod-
ucts. Controlled-release polymeric systems can be classified
according to the mechanism which controls the release of the
therapeutic agent and are shown in Table 1.

DIFFUSION-CONTROLLED DELIVERY SYSTEMS

Two fundamentally different devices in which the rate of
drug release is controlled by diffusion can be constructed. These
are monolithic devices and membrane-controlled devices.

Monolithic Devices

In a monolithic device, the therapeutic agent is dispersed
in a polymer matrix and its release is controlled by diffusion
from the matrix. Mathematical treatment of diffusion depends
on the solubility of the agent in the polymer and two cases
must be considered. In one case, the agent is present below its
solubility limit and is dissolved in the polymer. In the other
case, the agent is present well above its solubility limit and is
dispersed in the polymer.

The release of an agent that is dissolved in the polymer can
be calculated by two equations, known as early-time approxi-
mation (Eq. 1), and late-time approximation (Eq. 2) (Baker
and Lonsdale, 1974).
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These equations predict the rate of release from a slab of
thickness /, where D is the diffusion coefficient, Mx is the total
amount of agent dissolved in the polymer, and M, is the amount
released at time t. According to Eq. 1, which is valid over the
first 60% of the release time, the rate decreases as the square
root of time. During the latter 40% of the release time, the
rate decays exponentially, as shown by Eq. 2. Plots of these
two approximations are shown in Fig. 2.

When the agent is dispersed in the polymer, release kinetics
can be calculated by the Higuchi equation (Higuchi, 1961)
(Eq. 3).

In this equation, A is the slab area, Q is the solubility of
the agent in the matrix, and C0 is the total concentration of
dissolved and dispersed agent in the matrix. Clearly, in this
particular case, release rate decreases as the square root of time
over the major portion of the delivery time and deviates only
after the concentration of the active agent remaining in the
matrix falls below the saturation value Cs.

Membrane-Controlled Devices

In this particular delivery system, the active agent is con-
tained in a core that is surrounded by a thin polymer membrane,
and release to the surrounding environment occurs by diffusion
through the rate-limiting membrane.

FIG. 2. Release rate of drug initially dissolved in a slab as a function of time.
(Reprinted from R. W, Baker and H. K. Lonsdale, in Controlled Release of
Biologically Active Agents, A. C. Tankaray and R. E. Lacey, eds., Plenum Publ.,
1974, p. 43.)

When the membrane is nonporous, diffusion can be de-
scribed by Pick's first law

Where / is the flux in g/cm2-sec, Cm is the concentration of
the agent in the membrane in g/cm3, dCm/dx is the concentra-
tion gradient, and D is the diffusion coefficient of the agent in
the membrane in cm2/sec.

Because the concentration of the agent in the membrane
cannot be readily determined, Eq. 4 can be rewritten using
partition coefficients which describe the equilibrium ratio of
the saturation concentration of the agent in the membrane to
that in the surrounding medium.

where AC is the difference in concentration between the solu-
tions on either side of the membrane, K is the partition coeffi-
cient, and / is the thickness of the membrane.

Reservoir devices can also be constructed with membranes
that have well-defined pores connecting the two sides of the
membrane. Diffusion in such rnicroporous membranes occurs
principally by diffusion through the liquid-filled pores. In this
system, the flux is described by Eq. 6.

where £ is the porosity (number of pores per unit area) of the
membrane and T is the tortuosity (average length of channel
traversing the membrane).

One of the most important consequences of Eqs. 5 and 6 is
that the flux/ will remain constant provided that the membrane
material does not change with time so that D, K, £, and r
remain constant. However, another very important require-
ment is that AC also remains constant. The practical conse-
quences of this requirement is that the concentration of the
agent in the core cannot change with time and that the agent
released from the device must be rapidly removed. Constant
agent concentration in the core can be readily achieved by
dispersing the agent in a medium in which it has a very low
solubility. However, it is not always possible to ensure that
the concentration of an agent does not increase around the
device, particularly with agents having very low water solubil-
ity and deviations from zero-order kinetics, known as bound-
ary-layer effects.

Another factor that contributes to deviations from zero-
order release kinetics is migration of agent from the core into
the membrane on storage. Then, when the device is placed in
a release medium, initial release is rapid because the agent
diffuses from the saturated membrane. This nonlinear portion
of the release is known as the burst effect.

Applications

Decisions as to which type of device is most appropriate
for an intended application must consider the need for constant
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FIG* 3. Schematic diagram of Ocusert. (Reprinted from S. K. Chandrase-
karan, H. Benson, and J. Urquhart, in Sustained and Controlled Release Drug
Delivery Systems, ]. R, Robinson, ed., Marcel Dekker, 1978, p, 571.)

drug release, manufacturing cost, and safety. Although the
long-term zero-order drug release achievable with reservoir
devices is highly desirable, it is expensive to manufacture such
devices and in many applications where cost is important,
inexpensive matrix-type devices are used even though their
release rate declines with time. The utilization of such devices
is very common in the veterinary or agricultural fields where
low cost is of paramount importance.

When cost is not an overriding consideration, as is the
case in human therapeutics, then reservoir-type devices are
an excellent choice and a number of such devices are currently
available. These are the Ocusert, which is inserted in the lower
cul-de-sac of the eye to control glaucoma, the intrauterine
contraceptive device Progestasert, and the contraceptive im-
plant Norplant. The complete Norplant system consists of
six silicone tubes, 20 x 2 mm, and contains the contraceptive
steroid levonorgestrel in the core of the devices, which are
designed for implantation in the upper arm. They are capable
of maintaining a therapeutically effective concentration of
levonorgestrel for as long as 5 years. The construction of
the Ocusert device is shown in Fig. 3. Even though reservoir-
type devices can yield zero-order kinetics for long periods
of time, the safety of the device is of concern because rupture
of the membrane can rapidly release the entire contents of
the core. Thus, the amount of drug in the core and its
toxicity must be considered.

To date, the most commercially successful use of diffusional
systems is in transdermai applications. In these devices, a poly-
meric delivery system is held on the skin by an adhesive. The
device contains the drug either in a reservoir with a rate-con-
trolling membrane, or dispersed in a polymer matrix. A sche-
matic of a membrane-controlled device is shown in Fig. 4. The

FIG. 4. Schematic of membrane-controlled transdermal device.

TABLE 2 Currently Marketed
Transdermal Systems1'

Clonidine Boehringer-Ingelheim
Estradioi Ciba-Geigy

Besins-Iscovesco

Etofenamate Bayer

Fentanyl Janssen

Isosorbide dinitrate (a) Yamanouchi
(b) Yamanouchi

Nicotine Parke-Davis
Ciba-Geigy
Marion
Lederle

Nitroglycerine Several companies
(a) Key Pharmaceuticals
(b) Key Pharmaceuticals
G. D. Searle
Ciba-Geigy
Wyeth
Bolar, others
Nippon Kayaku/Taiho
3M Riker

Progesterone Besins-Iscovesco

Scopolamine Ciba-Geigy
Myum Moon Pharm

"Reproduced in part from Innovations in Drug Deliv-
ery, Impact on Pharmacotherapy, A. P. Sam and J. G.
Fokkens (eds.). The Anselmus Foundation, Houten, The
Netherlands, 1995, p. 71.

drug is released from these devices through the skin and is
taken up by the systemic circulation. Because the outer layer
of the skin, the stratum corneum, is highly impermeable to
most drugs, either very potent drugs must be used or the flux
of the drug through the skin must be augmented by penetration
enhancers. Transdermal systems currently approved by the
FDA are shown in Table 2.

WATER PENETRATION CONTROLLED SYSTEMS

In this type of device, the rate of delivery is controlled by
the penetration of water into the device. Two general types of
devices are in use.

Osmotfcalfy Controlled Devices

The operation of an osmotic device can be seen schemati-
cally in Fig. 5 (Theeuwes and Yum, 1976). In this device,
an osmotic agent is contained within a rigid housing and is
separated from the agent by a movable partition. One wall of
the rigid housing is a semipermeable membrane and when the
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FIG. 5. Schematic representation of an osmotic pump. (Reprinted from F. Theeuwes and S. 1. Yum,
Ann. Biomed. Eng. 4: 343-353, 1976.)

device is placed in an aqueous environment, water is osmoti-
cally driven across the membrane. The resultant increase in
volume within the osmotic compartment exerts pressure on
the movable partition, which then forces the agent out of the
device through the delivery orifice.

The volume flux of water across the semipermeable mem-
brane is given by:

where dVldt is the volume flux, ATT and AP are, respectively,
the osmotic and hydrostatic pressure differences across the
semipermeable membrane, Lp is the membrane mechanical per-
meability coefficient, cr is the reflection coefficient, and A and
/ are, respectively, the membrane area and thickness.

The rate of delivery, dM/dt, of the agent is then given
simply by

where C is the concentration of the agent in the solution that
is pumped out of the orifice,

Swelling-Controlled Devices

In this type of delivery system, the agent is dispersed in a
hydrophilic polymer that is glassy in the dehydrated state but
swells when placed in an aqueous environment. Because diffu-
sion of molecules in a glassy matrix is extremely slow, no
release occurs while the polymer is in the glassy state. However,
when such a material is placed in an aqueous environment,
water will penetrate the matrix and as a consequence of swell-
ing, the glass transition temperature of the polymer is lowered
below the temperature of the environment and the drug diffuses
from the polymer.

The process shown schematically in Fig. 6 is characterized
by the movement of two fronts (Langer and Peppas, 1983).
One front, the swelling interface, separates the glassy polymer
from the swollen rubbery polymer and moves inward into the
device. The other front, the polymer interface, moves outward
and separates the swollen polymer from the pure dissolution
medium. In systems where the glassy polymer is noncrystalline
and linear, dissolution takes place. However, when the polymer
is highly crystalline or cross-linked, no dissolution takes place.
Although many swellable drug formulations are available, the
term "swelling controlled" is only applicable to those formula-
tions in which the release is actually controlled by the swelling
phenomenon just described.

FIG. 6. Schematic representation of swelling-controlled release system. As
penetrant A enters the glassy polymer B, bioactive agent C is released through
the gel phase of thickness 8(t). (Reprinted from R. S. Langer and N. A. Peppas,
Rev. Macromol, Cbem. Phys. C23: 61-126, 1983.)
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Applications

At present, two osmotically controlled drug release systems
are commercially available. A number of swelling-controlled
devices are under advanced stages of development and some
have reached commercialization.

Two types of osmotic devices are in use. One device, known
as Osmet, is a capsule approximately 2.5 cm long and 0.6 cm
in diameter and is intended as an experimental device that can
be implanted in the tissues of animals, where it delivers a
chosen therapeutic agent at known, controlled rates. The agent
is placed in an impermeable, flexible rubber reservoir that is
surrounded by an osmotic agent, which in turn is surrounded
and sealed within a rigid cellulose acetate membrane (Theeuwes
and Yum, 1976).

In an aqueous environment, water is osmotically driven
across the cellulose acetate membrane and the resultant
pressure on the rubber reservoir forces the agent out of the
orifice. The device is shown in Fig. 7. It is provided empty
and can be filled with the desired therapeutic agent by the
user. Because the driving force is osmotic transport of water
across the cellulose acetate membrane, the rate of release of
the agent from the device is independent of the surround-
ing environment.

A second type of device known as Oros is shown in Fig. 8
(Theeuwes, 1975). This device is intended for oral applications
and is manufactured by compressing an osmotically active
agent into a tablet, coating the tablet with a semipermeable
membrane, and drilling a small hole through the coating with
a laser. When the tablet is placed in an aqueous environment,
water is driven across the semipermeable membrane and a

FIG. 7. Schematic representation of osmotic pump and components. (Re-
printed from F. Theeuwes and S. I. Yum, Ann. Biomed. Eng. 4: 343—353, 1976.)

FIG. 8. Cross section of Oros. (Reprinted from F, Theeuwes, /. Pharm. Sci.
64: 1987-1991, 1975.)

solution of the agent is pumped out of the orifice. A major
advantage of this device is that a constant rate of release as it
traverses the gastrointestinal tract is achieved. An over-the-
counter osmotic device known as Acutrim used in appetite
suppression is also available.

A swelling-controlled oral device commercially available as
Geomatrix, is shown schematically in Fig. 9. In this device, a
drug is dispersed in a swellable polymer such as hydroxypropyl
methylcellulose, which is compressed into a tablet, and two
sides are coated with a water-impermeable coating such as
cellulose acetate propionate. This impermeable coating affects
the swelling of the matrix and modifies diffusional release
kinetics so that reasonably constant release kinetics are
achieved.

CHEMICALLY CONTROLLED DEVICES

There is considerable confusion in the use of the terms
"bioerodible" and "biodegradable," and no generally accepted
definitions are availiable. In this chapter we only use the term
"bioerodible." The prefix bio is used because the erosional
process takes place in a biological environment and carries no
implication that erosion is assisted by enzymes or other active
species in the biological milieu.

Drug Release Mechanisms

Drug release from bioerodible polymers can occur by any
one of three basic mechanisms shown schematically in Fig. 10

FIG. 9. Schematic representation of swelling-controlled oral system.
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FIG. 10. Schematic representation of drug release mechanisms.

(Heller, 1985). In mechanism A, the active agent is covalently targeting applications. Such a polymer contains a covalently
attached to the backbone of a biodegradable polymer and is attached drug and targeting moieties so that when it is injected
released as its attachment to the polymer backbone cleaves by intravenously it collects at the target site, where the drug is
hydrolysis of bond A. Because it is not desirable to release the released by cleavage of the labile bond (Kopecek, 1990). Both
drug with polymer fragments still attached, the reactivity of applications are still in the experimental stages and no commer-
bond A should be significantly higher than the reactivity of cial products are available,
bond B. In mechanism B, the active agent is contained within
a core and is surrounded by a bioerodible rate-controlling
membrane. Release of the active agent is then controlled by Applications
its diffusion across the membrane. In mechanism C, the active . , , . • , / x r $ i i

. .. , . , . ... . . i - i • An example of a depot-type system is polyiN-hydroxypro-
agent is dispersed in a bioerodible polymer and its release is , , \ • u i. • • j L • j0 , , i i t-ft • i i - • c i-fr • i pyl-L-glutamate) with the contraceptive steroid norethmdrone
controlled b y diffusion, b y a combination of diffusion a n d , , , , , i t . u i - i / n

. . covalently attached to the polymer by a carbonate link (Pe-
erosion, or by pure erosion. . , 1QOn\ c u u i /\rs u j i1 r terson et at., 1980). Even though poly(AP~hydroxypropyl-L-

glutamate) is water soluble, attachment of the highly hydropho-
bic norethindrone yields a water-insoluble product. Then, as

Drug Covalently Attached to tne hydrophobic steroid is released by hydrolysis of the carbon-
Potvmer Backbone ate ^n^> polymer hydrophilicity increases and reaction rate in

the hydrophilic region accelerates. As a consequence of this
This delivery system has found two applications. In one, process, a hydrophilic front develops and moves through the

the polymer-drug adduct is water insoluble and is used as a solid, hydrophobic polymer. Because diffusion of the steroid
subcutaneous or intramuscular implant. In the other applica- through the hydrophilic layer is rapid relative to the movement
tion, the polymer—drug adduct is water soluble and is used in of the hydrophilic front, the rate of drug release is determined
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by the rate of movement of this front and a fairly constant
release can be achieved.

Drug Contained within a Biodegradable Core

This delivery system is identical to the reservoir system
already discussed, except that the membrane surrounding the
drug core is bioerodible. Therefore, such systems combine the
advantage of long-term, zero-order drug release with bioerod-
ibility.

Because constancy of drug release requires that the diffu-
sion coefficient D of the agent in the membrane remain
constant (Eq. 5), the bioerodible membrane must remain
essentially unchanged during the delivery regime. Further-
more, the membrane must remain intact while there is still
drug in the core to prevent its abrupt release. Thus, significant
bioerosion cannot take place until drug delivery has been
completed.

Application

The only system that uses this approach is a delivery device
for contraceptive steroids. A device in the advanced stages
of development is based on a poly(s-caprolactone) capsule
containing the contraceptive steroid, levonorgestrel. This de-
vice, known as Capronor, is designed to release levonorgestrel
at constant rates for 1 year and to completely bioerode in 3
years (Pitt et al., 1980). Phase II clinical trials have recently
been completed.

Drug Dispersed In a Bioerodible Matrix

A discussion of bioerodible matrix systems is conveniently
divided into systems in which drug release is determined pre-
dominantly by diffusion, and systems in which drug release
is determined predominantly by polymer erosion. When the
polymer undergoes surface erosion, the rate of release is com-
pletely determined by erosion (Heller et al., 1978).

Drug Release Determined Predominantly by Diffusion

Drug release from polymers in which hydrolysis occurs at
more or less uniform rates throughout the bulk of the polymer
is determined predominantly by Fickian diffusion. When the
rate of polymer hydrolysis is slow relative to drug depletion,
f1/2 kinetics identical to those observed with nondegradable
systems are observed. When the rate of polymer hydrolysis
is significant before drug depletion, then the t112 kinetics are
modified by the hydrolysis process.

The most extensively investigated bulk-eroding polymers
are poly(lactic acid) and copolymers of lactic and glycolic acids.
These polymers were originally developed as bioerodible su-
tures and because they degrade to the natural metabolites,
lactic acid and glycolic acids, to this day they occupy a preemi-

FIG. I 1. Structure of polymer with uniform hydrolysis.

nent place among bioerodible drug delivery systems (Heller,
1984). Their structure is shown in Fig. 11

Drug Release Determined Predominantly by Erosion

Certain polymers can undergo a hydrolysis reaction at de-
creasing rates from the surface of a device inward and under
special circumstances the reaction can be largely confined to
the outer layers of a solid device. Two such polymers are
poly(ortho esters) and polyanhydrides. Because the rates of
hydrolysis of these polymers can be varied within very wide
limits, considerable control over rate of drug release can be
achieved.

Poly(Ortho Esters) Poly(ortho esters) are highly hydro-
phobic polymers that contain acid-sensitive links in the polymer
backbone. At the physiological pH of 7.4, these links undergo
a very slow rate of hydrolysis, but as the ambient pH is lowered,
hydrolysis rates increase. Thus, the incorporation of small
amounts of acidic excipients such as aliphatic dicarboxylic
acids into such materials allows precise control over rates of
erosion. With highly hydrophobic drugs, surface hydrolysis
can take place because as water intrudes into the polymer, the
acidic excipient ionizes and hydrolysis accelerates owing to the
decreased pH in the surface layers. As a result of this process,
an eroding front develops that moves into the interior of the
device. However, when hydrophilic drugs are used, water is
rapidly drawn into the polymer and bulk hydrolysis takes place.
Three families of poly(ortho ester) have been developed and
are shown in Fig. 12 (Heller, 1993).

Very long erosion times can be achieved by incorporating
basic excipients such as Mg(OH)2. In this case, and also with
hydrophobic drugs, long-term surface erosion can take place
because hydrolysis can only occur in the outer layers where
the basic excipient has diffused out of the device and has been
neutralized by the external buffer (Heller, 1985).

Polyanhydrides These materials were first prepared in
1909, and were subsequently investigated as potential textile
fibers but found unsuitable owing to their hydrolytic instability.
Although polyanhydrides based on poly[bis(£?-carboxyphen-
oxy) alkane anhydrides] have significantly improved hydrolytic
stability, they retain enough hydrolytic instability to pre-
vent conmmercialization, despite their good fiber-forming
properties.

The use of polyanhydrides as bioerodible matrices for the
controlled release of therapeutic agents was first reported in
1983 (Rosen et al., 1983). Because aliphatic polyanhydrides
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FIG. 12. Families of poly(ortho esters).

hydrolyze very rapidly while aromatic polyanhydrides hydro- stitute of Technology and the rights assigned to Nova Pharma-
lyze very slowly, excellent control over hydrolysis rate can ceuticals, where it is being explored as a bioerodible implant for
be achieved by using copolymers of aliphatic and aromatic the release of BCNU [N,N-bis(2-chloroethyl)-N-nitrosourea]
polyanhydrides. In this way, erosion rates from days to years following brain cancer surgery. The polymer has been approved
have been demonstrated (Leong et al., 1985,1986). The struc- for use in terminally ill cancer patients, and clinical trial with
ture of a polymer based on bis( p-carboxyphenoxy) alkane and excellent results are under way.
sebasic acid is shown in Fig. 13.

Applications of Bioerodible Polymers

Lactide—glycolide copolymer systems have been extensively
investigated for the delivery of the contraceptive steroids nor-
ethindrone and levonorgestrel from injectable microspheres
and for delivering synthetic analogs of luteinizing hormone-
releasing hormone (LHRH). The contraceptive delivery system
is in advanced stages of development and devices containing
norethindrone have passed Phase II clinical trials and are in
Phase III clinical trials. LHRH-releasing systems for control of
prostate cancer are now commercially available.

Poly(ortho ester) system 2 has been used for delivering levo-
norgestrel, 5-fluorouracyl and naltrexone. It is patented by SRI
International and rights are assigned to Merck, Sharpe, and
Dohme, where it is being developed for a range of commer-
cial applications.

Poly(ortho ester) 3 represents a unique polymer system that
is a viscous, hydrophobic, pastelike material at room tempera-
ture even at fairly high molecular weights. The pastelike prop-
erty allows incorporation of therapeutic agents under very mild
conditions and it is under investigation for the continuous and
pulsed release of proteins.

Poiyanhydride has been patented by the Massachusetts In-

FIG. 13. Structure of polymer based on bis(/?-carboxyphenoxy) alkane and
sebasic acid.

REGULATED SYSTEMS

During the past two decades, controlled-release administra-
tion of therapeutic agents from various types of delivery sys-
tems has become an important area of research, and significant
advances in theories and methodologies have been made. How-
ever, even though devices that are capable of releasing thera-
peutic agents by well-defined kinetics are a significant improve-
ment over conventional dosage forms, these devices do not yet
represent the ultimate therapy because the agent is released
without regard of the need of the recipient. Therefore, another
very significant improvement can be realized if systems could
be devised that are capable of adjusting drug output in response
to a physiological need.

Regulated systems can be broadly grouped into exter-
nally regulated and self-regulated. In this classification, ex-
ternally regulated devices can alter their drug output only in
response to an external intervention while self-regulated
devices can do so without external intervention (Heller,
1988).

Externally Regulated

Among the most advanced externally regulated devices are
mechanical pumps that dispense drugs from a reservoir to the
body by means of a catheter. Such pumps can be worn exter-
nally or can be implanted in a suitable body site. A major
application is control of diabetes by delivering insulin in re-
sponse to blood glucose levels. A number of such pumps, such
as the CPI Lilly pump, have sophisticated control mechanisms
and microprocessors that allow programmed insulin delivery
(Brunetti et al., 1991).
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Another means of externally regulating drug delivery is by
means of magnetism (Hsieh et al., 1989). In this procedure,
small magnetic spheres are embedded within a polymer matrix
that contains a dispersed therapeutic agent. When an oscillating
magnetic field is applied to the polymer, the normal diffusional
release is significantly and reversibly increased.

The rate of drug release can also be reversibly increased by
the use of ultrasound (Kost et al., 1981). This method has been
applied to biodegradable polymers and it has been shown that
the rate of bioerosion and drug release can be significantly
enhanced. Unlike magnetically enhanced devices, ultrasound ™* 14'. Jumble enzyme inactivation by hapten-antibody interactions

, i • i • i i 1 1 - 1 *n tnis particular case, the drug is morphine and the enzyme is Iipase. (Reprinted
can be used with implants and represents a means by which from R s Schneider? P- Lindquist, E. T. Wong, K. E. Rubinstein, and E. F.
enhanced insulin delivery could be realized. Ullman, din. Chem. 19: 821-825,1973.)

Self Regulated

Self-regulated deuces are capable of altering drug output (Schneider et al., 1973) as shown in Fig. 14. In the device under
in response to an external change and can be classified into deveiopment) naltrexone is contained in a core surrounded by
substrate-specific and environment-specific devices. an enzymatically degradable coating that prevents its release.

S h«t at Sn*»rlfir ^n tbe absence of external morphine, the device is stable, but
upon exposure to morphine, the reversibly inactivated enzyme

Two different types of devices are under development. In is activated and degrades the protective coating, which results
one type, the substrate modulates drug release from the device, in naltrexone release. The actual device utilizes the enzyme
while in the other type the substrate triggers drug release from Hpase and a triglyceride protective coating (Roskos et al.,
a passive device. 1993).

Environment-Specific Devices
Modulated Devices The major driving force for develop-

ing such devices is a need to better control diabetes since it is In an environment-specific approach, devices are con-
now well recognized that replacement of insulin by periodic structed that can alter drug rdease m response to changes in
injections does not adequately control this disease. Thus, many temperature or pH. One example of polymers that can revers-
approaches are under way in attempts to develop devices that lbb/ resPond to temperature changes are hydrogels based on
can release insulin in response to blood glucose concentrations. N-1Sopropylacrylarmde (Yang etal, 1990; Okano etal., 1990).

In one such approach, a sugar is covalently attached to ™en thls monomer is copolymenzed with methylene bis-
insulin and the sugar-insulin conjugate is complexed with the acrylamide, the resulting cross-linked materials have been
plant-derived, carbohydrate-binding protein Concanavalin A shown to demix Wlth water and to shrmk abruptly when heated
(Con A). Because the sugar-insulin conjugate is displaced from Just above 3 rc The collaPse of the hydrogel occurs as a result
Con A in proportion to the external glucose concentration, of a Phase trans«ion of poly(N-isopropylacrylamide), which
such a device can deliver insulin in response to blood glucose 1S soluble m water at lts lower cntical solution temperature
levels (Makino et al 1990) (LCST) of 31°C but becomes insoluble when the temperature

Another approach utilizes pH changes resulting from the is increased ius* Past this temperature. Such materials are useful
glucose oxidase conversion of glucose to gluconic acid and for the deliveT or removal of biological molecules triggered
pH-sensitive polymers that can respond to that change. Such by temPerature changes.
polymers can be membranes that reversibly alter their porosity pH-Sensitive systems can be constructed from lightly cross-
by a protonation of tertiary amine functions in the polymer lmked copolymers of w-alkyl methacrylates (hydrophobic
(Albin et al. 1985; Ishihara et al., 1986) or by ionization of a monomer) and N,N-dimethylammoethyl methacrylates (ion-
grafted polyacrylic acid on a microporous substrate (Ito et al, lzable monomer) (Siegel, 1990). Such materials exhibit a
1989; Iwatae^/., 1988), or they can be bioerodible polymers stron§ dependence of swelling on external pH and can
that alter their erosion rate in response to pH changes (Heller abruptly swell when the external pH is lowered. The pH at
et al 1990) which the abrupt swelling occurs is a function of copoly-

mer composition.

Triggered Devices One important application is the devel-
opment of a device capable of releasing the narcotic antagonist olouOgFAphy
naltrexone in response to external morphine Such a device m^ ̂  Horbett; T ̂  and ̂  fi D Gkcose ̂ ^
would be useful in treating narcotic addiction by blocking the membraneS for controlled delivery of insulin: insulin transport
opiate-induced euphoria through a morphine-triggered release studies. j. Controlled Release 2: 153-164.
of the antagonist. Development of this device utilizes the revers- Baker, R. W., and Lonsdale, H. K. (1974). Controlled release: mecha-
ible inactivation of an enzyme by hapten-antibody interaction nisms and rates, in Controlled Release of Biologically Active
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TABLE 1 Major Commercially Available Polymeric Sutures

Representative Major
Sterilization commercial clinical

Suture type Generic chemical structure Construction" method^ product (manufacturer) use

Natural materials
Catgut Protein Tw ETO/Rad. Catgut (D+G, Ethicon) Ob/Gyn, urology
Silk Protein B ETO/Rad. Silk (D + G) Cardiovascular

Surgical silk (D+G) Vascular

Synthetic absorbable
Poly(giycolk acid) [—OCH2CO2CH2CO—] B ETO Dexon II (D+G)C General, Ob/Gyn
Po!y(glycolide-co- [™OCH2CO2CH2CO—]90 B ETO Coated vicryl (Eth- General, Ob/Gyn

lactide) [OCH(CH3)CO2CH(CH3)—CO—]10 icon)^
Polysorb (USSC)6

Poly(p-dioxanone) [—O(CH2)2OCH2CO—] M ETO PDS (Ethicon^ General, Ob/Gyn
Poly(glycolidc-co- [—OCH2CO—]67 M ETO Maxon (D+G)* General, Ob/Gyn

trimethylene car- [—OCH2CH2CH2OCO—]33

bonate)

Synthetic nonabsorbable
Poly(butylene tereph- [— O(CH2)4OCOC6H4CO—] B, M ETO/Rad. Miraline (Braun) Cardiovascular

thalate) Orthopaedics
Polyethylene tereph- [•—O(CH2)2OCOQH4CO—] B, M ETO/Rad. Ti.Cron (D+G) Cardiovascular

thalate) Surgidac (USSC) Orthopaedics
Po!y[p(tetramethylenc [— (CH2)4OCOC6H4CO]84 M ETO/Rad. Novafil (D+G) Plastic/articular

ether) terephthalate- [—O(CH2CH2CH2CH2O—]n
co-tetramethylene] COC6H4CO—] 16

Polypropylene [—CH2CH(CH3)—] M ETO Surgilene (D+G) Cardiovascular
Prolene (Ethicon) Vascular
Deklene (Deknatel)
Surgipro (USSC)

Nylon 66 [—NH(CH2)6NHCO(CH2)4CO—] B, M ETO/Rad. Dermalon (D+G) Plastic/cuticular
Ethilon (Ethicon) Ophthalmic
Monosof (USSC)

Note, Sources listed under Bibliography.
"Construction: Twisted (Tw); braid (B); monofilament (M).
^Sterilization method: Ethylene oxide (ETO); Gamma radiation (Rad.).
cDexon II package claims, Davis+Geck.
dVicryl package claims, Ethicon.
Tolysorb package claims, United States Surgical.
^PDS package claims, Ethicon.
* Maxon package claims, Davis+Geck.

permanence of the material (absorbable or nonabsorbable), sutures. Copolymers of these materials have also been used
and the construction process (braided, monofilament) used. clinically. Absorbable sutures were commercially introduced
As shown in Table 1, the most popular natural materials by Davis + Geek in 1970 with poly(glycolic acid) (PGA)
used for sutures are silk and catgut (animal intestine). A sutures and were followed by copolymers of glycolide and
fair amount of art and effort is required in both cases to lactide from Ethicon and U.S. Surgical. More recently, novel
reduce the raw material to the finished product. The synthetic absorbable polymers of polydioxanone and poly(glycolide-
materials are exclusively polymeric, except for fine-sized co-trimethylene carbonate) have been developed for surgical
stainless steel sutures. All sutures, regardless of material or use (see Chapter 2.5 for additional information on resorb-
construction, require special surgical needles for delivery able materials).
through tissue. Regardless of whether a suture is made from a natural

Approximately half of today's sutures are nonabsorbable or a synthetic material, or if it is absorbable or permanent,
and remain indefinitely intact when placed in the body. it must meet the strength requirements necessary to close a
Common engineering polymers like polypropylene, nylon, wound under a given clinical circumstance. Almost all
polyethylene terephthalate), and polyethylene are used as suture products will be efficacious for minor wounds or for
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TABLE 2 Representative Mechanical Properties of Commercial Sutures

St. pull Kt. pull Elongation Subjective
Suture type (MPa) (MPa) to break (%) flexibility

Natural materials
Catgut 370 160 25 Stiff
Silk 470 265 21 Very supple

Synthetic absorbable
Poly(glycolic acid) 840 480 22 Supple
Poly(glycolide-co-lactide) 740 350 22 Supple
Poly(p-dioxanone) 505 290 34 Mod. stiff
Poly(glycolide-co-trimethylene carbonate) 575 380 32 Mod. stiff

Synthetic nonabsorbable
Poly(butylene terephthalate) 520 340 20 Supple
Polyethylene terephthalate 735 345 25 Supple
Poly[p(tetramethylene ether) terephthalate- 515 330 34 Supple

co-tetramethylene terephthalate]
Polypropylene 435 300 43 Stiff
Nylon 66 585 315 41 Stiff

Steel 660 565 45 Rigid

Note. Sources listed under Bibliography.

normally healing wounds. Hence, a poly(glycolic acid) suture, monofilaments and hence have an advantage in regard to
which loses strength over a 28-day period, will be just as out-of-package memory, ease of tying, and knot security if the
adequate as a permanent polypropylene suture. If a patient, same knot is used for both the braid and the monofilament.
however, suffers from a disease or conditions that retard Monofilament sutures tend to be more wiry out of the
healing (e.g., diabetic patients), a nonabsorbable or slower package and can become tangled up with surgical instruments
degrading suture may be more appropriate. Representative if the surgical team is not careful. The knot security issue
mechanical properties of some commercial sutures are listed is simply addressed by using different knots or more "throws"
in Table 2. of a given knot to achieve security. The major advantage

The construction of a surgical suture (i.e., braid or mono- of a monofilament suture is its relatively low tissue drag
filament) is important to both the surgeon and the patient compared with a braided suture. This low drag or friction
for objective and subjective reasons. In addition to out-of- between the tissue and the suture allows the surgeon to use
package tensile strength and in vivo tensile strength, the different techniques in closing wounds (e.g., continuous or
surgeon considers a variety of other parameters before making running closures). The low tissue drag is also less "abrasive"
a choice of sutures for the patient. As shown in Table 3, when the suture is being pulled through the tissue. This
the parameters range from objective issues of knot security aspect is especially important for fragile cardiovascular, oph-
or the number of knots required to secure a suture, to the thalmic, and neurological tissue, where monofilament sutures
subjective issue of "feel" in the surgeons' hands. Braided are the products of choice,
sutures are generally more supple products compared with

PRODUCT DEVELOPMENT
TABLE 3 Suture Characteristics
— ' It can take years to generate information to support clinical

Objective Subjective use of a new suture product, and usually 4—6 years for a
completely new polymer suture. The steps required to develop

Tensile strength Suppleness a suture are outlined in Table 4. Starting with the concept or
Knot security Ease of tying product design, several polymers are screened prior to choosing
Diameter Ease on hands the optimum candidate. In the preclinical stage, extensive safety
Strength retention anc^ animal efficacy testing is conducted to answer the questions
c, ., ... of safety and effectiveness. This testing stage can take 2—3
Flexibility J . , , - • ,

years to complete. In addition to the basic requirement that
emory ou o e pac age tjle pO}ymer must be able to be extruded and processed consis-

Tissue drag tently to provide the fiber strength necessary to hold tissue
Infection potentiation (wicking) together, the polymer must be able to withstand sterilization.
—. Extensive toxicology testing is usually required, including
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acute and chronic toxicity, pyrogenicity, antigenicity, in vitro category to Class II (SlO.k) medical devices. This change will
and in vivo infection potentiation, hemolytic potentiation, mu- lead to more rapid commercialization of products and to the
tagenicity, and possibly carcinogenicity. In addition, suture introduction of more generic sutures. The commercialization
strength and knot security are also evaluated in animal surgical of sutures in Europe will become more difficult overall as the
procedures. If the suture is absorbable, the in vivo tensile countries of the European Economic Community progress to-
strength over time and the absorption and metabolic fate of ward a more unified approach toward registration of medical
the polymer need to be established, devices. Previously, sutures could be commercialized in several

Following this testing, clinical evaluations are usually re- countries without registration, but future use will necessitate
quired to confirm the safety and efficacy of the product. The that products meet the requirements of the CE process.
subjective issues of suture handling and knotting techniques The maj°"^°u '^proprietary tech™ °gY Jat is germane

, , , j . , , , £ • to sutures is held by Ethicon, Davis + Geek, and more recently
need to be evaluated in the hands of many surgeons in scores , T I C r . , :; , ,. . , .

. . . , . • i - - i f • i • by U.S. Surgical. As the more traditional patents expire over
or patients tor each major clinical suture use. Again, this step V r in c <. -n j «., , , . . ' . , „ , , » ' v the next 5-10 years, more manufacturers will enter an industry
can be lengthy, taking approximately 1—2 years to complete. u • i 4 u- ui •• j • j„„, .. f i - • • i- i • i i r that is already highly competitive and cost constrained.

While the clinical studies are being conducted, manutactur- C t , . , . ^ , ,Ano/ c^ j iw 1 1 1 Sutures, which once constituted 100% or t h e wound closure
ing scale-up studies are completed and product and package , _ - . -u . - £ • , ., ... , , _, . , , . e~ market, are now receiving stitt competition rrom surgical sta-
stabihty data are assembled. I he animal satety and efficacy i u u • i j • L L. H ^ 4, ' , . , . , , , . . , i i r • piers as these mechanical devices have become well accepted
data are combined with the clinical data and manufacturing f \* u • i j • i u • n c \, . . , i by surgeons. Mechanical devices have been especially usetul
documentation to prepare tor registration or approval by a . . . „ . . , , „ , ,

\tirr- i T-» A i • • m minimally invasive surgery and have allowed the surgeon
government agency (e.g., the U.S. rood and Drug Admimstra- ,.c , . , .,, T» i&

 v _, . • , / • , - • f to shift to laparoscopic surgery wherever possible. The removal
tion). The review process itself can be time consuming, often c , „, , , , f , , ^ ^ > u - u • *t. * c, . , of the gallbladder (cholecystectomy), which is the most tre-
takme more than a year. , c , 1 - 1 j -e J quently performed general surgical procedure, is now per-

formed laparoscopically in approximately 90% of the cases in
the United States. The promise of surgical glues and growth

TRENDS factors has been disappointing to date, but there are several
research efforts ongoing that may find the appropriate chemis-

Several factors have influenced the suture industry in the try to be both safe and efficacious.
past 5 years, including the changing regulatory environment Despite these changes, one major influence remains un-
in the United States and in Europe, the focus on cost contain- changed. By training, surgeons are conservative and must keep
ment in health care, the patent status of proprietary materials the well-being of their patient in mind at all times. As a result,
and processing methods, changing surgical practice toward despite commercial or technological changes that may emerge
minimally invasive techniques, and the advances in alternative over the next decade, the surgeon will need a substantial body
wound-closure technologies (staplers, glues, etc.). of clinical data before abandoning sutures. Therefore, the sci-

In the United States, most suture types have been reclassified ence and technology that support the development of sutures
from the stringent Class III (Pre-Market Approval) regulatory will remain viable for many years to come.

TABLE 4 Steps to Develop a Suture Product

Steps Key activities

1. Concept
Screening studies Evaluation of polymers for extrusion ability and broad physical properties

2. Preclinical
Manufacturing development Extrusion optimization, including fiber annealing, braiding
Protocol physical testing Tensile strength, knot pull strength, diameter, sterilization
Protocol animal efficacy testing Knot security in various animal tissues, in vivo strength, handling
Protocol toxicology safety testing Acute/chronic toxicity, pyrogenicity, antigenicity, in vitro/in vivo infection

potentiation, hemolytic potentiation, mutagenicity, carcinogenicity.

3. Clinical
Safety and efficacy confirmation Clinical evaluation in representative patients (100—1000)

4. Registration
Data summary and submission Composition of preclinical and clinical data
Board of health approval Agency review of documents and panel review (optional)

5. Manufacturing scaleup Production qualification (a few lots) and validation (many lots/sizes)

6. Commercialization Inventory stocking and promotional campaign
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Bibliography healing. Burn injuries result in loss of skin structure to varying
degrees. Usually burns are either first degree—the loss of the

Brouwers, J. E., Costing, H., de Haas, D., and Klopper, P. J. (1991). epidermal layer, second degree—the loss of the epidermal layer
Dynamic loading of surgical knots. Surg. Gynecol. Obstet. 173: d , f h j , hj d degree_^the bss of tissue
443_44g r . *

r* r / ,*™-,* ., . , . , • i r> r through the dermis, including the hair follicles and sweatBrown. R. P. (1992 . Knotting technique and suture materials. Br. ] . 1 1 1 i- • » T i • / i \ i
c 79. 399-400 glands, and extending into the hypodermis (subcutaneous) lay-

Case^ D. J.,'and Lewis, O. G. (1986). Absorbable and nonabsorbable ers (Fi§- ̂  Occasionally, as often seen in electrical injuries, a
sutures, in Handbook of Biomaterials Evaluation: Scientific, Tech- deep, full-thickness wound is referred to as a fourth-degree
nical, and Clinical Testing of Implant Materials, A. von Recum, burn, which is defined as extending downward through the
ed. Macmillan Co., New York, pp. 86-94. subcutaneous tissues to involve tendon, bone, muscle, and

Chu, C. C. (1981). Mechanical properties of suture materials: An other deep structures.
important characterization. Ann. Surg. 193(3): 365-371. Second-degree burns can generally be classified as either

Hermann, J. B. (1971). Tensile strength and knot security of surgical superficial or deep. The interface between the epidermis and
suture materials. Am. Surg 37(4): 209-217. dermis is nQt linear> but consists of many papllla formed by

Hoimlund, D. E. W. (1976). Physical properties or surgical materials: , r t - i • T r • \ • • * f' . . . . . ' ,F F . • ... i the rete pegs of the epidermis. In superficial rnmry, enough ofStress-strain relationship, stress relaxation and irreversible elonga- . . * . . . r . . . * . , .
t- A c 184-189-191 the deep epidermal or superficial dermal layers may remain to

Holmlund, D". E. W. (1974). Knot properties of surgical suture mated- allow spontaneous healing of the wound by reepithelialization.
als. Eur. Surg. Res. 6: 65-71. Other sources of epidermal cells are the epidermal appendages,

Moy, R. L., Lee, A., and Zalka, A. (1991). Commonly used suture including the hair follicles and the sweat and sebaceous glands.
materials in skin surgery. AFP 44(6): 2123-2128. These wounds can be treated by simple dressings without topi-

Tera, H., and Aberg, C. (1976). Tensile strengths of twelve types of cal antibiotics and will heal spontaneously within 10 to 14
knots employed in surgery using different suture materials. Acta days. rjeep second-degree burns have completely destroyed
(.Mr, Scand. 142: 1-7. tbe epidermis and extend further into the dermis, with large

amounts of necrotic tissue being present. Both the fluid and
bacterial barriers are severely compromised, putting the patient
at a much higher risk. These wounds, if allowed to heal on
their own (because the dermis has been grossly distorted or
destroyed), result in hypertrophic scarring, with nonoptimal

7.10 Blirn DrCSSingS cosmetic results. These types of wounds should be treated as
Jeffrey B, Kane, Ronald G. Tompkins, Martin L. Yarmush, if they were third-degree burns to allow for faster and better

and John F. Burke healing.
A third-degree burn is defined as having damaged the skm

Every year approximately 12,000 people die from severe a11 of the waX through the dermis and into the subcutaneous
burns and thermal injury. Most of these deaths are due to tissue- The wound is freely permeable to fluids, proteins, and
the catastrophic problems that ensue when the skin's integrity bacteria. The constant proteinaceous exudate from these
is disrupted. The major lethal problems are massive fluid wounds, combined with an abundance of necrotic skin above,
losses and microbial invasion. Since the keratinocytes of the make an ideal media for bacterial growth. In these injuries, all
epidermis are primarily responsible for these activities, some the epidermal cells within the wound have been destroyed,
investigators have focused on their replacement alone; how- including those in the epidermal appendages. Without skin
ever, as we will describe, replacement of the dermis or inner replacement, epidermal cells must migrate from the wound
layer of skin is equally if not more important than the outer ed8es5 therefore, prompt debridement of the wound followed
layer of epidermis. either by grafting or other methods of wound coverage is the

Prompt replacement of the integrity of the skin is a corner- treatment of choice. Small third-degree wounds (those of less
stone of therapy for these patients, but lack of available natural than 2 cm) may be allowed to heal spontaneously by ingrowth
skin makes this an almost impossible task for those with large from the wound edges> but this Process requires at least 6
burns. The modern search for a suitable skin substitute has weeks> the wound may never heal completely, and always
been under way since the 1940s, with steady progress as the results in a generous scar.
principles of wound healing and the functions and properties W*1611 a Patient suffers a third-degree burn, the necrotic
of the skin became better understood. This chapter reviews laYer of tissue that was once viable skin is referred to as
those principles and examines their application as they relate the "eschar." This layer is removed surgically and any of
to several burn dressings under development. the underlying dermis and hypodermis is then covered. If

the freshly excised open wound is not immediately closed
either with skin or skin replacement, then "granulation
tissue" is formed by the local invasion of small blood
vessels and fibroblasts from beneath the wound's surface.

PRINCIPLES OF WOUND COVERAGE AND HEALING Granulating wounds become reddened with these new vascu-
lar structures and if no grafting is performed and the wound

To understand the requirements necessary to replace lost is simply allowed to spontaneously heal, the continued inva-
skin, we must first understand the general mechanism of wound sion of fibroblastic tissue will eventually form a hypertrophic
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FIG. 1. Illustration of first, second, and third-degree burns. (From Tompkins and Burke, 1989.)

scar through the unorganized deposition of collagen. New granulating wound beds and survives by simple diffusion of
epidermis seen around the edges of the wound is usually nutrients for the first 72 hr until neovascularization of the graft
inadequate for reepithelialization in all but the smallest occurs. The graft must be placed on a wound bed free of dead
injuries. Myofibroblasts, specialized fibroblastic cells with tissue, infection, hemorrhage, or significant exudate or it will
the contractile properties of smooth muscle, invade the not survive. Wounds which have been freshly excised of all
wound and begin to pull the edges inward and result in dead tissue offer the best short- and long-term results in all
contractures and restriction in movement of the surrounding instances because granulation tissue prompts an inflammatory
skin and its structures. This process can result in severe process that eventually results in exacerbation of scar for-
deformation of the surrounding features and is particularly mation.
troublesome in places such as the face, neck, and limbs. In Many times the graft is "meshed," which involves making
some cases of massive wounds, even contraction of the many small linear incisions in the graft with a Tanner mesher
wound will fail to bring the edges of the wound together, so that it may be expanded in size (Fig. 2). By increasing
and the center of the wound remains open permanently. the edge area of the epithelium, meshing allows the graft

Clearly the best coverage for the wound is natural skin taken to cover from 1.5 to 9 times its initial area, although 1.5
from the individual himself (an autograft) to avoid specific to 3 expansions are most common. The mesh also allows
immunological incompatibility. If the burn injury is anywhere fluids (tissue exudates and blood) to drain from the bed,
from 35 to 50% of the total surface area of the body, it is which helps to increase the likelihood of graft survival,
frequently possible to transplant partial thickness skin grafts Unfortunately the mesh pattern is usually visible for extended
from other noninjured areas of the patient. These grafts are periods of time after healing because the dermis does not
usually about 0.3 to 0.5 mm thick and include the epidermal properly regenerate within the interstices and therefore mesh-
layer and a thin portion of the underlying dermis. They are ing makes the cosmetic results less desirable than with
harvested from the donor site using a reciprocating blade such nonmeshed grafts.
as the Padget electric dermatome or a hand-held Week knife. For burns that encompass more than 50% of the body's
The donor site epidermis regenerates in 2-3 weeks from the surface area, obtaining enough autograft becomes difficult be-
basilar epidermal elements left behind in the rete pegs. The cause the patients have a limited area available for donor sites.
graft is then placed on the freshly excised wounds over the Using skin grafts from cadavers (allograft) provides some help,
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FIG. 2. Illustration of stretched mesh graft.

but as with any tissue transplanted between individuals, allo-
grafts invoke an immune response from the patient and cause
eventual rejection of the grafted skin. Allografts at least allow
temporary wound closure and time for reepithelialization of a
donor site, but all allografts must eventually be replaced by
autograft from the regenerating donor sites. Aliografts may
be used fresh, stored in glycerol at 4°C, or preserved with
glutaraldehyde. Although glutaraldehyde preservation elimi-
nates the problems associated with sensitivity to foreign tissue,
it kills all the cells of the allograft and eliminates many of their
advantages, such as incorporation of the graft with concomi-
tant regrowth and neovascularization from the wound bed. The
shortage of skin donors, a problem common to all transplanted
organs, severely limits the availability of allograft as a source
of graft material. Porcine xenograft (i.e., a graft from a different
species) have been used after preservation but problems with
storage as well as limited biocompatibility restrict their useful-
ness. It is important to keep in mind that all natural grafts
other than autografts must eventually be replaced with the
patient's own skin.

DESIGN CRITERIA FOR WOUND COVERAGE

To replace the function of skin, it is important to specify
properties that the skin substitute must possess.

Wetting Hie Wound Bed and Adherence

The skin replacement must wet the wound surface, conform
to the wound surface in all areas, and adhere in all areas.

Without these properties, small air pockets exist where exuda-
tive fluid accumulates and bacteria proliferate. The graft must
chemically adhere to the wound bed to avoid proliferation
of the granulating layer and therefore control the subsequent
contraction and deformity of the wound. Mechanical shearing
or movement of the graft will destroy this interface, as will
changes in the hydration of the wound area with edema or
dehydration. If the surface energy of the graft—wound bed is
less than that of the air-wound bed interface, then the wound
bed will wet evenly and air pockets will be displaced (Yannas
and Burke, 1980). A hydrophilic substance with the correct
mechanical properties and surface energy would fulfill this re-
quirement.

Porosity of the Graft

In order to prevent the swelling of the wound bed and the
accumulation of fluid between the graft and its bed, the graft
must be permeable to moisture. The exact permeability must
be controlled, as too large a water flux of moisture will result
in dehydration of the wound surface and disruption of the
wound—graft interface, whereas too small a water flux will
cause the accumulation of exudative fluid beneath the graft
and lift it from the wound bed. The optimal rate of water flux
through the graft is approximately 5 mg/cm2/hr (Yannas et
al., 1982b).

In order for a skin replacement to be successful, it must be
incorporated into the soft tissues and replaced by the normal
skin elements. This process allows the skin replacement to be
vascularized and populated by normal healthy host fibroblasts.
Although one could conceivably "seed" the dermal portion of
the skin replacement with host fibroblasts, the proper pore
structure is necessary to allow the fibroblasts to divide and
migrate within the device. An impermeable graft without pores
would not provide any means for such migration. Since most
of the epithelial and mesenchymal cells found in the wound
bed are on the order of 10 /am in diameter, pores consistent
with that order of magnitude would allow free access into the
graft material.

Dimensions of the Craft

Migration of cells from the wound edges appears to be a
function of two parameters, the pore size and thickness of the
graft (Yannas et al., 1982b). If the mean pore size is under 10
/xm in diameter, then cells (fibroblasts and epidermal cells)
cannot migrate through the pores and the rate-limiting step
becomes that of degradation of the matrix to allow cells to
enter the material. On the other hand if the material has the
appropriate porosity to allow migration of cells, but is too
thick, then diffusion of nutrients from the wound bed to the
upper area of the skin replacement becomes a limiting factor
for cell migration.

The limiting distance that will maintain nutrients to the
migrating cells is postulated by using the dimensionless expres-
sion as derived by Thiele, and modified by Wagner and Weisz:
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where r is the rate of utilization of critical nutrients by the
cell [mole/cm Vsec], / is the distance that supports diffusional
nutrition, D is the diffusivity of the nutrients in the hydrated
membrane [cm2/sec], c() is the nutrient concentration at the
wound bed [mole/cm3], and S is the dimensionless number.

The top portion of this ratio represents the reaction term
for the utilization of the nutrient, whereas the bottom can be
considered as the diffusive component. Thus when S ^> 1, the
cells are consuming more than can be delivered by diffusion
and similarly when S <^ 1, diffusion is greater than the amount
consumed. Thus 5 = 1 corresponds to the distance when the
two terms are balanced. Beyond this distance, other routes of
delivery such as capillary ingrowth must occur in order to
supply the cells with substrates and oxygen. If a graft material
can induce neovascularization from the underlying wound bed,
then these vessels can carry the appropriate nutrients to the
cells convectively and extend the range of cell migration.

Another important consequence of graft size is the depen-
dence of thickness on rigidity of the graft. Too thin a graft
results in easy tearing and shearing, whereas if the graft is too
thick, it becomes rigid and will not adhere to the wound evenly.

Strength of Graft

A graft must be supple enough to allow for some underlying
movement of the wound but meanwhile it must maintain an
even contact with its surface. The graft must also be durable
and allow for easy handling without tearing. It must allow for
suturing, and be durable enough to cover the wound for the
entire healing period. As mentioned earlier, too thick a graft
imparts rigidity and the graft will fail to adhere to the wound's
surface. To design a membrane with appropriate modulus of
elasticity and tear strength, the graft may be modeled as an
elastic beam bonded to a rigid surface. An estimate of the
normal strength perpendicular to the graft—wound bed inter-
face is (Yannas and Burke, 1980):

FIG. 3. Two possible forces on a graft: (A) shear stress and (B) peel force.

ingrowth from the wound bed could be used as a temporary
cover for the wound. A number of simple polymer membranes
have been formulated that take this approach. A second ap-
proach is a device that contains an open mesh or porelike
structure that allows cellular integration. This would lead to
attachment of the device to the wound bed but would necessi-
tate eventual surgical removal of the device.

An alternative possibility would be if the dermal portion
of the skin replacement in contact with the wound bed were
biodegradable. Ingrowth of cells and vessels from below would
allow firm initial attachment to the skin replacement and with
time, the device would be broken down, leaving the newly
formed tissue behind. In choosing a material it is important
to have biodegradation proceed with minimal inflammatory
response from the host, in order to provide controlled wound
healing with minimal wound shrinkage, scarring, and con-
tracture.

It is important to balance the degradation rate of the device
with the time required for cellular regeneration. To balance
these terms, the time constant for biodegradation (tb] should
be on the same order of magnitude as the time required for
the wound to heal (th), approximately 25 days (Levenson et
al., 1965), or

where orm is the maximum normal stress, a is the coefficient Since th is constant for any patient, the design of the graft
of expansion for swelling the graft in water, v2, v\ is the initial must be controlled for tb. If the graft degrades too quickly,
and final volume fractions of water in the graft, and E is the the wound is effectively left uncovered. On the other hand, if
modulus of elasticity. the graft remains intact for long periods of time after the wound

It has been shown that the property which controls tear is healed, then scar formation and incorporation of the device
strength in rubber is the fracture energy. Two other important into the wound become problems.
properties are the shear stress and peel strength. Shear stress It is also important to note that although cells will migrate
is the force per unit area in a direction parallel to the wound through the device at a rate of 0.2 mm/day for fibroblasts, and
bed that causes the graft to slide or buckle. Any disruption of 0.4 mm/day for epidermal cells, they must also migrate parallel
the fragile wound surface breaks the newly formed blood ves- to the wound, from the wound edges. Unfortunately this rate
sels, retarding healing, and in the case of a skin graft, will lessen is only 0.1 to 1 mm per day, which would not be fast enough
the likelihood of successful skin replacement. Peel strength can to cover a large wound within the time allotted by tb. It might
similarly be defined as the force per unit area needed to remove be necessary to provide another method of enhancing the lateral
the graft when applied in a direction 90° to the wound's surface movement of epidermis (such as seeding the graft with epithelial
(Fig. 3). cells or placing a thin epidermal graft).

Biodegradation Rate Lack of Antigenlclty

If the skin replacement is nonbiodegradable, then it can fall A major drawback to xenografts and allografts is the inher-
into one of two categories. A device that is impervious to cell ent antigenicity that they exhibit. Although some attempts have
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FIG. 4. Definition of Young's modulus.

been made to immunosuppress a burn patient in order to allow
for the prolonged adherence of living, related donor skin, an
ideal skin replacement material would have minimal potential
for rejection or local inflammation. Some tolerance for foreign
material is inherent in severely burned patients owing to the
naturally diminished immune response resulting from their
burn injuries, but further immunosuppression, particularly for
adults with large burns, may leave them severely compromised
and vulnerable to invasive microbial sepsis.

Macrostructure

It has been found that one of the functions of a wound
cover is to provide a structural framework for the healing
wound. If this structure is not present, fibroblastic tissues will
lay down collagen in a random fashion, resulting in disordered
dermis (scar). By providing scaffolding for the new vascular and
mesenchymal tissue, an orderly and controlled restructuring of
the dermis can take place without scar formation.

SELECTION Of MATERIALS

In the previous section several criteria important for the
design of a skin substitute were discussed. Of the many biologi-
cal materials that exist, only a small number have enough of
these properties to be of interest.

The first group suitable for further examination includes
macromolecular-based compounds. Polypeptide polymers and
certain polysaccharide compounds have the advantage of being
degraded by extracellular enzymes and yield nontoxic by-prod-
ucts. These materials are also structurally related to the natural
macromolecules that populate the wound bed and may pro-
mote healing. In their hydrated form they also provide adequate
wetting of the wound bed surface. It is important to compare
each material's specific porosity, strength, and mechanism of
bonding to the wound bed in evaluating these compounds.
Various types of these compounds will be examined in more
detail later.

Synthetic compounds form another important class. Com-
mon materials such as poly(dimethyl siloxane) are unfortu-
nately neither hydrophilic nor biodegradable. Polyamides such
as hexamethylene adipamid and saturated polyesters such as
poly(ethylene terephthalate) are weakly hydrophilic and not

biodegradable. Poly 2-hydroxyethyl methacrylate is a relatively
hydrophilic polymer but is also not biodegradable. Most of
these compounds are suitable only for temporary superficial
coverage of the clean wound under limited circumstances, but
not as a means of permanent wound closure.

Other compounds that are biodegradable and wet the sur-
face, such as poly w-butyl-a-cyanoacrylate, have toxic by-prod-
ucts when they are broken down. A good review of several
biodegradable substances can be found in the work of Kronen-
thai (1975).

Collagen is a polypeptide compound, hydrophilic in nature,
and subject to degradation by extracellular enzymes. The sub-
stance is very well studied, allowing for the control of many
key physical parameters, including the small strain viscoelastic
properties and the rate of degradation (which can be controlled
either by cross-linking the collagen fibers or by incorporation
of other materials in the suspension). Collagen also possesses
the property of being a weak antigen, with minimal rejec-
tion potential.

The modulus of elasticity, or Young's modulus, is defined
as the initial linear portion of the stress-strain diagram for a
material. If the stress cr is defined as the force (F) applied
divided by the area (A) over which that force is exerted, then
the strain can be measured as the distance the material deforms
(8), divided by its original length (L). The Young's modulus
for the material is then the ratio of the stress to the strain
(Fig. 4).

By incorporating dilutants, the Young's modulus of collagen

FIG. 5. Schematic diagram of chondroitin 6-sulfate.
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can be varied over a range of 105. A problem noted with
collagen was that by increasing the cross-linking (in order to
add strength) the compound became stiff and brittle. This could
be overcome by incorporating a second macromolecule, a gly-
cosaminoglycan (GAG) into the membrane.

Glycoaminoglycans are found in significant quantity in the
ground substance of extracellular matrix and may contribute
up to 30% by dry weight of this intercellular region. GAGs
consist of a family of macromolecules (molecular weight from
105 to 106} that share the characteristic of having multiple long
polysaccharide chains covalently bound to a core protein by
a glycosidic bond (Fig. 5). In contrast to glycoproteins, these
compounds have a significant quantity of carbohydrate and
exhibit behaviors closer to that of a polysaccharide rather than
protein. Each of the various GAGs has its own unique repeating
disaccharide which forms the long carbohydrate chains. In the
case of chondroitin 6-sulfate, the sugar is N-acetyl galactos-
amine (Fig. 6). The molecules are highly charged and polyanio-
nic in nature. They have multiple properties, including the
ability to change the mechanical properties of their environ-
ment. Hyaluronic acid, which is found in the synovial fluid of
joints, contributes to lubrication.

For the artificial skin or skin replacement developed by
Yannas and Burke, the GAG, chondroitin 6-phosphate, was
chosen becauseof its important properties: (1) low antigenicity;
(2) nontoxic breakdown products; (3) ability to decrease the
rate of collagen breakdown; and (4) ability to increase the
strength of collagens while making them more elastic. Other
GAGs investigated include heparin sulfate, chondroitin 4-sul-
fate, and dermatan sulfate, which share the first three properties
in common with chondroitin 6-sulfate. A final advantage was
noted by electron microscopy of collagen—GAG samples after
coprecipitation, in that the pore structure of the resulting mem-
brane was significantly more open than GAG—free collagen and
one could control the pore size by adjusting the collagen—GAG
mixture. Bonding of chondroitin 6-sulfate to the collagen is
required because at neutral pH the GAG will dissociate from
collagen and elute from the material in the absence of cross-
linking,

SPECIFIC TYPES OF WOUND COVERAGE MATERIALS

Natural Graft Materials

Properties of natural autografts and some allografts include
a decrease in the quantity of bacteria in the wetted surface of

FIG. 6. Repeating disaccharide of chondroitin 6-sulfat

the wound, a decrease in the loss of fluids and proteins, a
limiting effect upon wound contracture when the dermal layer
is included in the graft, a decrease in pain in second-degree
burns, and an increase in the neovascularization of the
wound area.

Major disadvantages of natural graft materials include a
lack of autograft in severely burned patients, difficulty with
storage of allograft material (typically 7-10 days when stored
at 4°C and longer at — 70°C), antigenicity, leading to the need
for eventual replacement, and the potential to transmit diseases.
Donors are scarce and must be carefully screened for transmis-
sible diseases (including hepatitis and AIDS) and neoplasms
before transplantation. Fresh-frozen and lyophilized grafts
(rapidly freeze-drying the samples) prolong the shelf life of the
tissues. However, if the samples are thicker than 0.38 mm,
there is a propensity for the epidermal and dermal layers to
separate in the lyophilized samples. Both techniques offer a
lower graft survival than fresh graft material, and are less able
to suppress microbial invasion.

Xenografts, especially porcine-derived commercial prepara-
tions, are used as a temporary wound closure material. As with
the frozen and lyophilized allografts, porcine grafts at best only
adhere to the wound bed with a fibrinous interaction but this
can temporarily close a wound. The grafting success rate is
lower than with fresh allograft and sterility of the xenografts
must be ensured to protect the already immunocompromised
burn patients. The porcine grafts must be immobilized for
several days to allow bonding of the graft to the wound bed
by growth of fibroblasts into the dermal layer of the graft. As
with any skin replacement procedure, the wound bed must
be debrided thoroughly and be free of significant bacterial
contamination. Because porcine grafts will ultimately be re-
jected, they must be removed and replaced with autograft ma-
terial.

Amnion has been tried as a temporary natural wound dress-
ing, but again the source must be carefully screened for disease.
Amnion is freely available from the delivery of babies, and is
relatively inexpensive to prepare. The adherence of amnion to
the wound is less successful than with dermal wound dressings
and it is likely that a true incorporation of the material into
the wound bed never occurs. The amnion must also be covered
with a secondary occlusive dressing to prevent sloughing. It
has been reported that the amnion increases the granulation
of the wound bed, which makes subsequent skin graft survival
more likely but ultimately also results in more scarring.

Synthetic Craft Materials

Single Laminar Grafts

In order to provide a simple method of closure, a number
of simple, single-layer, polymer wound dressings have been
developed. The Ivalon sponge was developed in 1962, and had
the same problems as many of the simple coverage schemes.
Bacteria present under the graft wound spread into deep struc-
tures when the sponge was used on third-degree burns. Also,
the brittle nature of the material led to small pieces breaking off
when the graft was removed, leading to foreign body reactions
within the ultimately healed wound.
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Spray-on materials, such as hydroxyvinylchloride-acetate Biobrane is a synthetic bilaminate material developed by
and sebacic acid copolymer, produce the same problems of Woodroof Laboratories, Santa Ana, CA. This material consists
suppurative bacterial spread when placed over open third- of a finely knit nylon and hydrophilic type I porcine collagen
degree wounds. If the film is nonpermeable to moisture, accu- which is covalently bound to the hydrophobic inert nylon. The
mulation of serous exudate and suppurative material will result outer layer of Biobrane is a silicone rubber which, through its
in uneven adhesion of the film to the wound. Other polymer porosity, controls the water permeability of the graft. The pore
materials have been tried over the years with similar results. size of the outer layer is maintained small enough to provide

A spray-on silicone membrane, Hydron (Hydron Labora- a barrier for bacteria while being large enough to be permeable
tories, Inc., New Brunswick, NJ), consists of poly(hydroxyethyl to topically applied antibiotics. If nylon rnesh is placed against
methacrylate) powder and liquid polyethylene glycol sprayed a clean wound (low bacterial count), then the Biobrane may
onto the wound surface, resulting in a thin film. The membrane adhere to the wound surface, and through its loose pore struc-
is easily removed from the wound bed by contact with bed ture, permit ingrowth of cells from the wound bed below,
clothing, and infection can expand beneath its surface. These Biobrane is flexible enough to deform, maintaining adequate
dressings would be best for treatment of donor sites from split contact with the contours of the wound while still having
thickness skin grafts and possibly clean superficial second- the mechanical stability necessary for ease of handling and
degree burns, but their high cost limits their use over sim- durability as a dressing. Biobrane is not biodegradable and
pier dressings. serves at best only as a temporary closure material, lasting

A liquid gel made from agar and acrylamide copolymer has up to a month. Biobrane must eventually be removed either
been introduced. This material is again best used as a temporary manually or by epithelial growth from below. Care must be
cover only because of its lack of adherence to the wound and taken not to prevent reepithelialization when Biobrane is used
its fragile nature. Some advantages of the gel are that it allows as a wound cover, as when the graft is placed over a finely
fluid to freely drain from the wound without accumulating meshed autograft. If Biobrane is left on for more than 6 days,
and because the material is highly translucent, it allows easy it prevents epithelialization in the interstices of the graft {Lin
inspection of the wound. As with Hydron, this should be used et al., 1982). The problems of wounds with significant bacterial
in clean wounds expected to heal rapidly, like donor sites and contamination have become apparent and development of Bio-
superficial second-degree burns. brane with the incorporation of antibiotics is under way. As

Collagen (as discussed earlier) is an excellent material owing with any inert skin substitute, Biobrane must eventually be
to many of its unique properties. A fairly pure form can be removed and the wound then covered with autograft for those
extracted in large amounts from many commercial sources. It wounds without epidermal elements. Biobrane has been suc-
is inherently low in antigenicity and exerts a hemostatic effect cessfully used only in clean superficial second-degree burns and
on the fragile and vascular wounds. Collagen can be formulated donor sites.
in many different ways from gels to films, depending on the Levineef al. have developed a completely inert wound cover
properties desired and methods for application. Cross-linking consisting of six layers of a nylon stocking fabric, covered
the collagen fibers increases the tensile strength, but unfortu- with a 1-mm poly(tetrafluoroethylene) membrane with 0.1-
nately it also tends to make the fibers stiff and brittle. The yum pores. This dressing allowed fibroblasts to grow into the
permeability of collagen materials may be controlled by their mesh while providing a semipermeable moisture and bacterial
thickness, but mechanical properties must be considered if the barrier. As there is no inherent inhibition of bacteria beneath
material becomes too thick. Another property of collagen is the graft, the material was first soaked in an antimicrobial
that it naturally adheres to the wound initially because of its solution. This material is used more as a temporary wound
binding with fibrin. The particular form of collagen is impor- dressing than as a skin replacement because these dressings
tant for success because various forms of collagen have been must be changed every 48 to 72 hr to provide local debride-
tried unsuccessfully over the years. Sponges of collagen dry ment. Eventually they are replaced with a more definitive
slowly and behave as a serous crust or scab which prevents wound closure when it becomes available,
effective ingrowth of fibroblastic tissue from the bound bed; Yannas and Burke have developed a bilaminar replacement
collagenases present both naturally in the wound bed and from membrane consisting of an inner layer of collagen—chondroitin
wound bacteria result in the eventual shedding of these colla- 6-sulfate, and an outer layer of silastic (Figs. 7 and 8). The
gen sponges. collagen binds to the wound bed and is invaded by neovascula-

ture and fibroblasts. The collagen chondroitin 6-sulfate very
.. 1̂ 11 • f fA. significantly inhibits or prevents wound contracture, and with
Multilaminar Grafts • u n • u j u u j - i itime the collagen is rresorbed by collagenase and is completely

In order to both control the ingrowth of fibroblasts and replaced by remodeled dermis. Pore size of the coliagen-GAG
long-term adhesion to the wound, a large pore size must be was found to be optimized at 50 ^m, which supported active
maintained. On the other hand, the requirements of water ingrowth of tissues from below. Smaller pores excluded fibro-
permeability necessary to prevent the wound from drying out blasts and mesenchymal tissue, promoting a fibrouslike forma-
require a smaller pore diameter. The best approach to date tion around the openings of the pores. The silastic layer is
has been to create bilaminar membranes. This approach makes 0.1 mm thick and provides the bacterial barrier needed while
designing the wound dressings simpler because differences in maintaining the proper water flux through the membrane. In
physical strength, adhesion, pliability, and other properties can fact, the flux of 1 to 10 rng/cm2/hr is similar to that of normal
be separated between the two layers of the device. epidermal tissue. The silastic layer also provides the mechanical
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100% successful grafting rates. If the graft wrinkles or fails to
conform adequately for adherence to the wound, it must be
trimmed to prevent seromas or hematomas from forming be-
neath it.

Histological cross sections of wounds closed with this arti-
ficial skin show complete replacement of bovine collagen at 7
weeks with remodeled human dermis. No evidence of hypertro-
phic scar formation has been noted, and the grafted areas are
more supple than those areas simply covered with meshed auto-
graft.

Yannas and Burke have extended their development by
seeding dermal portions of a graft with autologous basal skin
cells (stage II membranes). A small sample of cells is removed
from the patient and the top layer of the epidermis is discarded.
The basilar cells are then dissociated from one another with
trypsin, and suspended in media. The basilar cells are intro-

FIG. 7, Schematic diagram of a biiaminar artificial skin. duced into the matrix, either by direct injection or by centrifu-
gal force (this entire procedure can be accomplished in the
guinea pig model in under 4 hr). The keratinocytes rapidly
proliferate and form sheets of keratinized cells. Functional skin

rigidity needed to suture the graft in place, preventing move- replacement has been achieved in guinea pigs in under 4 weeks
ment of the material during wound healing. (Yannas et al, 1982a); preliminary studies in humans have

The GAG content of the collagen controls such things as been encouraging.
the porosity and elasticity of the material, as explained in more Because of the unique ability of this artificial skin to partici-
detail in the section on materials. The collagen-chondroitin pate in the natural healing process and to allow remodeling
6-sulfate adheres to the wound within minutes (in contrast of the dermis, infection rates are low and in fact are similar
to collagen sponge), and neovascularization can be observed to those seen with autografted tissues. Cosmetic results are
within 3-5 days. The strong attachment of the collagen-GAG dramatic and result in a smooth, supple, homogeneous surface
to the wound is evident by measuring the peel strength of the similar to that of normal skin. This artificial skin is the only
graft, which is 9 N/m at 24 hr and increases to 45 N/m by long-term skin replacement with a large human experience.
10 days. Successful adherence of the artificial skin to the wound More than 100 patients have been treated with this artificial
rresults in biological wound closure and its beneficial effects. skin at Massachusetts General Hospital and the Boston Unit
Slow resorption of the collagen from native collagenase results of the Shriner's Burns Institute. In addition, 106 patients have
in remodeling of the dermis. The three-dimensional structure had this treatment in a U.S. Food and Drug Administration
furnished by the collagen-GAG material provides a scaffolding Phase II trial Recent use of the artificial skin in 43 adults
or suprastructure which results in controlled ordered dermal admitted to Massachusetts General Hospital showed a signifi-
formation without the resulting scarring seen with simpler cant increase in survival, particularly in those patients over 40
materials. When autografted epidermis (0.1 mm thick) becomes years of age (64% survival of those receiving artificial skin,
available from regenerating donor sites, the silastic layer can versus 22% of those receiving standard treatments only). This
be removed from 3-4 weeks and the epidermal layer then can is particularly significant because those receiving the artificial
be applied directly to the developing neodermis with 95 to skin generally had a larger percent of body surface area in-

volved in their burn than those not treated (Tompkins et al.,
1989). This material received FDA approval recently.

The use of artificial skin allows for prompt debridement
and closure of the largest of burn wounds, limiting wound
contracture and providing permanent coverage with a readily
available, easily stored skin replacement material. When seeded
stage II material begins its routine clinical use, the advantages
of cultured epidermis without the limiting delay of several
weeks and the use of exogenous multiple mutagenic compo-
nents will also be realized. A bilaminant artificial skin has also
been developed by Boyce and Hansbrough (1987).

Culture Grafts

Grafts composed of epidermal cells grown from small sam-
ples taken from a patient have the theoretical advantage of
significantly amplifying the donor sites available for epidermal

FIG. 8. Diagram of Burke and Yannas artificial skin (from Heimbach et «Us. Studies have been conducted in which cells were grown
al., 1988). on collagen film by seeding the film with basal cells. The sheets
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were grown by placing the film in the subcutaneous tissue or thickness wounds. Expanded mesh, human, split-thickness skin
subcapsular region of the kidney. When a confluent layer grafts were placed over the artificial dermal matrix graft. Dur-
of epithelial cells appeared, the sheets were applied to the ing a 99-day period after graft placement, the PGA/PGL-fibro-
wounds and an occlusive dressing was placed to immobilize blast grafts were incorporated into the wound and epithelializa-
the sheets. In those grafts that took, the epithelialization tion from the skin bridges proceeded rapidly across the surface
seemed complete after 1 week. Contraction was noted in of the PGA/PGL-fibroblast grafts. Basement membrane forma-
the wounds and whether the cells were replaced by the tion at the dermal—epidermal junction of the epithelialized
animal's own cells was not established. Extensive experience interstices was seen and minimal inflammatory reaction to the
in humans with long-term experience has not been reported PGA/PGL-fibroblast grafts was noted.
with these methods. In a controlled clinical study with this approach, Hans-

Results in short-term human studies show histological sec- brough et al. (1992b) evaluated Dermagraft (Advanced Tissue
tions with a mildly hyperkeratotic epidermal layer with no Sciences, La Jolla, CA), which is composed of human neonatal
glandular structures. A mild chronic inflammatory response fibroblasts grown on a PGA Vicryl mesh. The study tested the
was noted in the underlying connective tissue, similar to that ability of Dermagraft to function as a dermal replacement
seen with scar formation. No stratum corneum or rete pegs material when placed beneath meshed, expanded, split-thick-
were present, making the epidermal cells susceptible to trauma, ness skin grafts. Full-thickness burn wounds in 17 patients
Moist petroleum drressings were kept on the wounds for 4 with burns (mean age, 31 years; range: 6-69 years; mean
weeks to prevent graft desiccation. A limitation to this tech- burn size, 23.8% total body surface area) were excised to
nique is that the period required for cellular growth is 2—3 subcutaneous fat (nine patients), to fascia (three patients), or
weeks; thus immediate closure of the burn wound must be to a combination of deep dermis and fat (five patients). The
provided by other means. results showed that "take" of skin grafts on control sites was

Green has extended the ability to generate cultured epider- slightly better than take on the Dermagraft; however, the differ-
mal keratinocytes by coculturing them with lethally irradiated ences were not statistically significant. Mesh interstices epitheli-
3T3 cells (an immortal transformed mouse cell line) in the alized over the surface of the full-thickness wound in a fashion
presence of epithelial growth factor (EGF), and cholera comparable to the surface of Dermagraft. No evidence of rejec-
toxin—a nonlethal agent that increases intracellular cyclic tion of the allogeneic fibroblasts and minimal inflammatory
AMP (cAMP) (Green et al., 1979). Using these techniques, reaction to the Vicryl fibers were seen. The Vicryl was hydro-
the keratinocytes plated at a density of 5000 cells/cm2, lyzed within the wound over 2—4 weeks although expulsion
displaced the 3T3 cells, and grew to confluence in approxi- of the fibers was noted as the healing epithelium advanced to
mately 14 days. This technique improved yield and provided close the interstices. Further clinical trials with Dermagraft are
the ability to quickly culture cells, producing a monolayer in progress. Comparisons of currently available skin replace-
of epidermal cells which could then be grafted over a healing ments are shown in Table 1.
wound site. When a modification of this technique (without
the 3T3 coculture) was used on human patients, significant
amplification of the patients' unburned epidermal areas could CREATION Of A SYNTHETIC
be achieved. Of course these grafted sites show no evidence BILAMINAR MEMBRANE
of any stratum corneum because only the epidermal cell
layer is being replaced, thus making them susceptible to desic-

The development of the Yannas and Burke artificial skin is

Bell has developed a "living skin equivalent" consisting of J™^ examined as an example of the technology needed to
a collagen fibrilar lattice seeded with autologous fibroblasts; fabricate a skin replacement,
epidermal cells can be cultured on its surface (Bell et al., 1981).
This technology is being tested by Organogenesis, Inc. (Cam- Extraction of Collagen
bridge, MA). In rodent studies, rapidly neovascularization of
the graft allowed the fibroblasts to proliferate. It was suggested Collagen was obtained from several sources during the de-
that the graft prevented contracture of the wound edges by as velopment of the artificial skin. The initial lots were extracted
much as 75 to 80%. In animal studies using small grafted from rat tail tendon by suspending it in 0.05 M acetic acid
areas, the dermal layer is remodeled after the graft is placed solution as per the methods of Piez and Michaeli. The free
and over the next 10 weeks, the collagen layers thin to half collagen was further purified by centrifugation, with any re-
the thickness of the surrounding dermis. Epithelial growth can maining solid impurities being discarded with the pellet. NaCl
be seen at the edges of the wound. There are no published (5% by wt.) was then added to salt precipitate the collagen;
human studies available to evaluate this approach. the collagen pellet was immediately redissolved in acetic acid.

More recently, another approach for an artificial dermal This cycle of salt precipitation, centrifugation, and redissolving
matrix has been taken in which human fibroblasts are grown the pellet was repeated two more times to further purify the
on surgical mesh materials. The artificial dermal matrix is collagen. The collagen solution was dialyzed against Na2HPO4

expected to provide a dermis for the interstices of meshed skin. for 48 hr and centrifuged. The resulting collagen pellet was then
In athymic mice studies (Hansbrough et a/., 1992a), polygly- lyophilized and stored. Purified chondroitin 6-sulfate extracted
colic acid (PGA) and polyglactin-910 (PGL) mesh containing from shark cartilage was obtained commercially,
confluent, cultured human fibroblasts were applied to full- In order to bind the GAG into the collagen mixture, chon-
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TABLE 1 Uses and Limitations of Wound Dressing Membranes and Skin Substitutes'3

Submembrane
Susceptibility fluid Loss of

Skin replacements Optimum use to infectionb collection integrity Adherence

Hydron Early coverage of small noncir- + + + + + + + + + Low on exudative wounds
cumferential, superficial par-
tial-thickness burns not involv-
ing joints

Polymerized agar Temporary dressing of clean + + + + + + + + Low
wounds

Fibrin film Temporary dressing of partial- + + + + + + + Requires dressing
thickness bums

Collagen membranes Temporary dressing of excised + + + + + + + Decreases with time
alone wounds

Biobrane Dressing for donor site or excised + + + + Less than allograft skin
wound

(collagen-nylon)/ +
silicone rubber

Silastic-collagen com- Excised burn wounds (partial and + + + + Excellent
posite full thickness)—permanent

closure

Nylon-microporous Wounds with granulation tissue + + 0 Excellent o n clean wound
mesh composite temporary dressing (when treated with

5% mafenide ac-
etate)

Culture-grown epithe- Freshly excised wounds or those + + + + + + + Good under occlusive
Hal sheets with granulation tissue dressing

Culture-grown com- Excised wounds + + + + + + Good with sutures and an
posite occlusive dressing

"Adapted from B. A. Pruitt and N. S. Levine, 1984. Arch. Surg. 119, 312-322.
feO indicates none; +, minimal; + + , moderate; + + +, marked; + + + + , severe.

droitin 6-sulfate was added slowly at a constant rate to a instantaneous freezing followed by slow sublimation at con-
well-mixed acetic acid—collagen solution. The two substances stant low temperatures was necessary to ensure the maximum
coprecipitated at pH 3.2. The proportion of GAG incorpo- mean pore size. Table 2 shows the comparative mean pore
rated, the temperature, and the acidity of the bath are important sizes and shrinkage ratios of the collagen—GAG membrane
parameters in determining final coprecipitate membrane prop- that were due to various method of drying,
erties. Cross-linking of the collagen and GAG was performed by

The pore size of the membrane was exquisitely sensitive to glutaraldehyde. The coherent membrane was removed from
the method of drying. Dagalakis et al. (1980) showed that the glutaraldehyde and placed in distilled water to remove any

TABLE 2 Shrinkage Ratio and Pore Size of Membrane3

Air Air Freeze drying
dried, dried, Critical point of preformed Direct freeze
water ethanol drying CO2 membrane drying

Shrinkage ratio, percent of untreated 41 48 75 94 97

Mean pore size, /uin <5 <5 15 ± 11 50 ± 46 100 ± 80

''Reprinted from N. Dagalakis et al. (1980). /. Biomed. Mater. Res. 14: 511-528. Percent of original linear dimension, ±1%.
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unreacted aldehydes. If the membrane was freeze dried, it was epidermal skin grafting. Further advances in our basic under-
first necessary to partially cross link the collagen in a 105°C standing of tissue—graft interactions will yield refinements and
vacuum oven. After this step, it is possible to immerse the new approaches in the development of biomaterials suitable
membrane in a glutaraidehyde solution without it collapsing; for incorporation in the healing derrnis.
the remainder of the cross-linking is then carried out in the
standard manner. The amount of cross-linking, which in turn
affects the strength, elasticity, and pore size of the membrane,
was controlled by adjusting several parameters. The time the Bibliography
membrane remained in the vacuum oven determined the initial
retention of GAG by the membrane; the second step of cross- Bell, E., Ehrlich, H. P., Buttle, D. J. and Nakatsuji, T. (1981). Living
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because the GAG forms an unstable ionic complex with colla- B°yce' S' T" and Hansbrough, J. F. (1987), Biological attachment,
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The silastic layer is applied as a liquid monomer and curing (1980). Design of an artificial skin. Part III. Control of pore struc-
takes place at room temperature on the surface of the collagen ture- /• Biomed Mater. Res. 14: 511-528.
after exposure to ambient moisture. This bilayer copolymer Green> R» Kehindc, O., and Thomas, J. (1979). Growth of cultured
composite is then stored at room temperature either in 70% human ePidermal cells into multlPle epithelia suitable for grafting.

, £ , c , . c , . , Proc. Natl. Acad. Sci. U.S.A. 76: 5665-5668.
alcohol or after being freeze dried. , , T c r , *, T ,- u r, * j /1QQi \ E i

r ,, , , j , j- i n Hansbrough, J. F., Cooper, M. L., Cohen, R.etal. (1992a). Evaluation
Stage 11 membranes may be created by seeding the collagen— ( • • j . U) . . . • • ' ,, » , cu Ui .& ' i l l °* a biodegradable matrix containing cultured human f i b r o b l a s t s

GAG-silicone system with recently disaggregated epidermal as a dermal replacement beneath meshed skin grafts on athymic

cell suspensions. These epidermal cells are prepared by digest- mice. Surgery 111: 438-446.
ing a small piece of skin with trypsin in phosphate-buffered Hansbrough,]. F., Dore, C., and Hansbrough, W. B. (1992b). Clinical
saline (pH 7.2) for 40 min at 37°C. The top of the epidermal trials of a living dermal tissue replacement placed beneath meshed,
layer is discarded and the bottom layer is placed in Eagle's split-thickness skin grafts on excised burn wounds. /. Burn Care
minimum essential medium. Suspended basilar cells are sepa- Rehabil. 13: 519-529.
rated from the tissue debris by filtration and centrifugation. Heimbach, D., Luterman, A., Burke, ]., Cram, A., Herndon, D., Hunt,
The cells are then seeded into the artificial skin either by direct J" Jordan'M". McManus, W., Solem, L, Warden, G. and Zawacki,
• • • L I - n L c. • - 1 1 B. (1988). Artificial dermis for major burns, a multi-center random-injection, or by placing a small piece of graft in a specially . , ., : . . . . „ ' .., '
, . , . /• . i . i .,- i c • i - i lze" clinical trail. Ann. Sure. 208: 313-320.

designed centrifuge in which centrifugal force is directed across v .u , D T ,1Q-,0 «• \\ * ui \ • \x i- • j. . , , Kroenthal, R. L. (1975). Biodegradable polymers, in Medicine and
the membrane thickness and drives the epidermal cells across Surgery. Plenum Publ. New York.
one surface of the collagen-GAG membrane. A maximum of 4 Linj s. D., Robb, E. C., and Nathan, P. (1982). A comparison of
hr are required to harvest and implant cells; thus no appreciable IP-758 and Biobrane in rats as temporary protective dressings on
delay in wound closure has been encountered in either animal widely expanded meshed autografts. /. Biomed. Mater. Res. 3:
or limited human studies. 220-222.

Pruitt, B. A., and Levine, N. S. (1984). Characteristics and uses of
biological dressings and skin substitutes. Arch. Surg. 119:

CONCLUSION Tompkins, R. G., and Burke, J. F. (1989). Burn wound, in Current
Surgical Therapy B. C. Decker, pp. 695-702.

As our basic understanding of wound healing and skin Tompkins, R. G., Hilton,J.F., Burke,J.F., Schoenfeld, D. A., Hegarty,
properties continues to evolve, we can expect further progress M- T-> Bondoc, C. C., Quinby, W. C., Behringer, G. E. and Ackroyd,
toward early wound closure and replacement of damaged tis- F- W- (1989)- Increased survival after massive thermal injuries in
sue. Advances in composite materials such as the Yannas and adults: PreliminaT reptm using artificial skin. Cm. Care Med.

Burke artificial skin promise an "off-the-shelf" solution for ., T " ', _. . T „ , , _ „ - , _, . , .r . . . . T, . . , , . [ i . i i • / • Yannas, 1 . V., a n d burke, . r. 1980). Design o r a n artificial skin. I .
seriously injured burn patients for which there is often not Bagic design prinaples ; Biomed Mater_ Res 14. 65_81

enough natural graft material available for immediate primary YannaS) L v>> Burke> j F ? Orgill D p et fl/ (1982a) Wound tigsue

wound closure. As stage II membranes move from animal ex- can uti]ize a polymeric template to synthesize a functional extension
periments to clinical application, we may see further advances, of skin. Science 215: 174-176.
including initial and final closure without the need for a delayed Yannas, I. V., Burke, J. F., Warpehoski, M., Stasikelis, P., Skrabut,
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7 1 1 BlOELECTRODES 'eve^ ^c electr'c fields can be used to alter nerve development
* • c r, 111 ji r>. c or regeneration. "Stimulation" in this context refers to stimula-Lots S. Rohblee and James D. Sweeney • f , i . . „ ,

tion or axonal growth, not excitation, ror example, neuntes
in tissue culture can be influenced to grow toward the cathode

The term "bioelectrode" is broadly used to denote a class in a steady electrk fidd (e>g>? Jaffe and Poo? 19?9) Researchers

of devices which transmit information into or out of the body hav£ also shown significant effects of Iow4evei (cathodic) dc
as an electrical signal. Those that transmit information out of e,ectrk currents on regeneration in the lamprey (Roederer et
the body generally comprise a category of electrodes called ^ 19g3} and guinea pig (Borgens etaL^ 1987) spinal cord This

biosensors. Examples of these are sensors for oxygen, glucose, possibility of inducing central nervous system (CNS) neural
and urea. Chapter 7.12 provides a discussion of these devices. regeneration following an injury is particularly exciting because
Bioelectrodesthattransmitmformationintothebodyarefound signincant CNS regeneration in humans does not normally
in electrical stimulation devices. Examples of these are the occur. [See Borgense^L (1989) for an overview of the possible
cardiac pacemaker, transcutaneous electronic nerve stimula- mechanisms involved in de-enhanced nerve regeneration re-
tors ("TENS'J devices) for pain suppression, and "neural pros- search (am} rdated topks involving Hmb regeneration and
theses" such as auditory stimulation systems for the deaf, and wound healing) 1
phrenic nerve stimulators for artificial respiratory control.
More complex experimental or possible future neural control
devices include neuromuscular stimulation prostheses for resto-
ration of hand, arm, or leg function in paralyzed individuals, REQUIREMENTS fOR BIOELECTRODES IN
visual prostheses for the blind, spinal cord stimulators for ELECTRICAL STIMULATION DEVICES
artificial bladder control, and low-level dc electric field systems
for promoting regeneration of damaged nerves. In all of these The selection of materiais for bioelectrodes in electrical
devices, electrodes transmit current to appropriate areas of the stimulation devices is a challenging problem, with specifics that
body for direct control of or indirect influence over target from Qne a lication to anothen For example, intramus-
cells. Hambrecht (1990) and Heetderks and Hambrecht (1988) ^ stimulatlo;;

F
requires selectlon of an elect;ode material

provide overviews of the history and state-of-the-art of electri- wkh excellent iong.term strength and flexibility, yet this appli-
cal stimulation devices. cadon does nof require yery high stimulation charge densities.

Stimulation of the visual cortex through placement of elec-
trodes on the cortical surface, however, requires little mechani-

ELECTRICAL STIMULATION Of EXCITABLE CELLS cal flexibility in an electrode material with relatively moderate
charge injection needs. Intracortical stimulation electrodes

Electrically excitable cells, such as those of the nervous must be fabricated on a very small scale and must be capable
system or heart, possess a potential difference across their of injecting very high charge densities. In all applications, the
membranes of approximately 60 to 90 mV, with the inside of electrode and any implanted conductors must be biocompatible
the cell being negative with respect to the outside. Such cells both as passive implants and when passing current. In most
are generally capable of transmitting information in the form of neural control devices, the surface area of exposed metal of
electrical signals (action potentials) along their lengths. Action the stimulation electrode is relatively small, <1 cm2, so that
potentials are self-propagating waves of depolarization. That problems with passive biocompatibility of the metal are minor,
is, during an action potential the cellular membrane transiently, However, the conductive wires or cables must be electrically
for a period of less than 1 msec, changes polarity so that the isolated from the tissue with insulating layers of high dielectric
inside of the cell becomes positive with respect to the outside. materials. Since the volume and area of the dielectric materials

Excitable cells can be stimulated artificially by electrodes in contact with the biological tissue are much greater than that
that introduce a transient electric field of proper magnitude and of the active electrode surface, most of the passive biocompati-
distribution. In general, the field generated near a cathodically bility issues relate to properties of the dielectrics. Thin layers
driven electrode can be used to depolarize most efficiently an of medical-grade silicone rubber, Teflon, polyimide, or epoxy
adjacent excitable cell's axonal process above a "threshold" are typically used for this purpose, although arrays of micro-
value at which an artificially generated action potential results. electrodes or sensors which are fabricated using lithography
(Cathodes will tend to draw current outward through nearby and thin film technology are typically insulated with thin layers
cell membranes. In their passive state, such membranes can of SiO2 and/or Si3N4. The insulating materials must be care-
be modeled electrically as a parallel "cable" arrangment of fully selected to provide pinhole-free coatings, good adhesion
resistors and capacitors. Outward current therefore elicits de- to the conductors, and biocompatibility with the tissue,
polarizing resistive potential drops, and capacitive charging.) Each electrode of a neural prosthesis must be configured in
Depending upon the specific application and electrode proper- dimensions that are compatible with its location in the target
ties, a single action potential in a nerve cell might be elicited tissue; it must have long-term mechanical and electrical stabil-
using currents on the order of microamperes to milliamperes, ity; and it must be capable of transferring the required cou-
introduced for periods of microseconds to milliseconds. Ranck lombic charge without corroding the electrode or electrolyzing
(1975), Mortimer (1990), and Sweeney (1992) provide in- the tissue. The quantity of charge that can be delivered without
depth detail on excitable cell stimulation fundamentals. these reactions occurring depends primarily on the surface area

It has been shown by a number of investigators that low- of the electrode-tissue interface. Therefore the size of an elec-
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trode will be determined primarily by the "charge injection waveform, the shape and surface morphology of the electrode,
capacity" of the electrode material. and the chemical composition of the surrounding medium.

The relative importance of these factors in achieving reversible
charge injection has been reviewed recently (Robblee and

Charge Infection Mechanisms Rose'1990)

Charge transfer between a metal electrode and biological
tissue requires a change in charge carriers from electrons in Snmtlwnon Waveforms
the metal to ions in the tissue fluid. This change in charge Before discussing the properties of Individual metals typi-
carriers occurs by two mechanisms. The first of these is a ^ used for stimulation electrodes, it is necessary to have
capacitive mechanism involving only the alignment of charged SQme fundamental understanding about stimulation wave-
species at the electrode-tissue interface, i.e the charging and forms__the temporal patterns by which electric signals are
discharging of the so-called "electrode double layer." This is presented to the nervous tissue. Examples of several waveforms
the ideal mechanism for charge transfer across the interface ^ shown ̂  fig L In ^ for impianted electrode systems?

because no chemical changes occur in either the tissue or the regulated-current (as opposed to regulated-voltage) stimulators
electrode However, the amount of charge that can be trans- are preferred As we have discussec{5 excitable cells can be
ferred solely by capacitive charging is only about 20 MC per stimulated artificially by introducing transiently appropriate
square centimeter of real electrode surface area for commonly electrk fields Such dectrk fields are ̂ ^ proportional to

used metal electrodes. "Real" electrode surface area is the Ae cufrem density distributlon created by an electrode. Regu-
actual surface area at the electrode-tissue interface, including iated.voltage wavefOrms therefore suffer from the fact that
areas created by pits, cracks, pores, etc. Calculations of "geo- impedance changes at the electrode-tisSue interface, or within
metric" electrode surface areas are based on the simplifying Ae tissues themselveS5 can duce often compiex, nOnrepro-
assumption that the electrode is perfectly smooth. Real areas dudMe fluctuations in current density. Stimulation waveforms
are often estimated from geometric areas using assumed rough- for neura[ exdtadon are dther pulsatile or smusoidaL Puisadle

ness actors. waveforms consist of a train of pulses which are usually of
The second mechanism of charge transfer, i.e., faradaic equal amplkude and duratlon. The charge5 ̂  in a rectangular

charge transfer, involves the exchange of electrons across the pulse js tional to the lse current? ,• and the pulse

electrode-tissue interface and therefore requires that some duration5 ^ according to the relationship
chemical species be oxidized or reduced. Metal electrodes used
for electrical stimulation almost always inject charge by farad- q - jt

aic processes because the amount of charge required greatly
exceeds that available from the capacitive mechanism alone. The charge density, which is the charge per pulse divided by
Brummer and Turner (1977) classified the faradaic processes either the geometric surface area or the real surface area (if
available on platinum and other noble metals as "reversible" or known) of the electrode, is the quantity most important in
"irreversible," depending upon whether new chemical species determining whether irreversible processes will be used in
were generated in the tissue fluid. Reversible reactions are those charge injection. The advantage of a pulsatile waveform is
that are, ideally, confined to the electrode surface such as mono- that the stimulus charge can be controlled precisely, and it is
layer oxide formation and reduction, and H-atom plating and independent of the pulse repetition rate or frequency with
oxidation reactions on platinum. These reactions can be quanti- which the stimulus is delivered. In contrast, the charge delivered
tatively reversed by passing a current in the opposite direction, in either half of a sinusoidal waveform is inversely proportional
and they do not produce "new" chemical species in the bulk of to frequency. Thus a current amplitude which gives an accept-
the solution. However, they may produce potentially damaging able charge density at high frequency may lead to an excessively
transient shifts in H+ or OH~ concentrations in the tissue fluid high charge density at low frequency.
near the electrode surface. The most favorable waveforms are those with no net dc

Irreversible faradaic reactions include the electrolysis of wa- current, and having charge densities below the level that will
ter to produce oxygen or hydrogen, the oxidation of chloride cause irreversible faradaic processes. Symmetric sinusoidal
ion, and corrosion or dissolution of the electrode to produce waveforms by their nature possess no net dc component. In a
unstable surface films or soluble metal complexes in tissue pulsatile waveform, the condition of no net dc is achieved by
fluids. These reactions are undesirable because they alter the using a charge-balanced biphasic pulse pair which consists of
chemical composition of the tissue fluid, produce toxic prod- consecutive pulses of equal charge but opposite polarity. As
ucts, generate extremes of acidity or alkalinity, may evolve explained earlier, the physiologically preferred polarity is for
bubbles, or can destroy electrodes. the leading "stimulating" pulse of the biphasic pair to be catho-

An important quantity in selecting a material for use as a dal. As will be seen, this is not always the preferred polarity
stimulation electrode is its "reversible charge injection limit," from the standpoint of maximizing the quantity of charge that
i.e., the quantity of charge that can be injected or transferred can be injected using only reversible processes,
using only capacitive charging and reversible faradaic pro- Low-magnitude, constant-current regeneration enhance-
cesses. The charge injection limit of any material will depend ment systems generally pass a net current, virtually ensuring
upon which reversible processes are available during the time charge transfer by irreversible processes. Many researchers
of the stimulus pulse, as well as the geometry of the stimulus have therefore used so-called "wick" electrodes, as originally



FIG. I. Diagrammatic representation of current waveforms used in neural
stimulation. (A) sinusoidal. (B) Square wave, pulsatile (may be unidirectional as
shown, or bidirectional). (C) Charge-balanced, symmetrical biphasic (bidirec-
tional). (D) Charge-balanced, biphasic with brief delay (d) between phases. (E)
Charged-baknced, asymmetric biphasic. (F) "Anapol." (G) Charge-balanced,
alternating bidirectional. (H) Monophasic, capacitively coupled. Note that T =
time of one cycle, or period; t = pulse duration or pulse width; lf = peak
current of sinusoidal waveform; da = delay before anodization phase of Anapol
waveform; »a = anodization current following stimulation pulse of Anapol wave-
form; ic = current due to capacitor discharge in monophasic, capacitively coupled
waveform. [Reproduced, with permission, from Robblee and Rose (1990), Chap-
ter 2, Fig. 2.5, p. 38, and legend, p. 39.]

developed by Borgens and colleagues (e.g., 1987) and subse-
quently by Kerns et al. (1987). These devices essentially isolate
a metal electrode (usually Ag—AgCl) from the tissues of the
body by passing current through a long insulated "wick" such
as cotton thread. Over time, however, toxic silver by-products
may be able to diffuse through the length of the wick into the
body, or the wicks may become blocked.

Electrode Materials

Noble Metals
The noble metals—platinum, iridium, rhodium, gold, and

palladium—are generally preferred for electrical stimulation
because of their low chemical reactivity and high resistance to
corrosion. However, even these metals undergo dissolution
during both in vitro and in vivo stimulation. In the saline
environment, the metals may dissolve as chloro-complexes such
as [PtCl6]

2~, [PtQ6]
4~, and [AuC^]1", or they may form unsta-

ble surface films which will spall and leave metallic deposits
in the tissue. The quantity of metal dissolution is related to
the stimulation charge density, polarity of the waveform, and
total coulombs delivered.

Platinum Platinum is used in many neural prostheses and
cardiac stimulation applications, such as in cardiac pacemaker
electrodes and neural stimulation devices for bladder control
or respiration assistance. In these applications, the electrode
is relatively large, approximately 0.1 cm2 geom. or greater, so
that even a high current in the range of 20—30 mA per pulse
does not result in excessively high current densities or charge
densities. Charge densities of 50—150 fiC/cm2 can be injected
in 0.2-msec pulses with platinum electrodes without the onset
of gas evolution or saline oxidation. Metal dissolution, how-
ever, is an unavoidable reaction and some platinum dissolution
can occur at all charge densities. Platinum dissolution rates
range from 100 to 1000 ng/C (nanograms per coulomb of
aggregate charge injected in either anodic or cathodic pulses)
in inorganic saline,and 0.1—1 ng/C in the presence of low
concentrations of protein (McHardy et aL, 1980; Robbiee et
al., 1980).

Pure platinum is a soft metal so that its alloys with iridium
are used in applications such as intracortical microstimulation
which require small-diameter electrodes strong enough to
pierce the pial membrane of the brain surface without bending
or breaking. Alloys containing up to 30% iridium have the
same charge injection limits as pure platinum. However, be-
cause microstimulation electrodes must so small, even the very
low currents on the order of 10—20 ju,A lead to charge densities
far in excess of the charge injection limit of platinum and its
alloys. For example, a 10-/U.A pulse of 0.2-msec duration is
only 2 nC in charge. If this is injected with a microelectrode
having a geometric surface area of 10—6 cm2, the charge density
is 2000 fjiC/cm2 geom., > 10 times higher than the charge
density that can be delivered with Pt or Pt—Ir alloy solely by
reversible processes.

Iridium Iridium has much greater hardness than platinum
and might be considered as a replacement for platinum—iridium
alloy in applications requiring high mechanical strength. How-
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ever, iridium metal has no advantage over pure platinum or
platinum-indium alloys in terms of charge injection properties.
Its great advantage lies in its ability to store coulombic charge
in the form of a multilayered surface oxide when it is appropri-
ately "activated." Reversible valence changes within the surface
oxide provide much higher charge injection levels than are
possible with the bare metal (Robblee et ai, 1983).

Iridium Oxide Iridium oxide is beginning to find use in a
number of experimental neural prosthesis designs (Bak et al.,
1990). Iridium oxide layers can be formed on iridium metal
or on films of sputtered iridium by electrochemical "activa-
tion," i.e., repetitive cycling of the iridium potential between
0.0 V and 1.5 V versus a reversible hydrogen electrode. Iridium
oxide thus formed is one of a category of "valence change
oxides." These oxides inject charge by highly reversible valence
transitions between two stable oxides, e.g.,

While the multilayered oxide film may have as much as 100,000
juC/cm2 of charge capacity available, nevertheless the total
charge capacity cannot be utilized within the short time of
a stimulus pulse because of ionic diffusion and conductivity
limitations. Thus the measured charge injection limits of irid-
ium oxide electrodes are very sensitive to stimulus waveform.
When stimulated with cathodal or cathodal-first biphasic
pulses, the charge injection limits with 0.2-msec pulses are
— 1000 /u.C/cm2 geom. However, if an anodic bias voltage is
applied between stimulus pulses, then cathodic charge densities
up to 3500 /xC/cm2 geom. can be injected with cathodal pulses
utilizing only reversible charge injection processes (Agnew et
a/., 1986; Kelliher and Rose, 1989). The higher charge injection
is possible if all of the oxide is returned to its highest stable
valence state between pulses. This can only be accomplished
by applying a bias potential. Cathodal charge injection then
occurs via reduction of some of this oxide to its lower va-
lence state.

The iridium oxide film in its fully oxidized state has a lower
interface impedance than the typical bare metal—saline inter-
face (Glarum and Marshall, 1980). The low impedance of
the oxide provides more efficient coupling between tissue and
electrode, which is advantageous for recording as well as stimu-
lation. The greater efficiency for charge flow may lower the
compliance voltage required to drive the stimulus current,
thereby prolonging the battery life of a stimulation device.

Non-noble Metals

Some non-noble metals are candidates for electrode applica-
tions requiring high mechanical strength and fatigue resistance
such as is demanded of intramuscular electrodes. Stainless steel
316LVM has been the material of choice for these electrodes
primarily because of its flexibility when fabricated in a coiled
structure and its fatigue resistance. However, because its charge
injection ability is quite limited, the surface area of the active
electrode must be quite large to keep the stimulus charge densi-
ties low.

The stainless steels, as well as the nickel—cobalt alloy Elgiloy
and the MP35N, rely on thin passive films for corrosion resis-

tance and must inject charge by faradaic processes involving
reduction and oxidation of their passivating films. Corrosion
will result when breakdown of the passive layer occurs. While
loss of passivity and dissolution are certain to occur under
conditions of large anodic polarization, the stainless steels and
cobalt alloys are also susceptible to corrosion-related failure
when used with cathodic-going pulses. The maximum charge
density that can be accommodated by stainless steel is ~40
jU.C/cm2 geom. and even at this level, corrosion-related failures
occur (White and Gross, 1974).

Titanium, tantalum, zirconium, tungsten, and tungsten
bronzes give strong surface reactions and changes in impedance
under conditions of electrical stimulation. Anodic polarization
of titanium and tantalum results in the formation of insulating
oxide films and large increases in impedance. However, this
property of titanium and tantalum is useful for their use as
capacitor electrodes which inject charge without any faradaic
reactions at the electrode—tissue interface. Silver and copper elec-
trodes are generally not used because they produce tissue necrosis
passively, even without active passage of electric current.

Capacitor Electrodes

Capacitor electrodes are considered the ideal type of stimu-
lation electrode because the introduction of a dielectric at the
electrode—solution interface allows charge flow completely by
charging and discharging of the dielectric film. The oxide film
that is produced on tantalum by anodic polarization withstands
substantial voltage without significant dc leakage and permits
charge flow without the risk of faradaic reactions. Anodized
titanium has higher dielectric strength than anodized tantalum,
but its dc leakage currents are too high for electrode applica-
tions. Both tantalum and titanium are used extensively as bio-
logical implant materials and have passive resistance to corro-
sion in a saline environment. Capacitor electrodes based on
tantalum—tantalum pentoxide have a charge storage capacity
of -100-150 /uC/cm2 (Rose et al, 1985). Their use is limited
to neural prosthesis applications having electrodes about 0.05
cm2 or larger in geometric area, such as peripheral nerve stimu-
lators. It is not possible to obtain adequate charge storage
capacity in electrodes smaller than 10~ • cm2. An additional
restriction on the use of tantalum capacitor electrodes is that
they must always operate at a positive potential to prevent
electronic conduction across the oxide. If cathodal stimulation
is required, the tanalum capacitor electrode must be biased to
an anodic potential and pulsed cathodally.
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7» 12 BlOMEDICAL SENSORS distinguish this chemical from a number of similar interferents,
_ which can be technologically challenging, but this is an area

AND DlOStNSORS m y^hjch biosensors excel. The clinical utility of monitoring a
Paul Yager variety of marker compounds in the body has motivated great

efforts to develop biosensors. The prime target is improvement
A convergence of factors is now resulting in the rapid devel- upon current methods for determining glucose concentration

opment of sensors for biomedical use. These factors include: for treatment of diabetes.
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TABLE 1 Chemical Indicators of Health

Small, simple pH (acidity)

4 Electrolytes (ions)

4 Blood gases, including general anesthetics

4 Drugs and neurotransmitters

4 Hormones

| Proteins (antibodies and enzymes)

4 Viruses

4 Bacteria

4 Parasites

Large, complex Tumors

INTERACTION Of THE SENSOR WITH
ITS ENVIRONMENT

One helpful way to classify sensors is to consider the rela-
tionship between the sensor and the analyte, as shown schemat-
ically in Fig. 1. The more intimate the contact between the
sensor and the analyte, the more complete is the information
about the chemical species being measured. However, obtain-
ing greater chemical information may involve some hazard to
the physical condition of the system being studied. This is not
a trivial problem when dealing with human subjects.

FIG. 1. Different types of relationships may occur between a chemical sensor
and the analyte to which it is sensitive.

Noncontacting sensors produce only a minimal perturba-
tion of the sample to be monitored. In general, such measure-
ments are limited to the use of electromagnetic radiation such
as light, or sampling the gas or liquid phase near a sample. It
may be even necessary to add a probe molecule to the sample
to make the determination. Two examples are monitoring the
temperature of a sample by its infrared emission intensity,
and spectroscopic monitoring of pH dependence of the optical
absorption of a pH-sensitive dye. No damage is done to the
sample, but limited types of information are available, and
chemical selectivity is difficult to achieve in vivo.

Contacting sensors may be either noninvasive or invasive.
Direct physical contact with a sample allows a rich exchange
of chemical information; thus much effort has been made to
develop practical contacting sensors for biomedical purposes.
A temperature probe can be in either category, but with the
exception of removing or adding small quantities of heat, it
does not change the environment of the sample. Few chemical
sensors approach the nonperturbing nature of physical sensors.
All invasive sensors damage the biological system to a certain
extent, and physical damage invariably leads to at least local-
ized chemical change. Tissue response can, in turn, lead to
spurious sampling. Furthermore, interfacial phenomena and
mass transport govern the function of sensors that require
movement of chemical species into and out of the sensor. Re-
strictions on size of the invasive sensor allowable in the biologi-
cal system can limit the types of measurements that can be
made—even a 1-mm diameter pH electrode is of no use in
measuring intracapillary pH values. Clearly, this is the most
difficult type of sensor to perfect.

Sample removal sensors. Most contacting sensors are de-
rived from chemical assays first developed as sample removal
sensors. While it is certainly invasive and traumatic to remove
blood or tissue from a live animal, removal of some fluids such
as urine can be achieved without trauma. Once removed, a
fluid can be pretreated to make it less likely to adversely affect
the functioning of a sensor. For example, heparin can easily
be added to blood to prevent clotting in an optical measurement
cell. Toxic probe molecules can be added at will, and samples
can be fractionated to remove interfering species. The sensor
and associated equipment can be of any size, be at any tempera-
ture, and use as much time as necessary to make an accurate
measurement. Furthermore, a sensor outside the body is much
easier to calibrate. This approach to chemical measurement
allows the greatest flexibility in sensor design and avoids many
biocompatibility problems.

Consuming vs. Nonconsuming Sensors

There are at least two distinct ways in which a sensor can
interact with its environment; these can be called consuming
and nonconsuming (Fig. 2). A nonconsuming or equilibrium
sensor is one that can give a stable reading with no net transport
of matter or energy between the sensor and its environment.
For example, while a thermometer is approaching equilibrium
it takes up or releases heat, but when it has reached its ultimate
temperature it no longer directly affects the tempeature of
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FIG. 2. A schematic diagram comparing consuming and nonconsurning sensors. The transducer is usually isolated
from the environment by a permeability barrier to keep out interfering species, and in a consuming sensor, there
is usually an intermediate layer in which active chemical processing occurs. In the consuming sensor there is a complex
flux of analytes and products that makes it very sensitive to changes in permeability of the sensor-solution interface.

its environment. Some chemical sensors such as ion-selective is the time delay inherent in moving a sample to a distant
electrodes and some antibody-based sensors work similarly, location and waiting for delivery of the information derived
and have the advantage of being minimally perturbative of their from it, as well as the fact that useful instruments are often
environments. A nonconsurning sensor may become slower to heavily utilized.
respond after being coated by a biofilm, but may still provide A major activity of modern bioanalytical chemistry is con-
the same ultimate reading. version of sample removal sensors into invasive contacting

The consuming or nonequilbrium sensors rely on constant sensors. Not only can this approach improve care by reducing
unidirectional flux of energy or matter between the sensor and the aforementioned delays, but it can also allow new types of
environment. The most common glucose sensor, for example, procedures, such as automated feedback control of delivery of
destroys glucose in the process of measuring it, thereby reduc- drugs to patients. However, development of such an approach
ing its concentrations in the tissue in which it is measured, as often requires inventing new ways of making the measurements
well as reducing the pH and O2 concentrations and generating themselves. Chemical measurement at bedside or in vivo is
toxic H2O2 as a byproduct. This chemical measurement cannot technologically more challenging than in a prepared chemical
be made in situ without affecting the system in which the laboratory with highly trained technicians. Clinical personnel
measurement is made, and while it may be tolerable in flowing must attend to the critical needs of the patient and have little
blood, it may not be acceptable in tissue over the long term. time for fiddling with temperamental instrumentation. The
The greater the size of the sensor, the greater its sensitivity, instrumentation must therefore be made nearly foolproof, rug-
but the more seriously it perturbs its environment. Many of ged, safe, reliable, and, if possible, self-calibrating,
the most fully developed specific in vitro analytical techniques
for the determination of biochemicals involve irreversible con-
sumption of the analyte, so sensors based on such techniques Duration of Use
are difficult to implement in vivo.

Two major questions in the design of any sensor are how
often and for how long it is expected to be used. There are
several factors to be considered:

Site of Measurement
Length of time for which monitoring is required. Determi-

Sample removal sensors are the mainstay of the clinical nation of blood glucose levels must be made for the entire
chemistry laboratory. For example, the first commercially man- lifetime of diagnosed diabetics, while intra-arterial blood
ufactured biosensor—an electrode for measuring glucose— pressure monitoring may only be needed during a few hours
was made by Yellow Springs Instruments for a clinical chemis- of surgery.
try analyzer. The major problem with the use of such devices Frequency of measurements. Pregnancy testing may have
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to occur only once a month, whereas monitoring of blood biofilm formation on surfaces exposed to active media such as
pCO2 during an operation may have to be made several times bacterial or eukaryotic cell cultures. The growth of a biofilm
a minute, on a sensor degrades its performance in some way. In fact, in

Reusability of the sensor. Some chemical sensors contain the most extreme case, the sensor can become sensitive only
reagents that are consumed in a single measurement. Such to conditions in the biofilm. While the microenvironment of
sensors are usually called "dipstick sensors," such as are now these films may be beneficial to the bacteria, it is detrimental
found in pregnancy testing kits. High-affinity antibodies, for to the function of the sensor for several reasons. First, the
example, generally bind their antigens so tightly that they can- chemistry of the film may damage structural or active compo-
not be reused. On the other hand, most physical and chemical nents of the sensor. Second, if the film completely encloses the
sensors are capable of measuring the concentration of their sensor, only the film's microenvironment is sensed, rather than
analyte on a continuous basis and are therefore inherently re- the solution that surrounds it. If the living components of the
usable. film metabolize the analyte to be sensed, it may never reach

Lifetime of the sensor. Chemical sensors all have limited the sensor. Even a "dead" film may exclude certain analytes
lifetimes because of such unavoidable processes as oxidation, by charge or size and thereby lower the concentration available
and while these may be extended through low-temperature for sensing at the surface below the film. If a sensor used in
storage, in vivo conditions are a threat to the activity of the vitro is fouled, it can often be removed, cleaned, and restored to
most stable biochemical. Most sensors degrade with time, and its original activity. For example, carbon electrodes containing
the requirements for accuracy and precision usually limit their immobilized enzymes can be restored by simply polishing away
practical lifetime, particularly when recalibration is not possi- the fouled surface (Wang and Varughese, 1990), When sensors
ble. Mechanical properties can also limit lifetimes; while a are used in vitro for monitoring the chemistry of body fluids,
thermocouple may have a shelf life of centuries, it can be preprocessing can be used to reduce the accretion of biofilms
broken on its first use by excessive flexing. that might impede the function of the sensor.

Appropriateness of repeated use. The need for sterility is
the most important reason to avoid reuse of an otherwise
resuable sensor. If it is not logistically possible or economically jiy \/n/f\ ijcr
feasible to completely sterilize a used sensor, it will only be
used o n a single individual, a n d probably only once. . - 1 1 1 ,

0. . ..,.,., r£ i £ ' f . i j j Introduction or sensors into the body creates a complex set
aiocompatibuity. If the performance or a sensor is degraded , .. „. . . . ' , , •

i . 1 1 - I • !„• / i- j i v of problems. Ihe sensor and the body act on each other inby continuous contact with biological tissue (as discussed later), . v. . . . . ? . , . ,
•c _L • i «. a. U uu * a. -• * • • u a. detrimental ways that must be minimized it not entirelyor if the risk to the health of the patient increases with the 1 1 . , /• i .1 i -« i , • ;

1 - 1 . , .t ,-r • f . avoided. Many of the problems (described later) worsen withtime in which a sensor is in place, the lifetime of the sensor . . ' , ,. / ,
i i i „. - .i • -. time and may limit the utility or sensors to very short uses. In

may be much shorter in vivo than in vitro. - 1 1 /• i i i 11 i
some cases it has been found that the problems are almost

As a consequence of all of these factors in the design of an immediate, producing spurious results from the outset. Subcu-
integrated sensing system, the probe—that part of the sensor taneous glucose needle electrodes have been found in give accu-
that must be in contact with the tissue or blood—is often rate results in vitro before and after producing erroneous values
made disposable. Probes must therefore be as simple and as in vivo. The biological environment may simply make it impos-
mexpensive to manufacture as possible, although it is often sible to perform accurate chemical measurements with certain
true that it is the sale of consumables such as probes that can types of sensors,
be more profitable than the sale of the device itself.

Effects of Sensors on the Body

OCOmpa o ny j^e mtro£juction to the body of a sensor is a traumatic

The function of most chemical sensors is limited by the rate event> although the degree of trauma depends on the site of
of diffusion through an unstirred layer of liquid at the interface, placement. The gastrointestinal tract can clearly be less trau-
whether the alteration is rate control response or merely re- matically accessed than the pulmonary artery. Critically ill
sponse time. However, interfacial flux in biological media can patients often must have catheters placed into their circulatory
be altered further by processes unique to living systems. Bio- systems for monitoring blood pressure and administration of
compatibility is a serious problem for any material in contact druSs' fluids' and food' so that no additional trauma is caused
with living systems, but is particularly so for chemical sensors. by including a small flexible sensor in that catheter. The size,
The properties of the interface are crucial to the ability of the shaPe' flexibility, and surface chemistry of the sensor probe
sensor to make accurate reproducible readings. are also important factors, although they are covered elsewhere

in this volume. The outermost materials of the chemical sensor
have at least one requirement not normally placed upon struc-
tural biomaterials: they must be permeable to the analyte in

IN VttRO USE question. Thin films of polyurethanes are permeable to at least
some analytes, and Nafion and porous Teflon work in other

Biofilms often consist of bacteria embedded in a secreted cases, but this issue is far from resolved. Some metals and
matrix of complex polysaccharides. It is difficult to prevent graphite can be used directly as electrodes in the body.
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When short-term implantation in tissue is possible, there is CLASSES OF SENSORS
initial trauma at the site of insertion. Longer term implantation
increases the risk of infection along the surface of the implant. New Technologies
When the site of implantation of the probe is the circulatory
system, the thrombogenicity of the probe is of paramount As mentioned at the outset, the current rapid pace in devel-
importance. Surface chemistry, shape, and placement within opment of biomedical sensors is fueled in part by a series of
the vessel have all been shown to be of great importance in technological advances from other fields,
reducing the risk of embolism. Also, sensors based on chemical
reactions often contain or produce toxic substances during the Fiber Optics
course of their operation, so great care must be taken to ensure A , • , f 1 i <• • . • 1
that these are either not released or are released at low enough ^dvances m *c fie d of °P°^ communications have cre-
levels to avo.d significant risk to the patient. ated a new technology for controlling light by using waveguides

such as optical fibers. While most ot the technology for commu-
nication uses near-infrared light and most chemical measure-
ments are made with ultraviolet and visible light, the fiber optic
sensor field is bridging the gap by developing fibers that work

Effects of Surface Fouling on Sensor Function wen m t^e visible and chemical techniques that employ near-
T-,, i • j j .1 infrared light. Optical fibers have an advantage over wires inThe response of a consuming sensor depends on the rate ° \ i /- i

ca f t , i j t *u • «. * i j j that they do not conduct current, so sensors made from suchof flux of the analytes and products across the interface. Indeed, ' . . ' , , - ,
1 - 1 - .. f i i fibers (optrodes) are intrinsically safer than electrochemicalmost consuming sensors achieve linearity of response by mak- v F ' , . , * , , , . , ,

ing the diffusion of analyte into the sensor the rate-limiting sfnsors ,or
L

evf thermistors in that they reduce the nsk of
step in the chemical reaction on which the sensor relies. Any electrical shock to the patient.
new surface film over the interface will slow the diffusion
and reduce the sensor output signal, producing an apparent Microprocessor-Controlled Devices
reduction in the concentration of the analyte. Only equilibrium The recent availabiiity of powerful, small, and relatively
sensors avoid this problem, and even they experience a reduc- inexpensive computers has permitted designers of sensors to
tion in their response time. include sophisticated analytical procedures as part of the nor-

These aforementioned problems of inert biofilms pale in mal function of the sensors. Many previously manual opera-
comparison to the problems that arise when the film contains tions such as caHbration can now be completely automated,
living cells, which is usually the case in vivo. As mentioned in Rather than buiiding a custom anaiog drcuit to perform a

other chapters, enzymatic and nonenzymatic degradation of particular function, one can now assemble stock electronic
polymers can be greatly accelerated, resulting in mechanical parts and customize oniy the software for the application. This
and eventual electrical failure of a sensor. Large changes in has a}so relaxed the once.stringent requirement for linearity
local pH, p02, and pCO2, and concentration of other cherm- of response for the sensor itself—nearly any form of response
cally active species such as superoxide can either chemically can be programmed into a lookup table kept in memory. Home
alter analytes or damage the function of the sensor itself. If, treatment of the elderly and chronically ill has been aided by
as often happens when a foreign body is implanted in soft the acquisition of data from sensors in the home. The data can
tissue, a complete capsule of polynuclear macrophages forms, be sent by radio or phone lines to central iocations for more

the sensor within it may only be capable of sensing the microen- sophisticated analysis or routing of emergency services. Im-
vironment of activated macrophages, which is certainly not a provements in telemetry have led to the development of sensors
normal sample of tissue. tjiat jiave no wires penetrating the body at all, which avoids

Thrombus formation in blood is another common problem. the route for mfectiOn provided by continuous penetration of
While such schemes as the use of polyurethane coatings and the body by catheters and electrical leads,
covalent grafting of heparin to that surface that work for vascu-
lar grafts are also helpful for sensors, thrombus is a complex, ... .... _ . .

. „, t , • a. c i Mlcrosensors and Microfabrtcationactive tissue that severely compromises the function ot a sensor.
In general, sensors in blood are used only for a few days at Because of progress in the computer industry, micromachin-
most and in the critical care setting, during which time the ing of silicon into complex three-dimensional shapes with di-
patient may be undergoing anticoagulant therapy that reduces mensions of less than 1 pim is now commonplace. Devices can
the problem of thrombus formation. As yet there is no device be electrical, such as electrodes, single transistors, and complex
for permanent implantation in the bloodstream, despite great circuits; optical, such as photodiodes and optical waveguides;
efforts in this direction. and mechanical, such as sensors, pumps, and microactuators.

Because of the trauma involved with insertion and removal These diverse devices can be integrated into a single wafer,
of in vivo sensors, it is not generally feasible to remove a sensor creating an entire "chemical laboratory on a chip." Further-
to calibrate it. Consequently, any calibration must be done in more, silicon microlithography is so successful in producing
situ, and since this would require the delivery of a calibration computers because it allows production of multiple copies of
solution to the sensor, it is not generally done. Successful in vivo small and precisely manufactured devices, so the problems
sensors to date have been those that do not require recalibration and costs inherent in manufacturing hand-made sensors can
during the lifetime of that sensor. be avoided.
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Physical Sensors

Temperature

The proper maintenance of a particular temperature, such
as the 37°C of the human body core, is an indicator of health.
Alteration of the temperature of the whole body or of a particu-
lar organ may be advantageous during certain medical proce-
dures, such as surgery and preservation of organs, and this
requires careful but minimally traumatic monitoring.

Thermometry began with development of devices based on
calibrated changes in volume of liquids by Galileo in the 1600s
and was perfected in the mid-eighteenth century. Such ther-
mometers are inexpensive and can be quite accurate, but are HG- *• A schematic representation of the manner in which thermocouples
generally fragile, bulky, slow to respond, and require reading are used to measure temPerature'
by eye, so they have been largely replaced in the clinical setting.
If determination of the surface temperature of the skin is ade-
quate, there are inexpensive techniques available that rely on
changes in the optical properties of a film of cholesteric liquid u • i „ • • « . • -ui «., . r . ,. ,- 1 1 . chamcal strain, it is possible to measure temperature quite
crystals, or expensive options such as the use of infrared radi- , . , . , , ,V7i ,, , D~rrv u7 ' , , , , . , accurately and reproducibly. When well treated, RTDs are the
ometers. Modern methods of measuring the temperature of a mogt ̂ ^ amre measurernerit devices. The best RTDs
bulk materia such as blood or tissue are based on temperature- ^ ̂  hand_made coil§ of pt wire? but the&e tend to be ye

dependent electrical properties of matter. Devices include . j u n t> _i j •_• c n* c\, . , /r,-™-^ expensive and bulky. Recently, deposition of rt film on ceram-
thermocouples, resistance temperature detector (RID) sensors, • u u j i j ti u i *• vu. . , l i t - 1CS h a s been developed a s a smaller, cheaper alternative with
thermistors, and silicon diodes, microcomputer-based apphca- c . , , , ^ I_T XT i-, . ' , _. ' . F. . . .FF faster response times and nearly the same stability. Nonlmean-
tions of all or these. The sensor must be placed into tissue or . • j- k u c ^ j - j, 1 , 1 , . , , ties require adjustment in software tor accurate readings, and
blood, so to maintain accuracy there should be little transfer , , ,. , t... ' . /• i i i i 1 1 1 1 1 because some current must be supplied to make a measurement,
of heat into or out of the body along the leads to the thermome- , . . , , . , , , . , , , , .

„ ,, - , , - . , there is oule heating of the device and the sample around it.
ter. A small, self-contained telemetnc temperature sensor with
no external leads at all has been developed by Human Techno-
logies, Inc. It is capable of continuous readings of core tempera- Thermistors These are the most sensitive temperature
ture for the duration of the device's residence in the gastrointes- measurement devices. They are generally made of semiconduc-

• i tive materials with negative temperature coefficients (decreas-
ing R with increasing T). This effect is often quite large (several
percent per °C), but also quite nonlinear. Very small devices

Thermocouples The Seebeck effect is responsible for tern- can be fabricated with response times approaching those of
perature-dependent potentials (or current, in a closed circuit) thermocouples. Unfortunately, there are several drawbacks:
across the junction between two different metals. Responses the response of individual devices is highly dependent on pro-
(Seebeck coefficients) of 10 to 80 ^V/°C are the range for cessing conditions, the devices are fragile, and they self-heat,
commonly used thermocouple pairs. In potential measurement Nevertheless, because of their sensitivity they are the most
circuits, the size of the contact region is immaterial, so very common transducer for in vivo temperatures. For example,
small thermocouples can be made with response times as short they are commonly used as the temperature sensors incorpo-
as milliseconds. The response is not linear, and either lookup rated jn the Swan-Ganz catheter used to determine cardiac
tables or high-order polynomials are needed to linearize the output by thermodilution.
responses. Precision better than 0.1°C is not generally practical.
The thermocouple is self-powered and thus introduces no heat Q^ Techni o dcal techmques of temperature
to the system being measured but a reference junction at a measurement have med favor in recent years. This is partly
known temperature is required, usually within the housing of u ,u f • , c> t. ,. . , , T ^ ^ T ^ T N i • T -w because the use of optical fibers tor measurements removes
the digital voltmeter (DVM) sensor electronics (Fig. 3). Ther- Ac necessi of usi mml wires Aat both ̂ ^ a h fof

mocouples are cheap and as reproducible as the chemistry of tentiall lethal shock and can rturb electromagnetic fields
the metals used. Because they can be made extremely small, u *u j • «.• • • j u7 ./ . such as those used in magnetic resonance imaging and other
they continue to be the sensor of choice in some applications. « . u - • • «.u c TI. \* j i mnn_,, 7 _ ., i rx • » ^T^TK n ™rt • techmques requiring the use of microwaves. The Model 3000
The Cardiovascular Devices Inc. (GDI) Systems 1000 fiber optic ci • TL n r- \ • u j •

e TT ^^ 1 / ^ , 1 1 - • * • - i i Fluoroptic Thermometer (Luxtron Corp.) is such a device;
sensor tor pri, pCO25 andpU2 (see later discussion), ironically, •«. • u j u *. *. j j c a. re • cf i f ii r z \ /> / ) it is based on the temperature dependence of the lifetime of
uses a thermocouple tor its required temperature reference at u u • • r • .. • i /, r , n r phosphorescent emission from an inorganic material (magne-

" " " sium fluorogermanate) placed at up to four different locations
along four 250-ju.m plastic optical fibers. This allows four

RTDs The platinum RTD is based «on the temperature nearly independent temperature measurements at spacings as
dependence of the resistance of a metal. If care is taken to close as 3 mm, which is useful for monitoring microwave-
eliminate other sources of changes in resistance, chiefly me- induced hyperthermia. Accuracy to ±0.2°C over a 40°C range
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is claimed. The expense of this type of device has initially TABLE 2 Transducers Used in Chemical Sensors
limited its use to situations in which metal wires are not admis-
sible, but any of several recent temperature measurement Transducer Mode of measurement
schemes may prove substantially cheaper. Particularly when ———
integrated with other sensors in a single multichannel device, Ion-selective electrode, gas-selec- Potentiometry—determination
optical thermometry may prove more popular than the use tlve electrode, FET of surface concentration of

f i ' charged speciesor thermistors, & *
Oxygen electrode, electrochemi- Amperometry—monitoring

PreSSllfC cal electrode available concentration of
TM i i • i • i . .. electrochemically activeThe most common sensor placed into the circulatory system }

f, . . . . . - i l l • T, i • speciesof hospitalized patients is a blood pressure monitor. Both static
and pulsatile blood pressure are key signs for monitoring the Low impedance electrodes for Monitoring changes in balk or
state of patients, particularly those with impaired cardiac func- monitoring conductance, im- surface electrical properties

. . . ,„,, ,. . . ... pedance, admittance caused by altered molecular
tion or undergoing trauma such as surgery. While it is possible. , i i l l ! concentrations
to measure the static blood pressure external to the body by

tr i • • i e Optical waveguides with detec- Photometryusing pressure cuffs a n d some acoustic o r optical means o r - , • > • „
. 1 1 - i • i f T tion o r absorption, tluores-

detection, such techniques are subject to a number of artifacts , fi n i i - cence, phosphorescence,
and do not work well m patients with impaired cardiac func- chemiluminescence, surface
tion. The site of measurement may be either an artery or vein, plasmon resonance
and the sensor may be implanted for short term use during an T, . D~rrv i \* i.. . . , . 1 hermistors, R1U, calorimeters Monitoring temperature change
operation, or over a longer term in an intensive care unit setting. induced by chemical reaction

it is even possible to monitor intra-arterial pressure in ambula- .
, . , Piezoelectric crystal SAW, Change in sound absorption or

tory patients over long periods. Q A w r u u • n u j j u u j-1 r ti BAW, etc., with chemically se- phase induced by binding to
The pressure ranges generally seen in the circulatory system lective coating device

range from 0 to 130 mm Hg above the ambient 760 mm
Hg. The most commonly available pressure transducers for
accurate measurement in this range have been strain gauges,
which are temperature-sensitive devices about an inch in diame-
ter. The transducer itself is therefore placed outside the body,
and pressure is transmitted to the transducer through a cathe- sensor can be placed directly in the cavity in which the pressure
ter. The transducer must be calibrated at least at turn on, and is to be measured, flushing may not be necessary. Only a thick,
older models also required a two-point calibration against at rigid, calcified surface coating (of a sort that would take weeks
least one calibrated pressure different from atmospheric and Or longer to develop) would prevent an accurate monitoring
periodic rezeroing against ambient. of pressure by a sensor placed directly in the body. Advances in

The mechanical properties of the catheter clearly can affect silicon processing have allowed the manufacture of extremely
the accuracy of the waveform recorded by the transducer, as small pressure sensors based on thin diaphragms suspended
can the viscosity of the solution filling the catheter. Blood above evacuated cavities. The position of the diaphragm de-
would normally clot in the stagnant interior of the catheter, pends on the instantaneous pressure differential across it, so
degrading the sensor response and causing a risk of embolism, these devices can be used as both microphones and pressure
so it is necessary to flush the catheter periodically with heparin- monitors. The pressure can be monitored electrically, based
ized saline to keep both the lumen of the catheter and the On changes of capacitance between the diaphragm and the
artery patent. This requires the presence of a fairly complex apposing wall of the cavity, or optically by monitoring changes
set of sterile tubing and valves attached to a saline reservoir. in tne reflectivity of the resonant optical cavity between the
Because flushing the catheter perturbs the pressure, it is not diaphragm and wall. This latter approach is the basis for fiber
possible to obtain truly continuous measurements. optic sensors introduced by FiberOptic Sensor Technologies,

Most transducers have been fragile and expensive, and a Inc. and MetriCor Corporation,
factor that contributes to the cost of their use is the requirement
that all materials in contact with blood must be sterilized.
There is generally a diaphragm that separates the blood and Chemical Sensors
saline from the mechanical transducer. This diaphragm and
associated dome-shaped housing has in the past been a perma- A variety of chemical sensors employing different transduc-
nent part of the apparatus that required cleaning and steriliza- tlon mechanisms are currently employed for m vivo and in
tion between uses, but recent advances in manufacturing inex- mtro measurements of biological parameters. These are sum-

J\ ' T I*.) ""5
pensive, mechanically reproducible diaphragms have allowed manzed in 1 able z.
this part also to be made disposable.

Other pressures of clinical importance are intracranial pres- ™
sure and intrauterine pressure. While in both these cases no The pH of blood and tissue are normally maintained within
direct invasion of the circulatory system is required, periodic narrow ranges; even slight deviations from these values have
flushing of all catheters is required. If, on the other hand, the great diagnostic value in critical care. Measurement of pH is
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FIG* 4. Schematic of a pH meter and the potentials generated at various interfaces. Indepen-
dent potentials generated in a pH measurement system: El, measuring internal AgCl electrode
potential; E2, internal reference solution-glass potential; E3, glass asymmetry potential; E4,
analyte-glass potential; E5, reference liquid junction potential; E6, reference internal AgCI elec-
trode potential. Any contamination or fouling at any of those interfaces causes degradation and
drift. E4 is the potential that varies with solution pH, but a key source of error is E5, the liquid
junction potential generated at the point where the reference electrolyte must leak slowly from
the reference electrode body.

made either by electrically monitoring the potential on the Because of these drawbacks, there has been a recent shift
surface of pH-sensitive materials such as certain oxides or toward optical indicator-based sensors using fiber optic detec-
glasses (potentiometric sensor), or by optically monitoring the tion (Saari and Seitz, 1982; Benaim et al., 1986; Jordan et al.,
degree of protonation of a chemical indicator. The pH electrode 1987; Jones and Porter, 1988), and at least two such sensors
has traditionally incorporated a thin glass membrane that en- are now in advanced clinical trials. In these sensors, a small
closes a reference solution (Eisenman, 1967) (Fig. 4), although amount of dye with a pH-dependent fluorescence spectrum is
of late some success in the use of pH-sensitive field effect immobilized in a polymer or hydrogel at the end of an optical
transistors (pHFETs) has been reported and a solid-state pH fiber. Exciting light is sent down the fiber and the fluorescence
electrode based on a pHFET is being marketed. Another new emitted is returned to a photodetector along the same fiber,
device is the light-addressable potentiometric sensor now pro- The detector can discriminate between the reflected exciting
duced by Molecular Devices, Inc., which has shown great light and the probe's emission because they are at different
promise for in vitro measurement for biosensing (Hafeman et frequencies. Such a sensor requires no reference and can func-
al,y 1988). Electrical measurements require the use of a refer- tion until the dye leaches from the probe or is bleached by the
ence electrode that is often the source of problems and has a exciting light. However, both electrical and optical measure-
lifetime dependent on the volume of electrolyte that it contains. ments of pH are dependent on the temperature, so pH measure-
Consequently, miniaturization of pH electrodes for long-term ments are always performed in conjunction with a temperature
in vivo use has been a difficult problem. Such sensors are measurement as close to the site of the pH sensor as possible,
nonconsuming, but surface fouling can influence the readings, Also, no pH sensor is absolutely specific, so in an uncontrolled
and recalibration must be performed frequently. environment there is always the risk of interference. For exam-
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pie, the electrical sensors are subject to errors in the presence
of biologically important metal ions, and fluorescence-based
pH sensors are affected by fluorescence quenchers such as some
inhalation general anesthetics,

Ions

Many simple ions such as K1", Na% Cl~, and Ca2+ are
normally kept within a narrow range of concentrations, and
the actual concentration must be monitored during critical
care. Potentiometric sensors for ions (ion-selective electrodes
or ISEs) operate similarly to pH electrodes; a membrane that
is primarily semipermeable to one ionic species can be used to
generate a voltage that obeys the Nernst (or more accurately
the Nikolski) equation (Ammann, 1986):

where E is the potential in response to an ion, i, of activity ah

and charge z~, k,j is the selectivity coefficient; and / is any
interfering ion of charge y and activity a^.

Glasses exist that function as selective electrodes for many
different monovalent and some divalent cations. Alternatively,
a hydrophobic membrane can be made semipermeable if a
hydrophobic molecule that selectively binds an ion (an iono-
phore) is dissolved in it. The selectivity of the membrane is
determined by the structure of the ionophore. One can detect
K+, Mg2+, Ca2% Cd2+, Cu2+, Agf, and NHJ by using specific
ionophores. Some ionophores are natural products, such as
gramicidin, which is highly specific for K+, whereas others
such as crown ethers and cryptands are synthetic. S2~, I~, Br~,
Cr, CN", SCN~, F-, NOJ, C1C>4 , and BF~ can be detected
by using quaternary ammonium cationic surfactants as a lipid-
soluble counterion. ISEs are generally sensitive in the 10"1 to
10 5 M range, but none is perfectly selective, so to unambigu-
ously determine ionic concentrations it is necessary to use two
or more ISEs with different selectivities. Also, ISEs require a
reference electrode like that used in pH measurements. One
can immobilize ionophore-containing membranes over planar
potential-sensitive devices such as FETs, to create ion-sensitive
FETs (ISFETs). As the potential does not depend on the area
of the membrane, these work as well as larger bench-scale
electrodes. An advantage of this approach is that a dense array
of different ISFETs can be manufactured in a small area by
using microfabrication techniques. Early probems with adhe-
sion of the membranes to silicon have been largely solved by
modifications of the design of the FETs themselves (Blackburn,
1987). The most typical membrane material used in ISEs is
polyvinyl choride plasticized with dialkylsebacate or other hy-
drophobic chemicals. This membrane must be protected from
fouling if an accurate measurement is to be made.

Electrochemkaliy Active Molecules

If a chemical can be oxidized or reduced, there is a good
chance that this process can occur at the surface of an electrode.
Selectivity can be achieved because each compound has a
unique potential below which it is not converted, so under
favorable conditions a sweep of potential can allow identifica-
tion and quantification of different species with a single elec-

TABLL 3 Electroactive Chemicals

Inorganic species
Single electron transfers:
Solvated metal ions such as Fe24/Fe3+

All M°/Mn+ pairs
Many species undergo multielectron transfer reactions:
The oxygen-water series O2/H2O2/H2O/OH/H4

Organic species
Most aromatics, generally nitrogen-containing aromatic heterocy-

cles (reactions usually involve changes in number of atoms
attached to molecule, and therefore are multistep, multielectron
processes)

Metallo-organics
Ferrocene/ferrocinium

Biochemical species
Hemes, chlorophylls,
quinones
NAD+/NADH (not affected by O2)
NADPVNADPH (not affected by O2)
FAD/FADH
FMN/FMNH

trode. This process is the basis for detection of a number of
important biochemicals such as catecholamines (Table 3).
Some species are determined directly at electrodes and others
indirectly by interactions with mediator chemicals that are
more easily detected as particular electrode surfaces.

Because detection involves conversion of one species to an-
other, this is a consuming sensor, with all of the attendant
problems. At least two electrodes are needed, and current must
flow through the sample for a measurement to be made, al-
though a precise reference electrode is not as necessary as in
a potentiometric sensor. Near the electrode surface the concen-
tration of either the oxidized or reduced species may differ
greatly from the bulk concentration. This is partially because
of depletion of the analyte near the surface (the diffusion layer),
as well as attraction or repulsion of charged species from the
charged electrode surface in the diffuse double layer (Fig. 5).

FIG. 5. A representation of the concentration of a charged analyte near the
surface of an electrode (at left) at which it is being consumed. Note that there
is a linear gradient of concentration in the unstirred diffusion layer and a further
depletion or enrichment of the analyte when it is close enough to the electrode
to sense the surface potential.
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Since the current flow is the measured quantity and current
is proportional to the number of molecules converted per unit
time, the signal is controlled by mass transport, the electrostat-
ics in the electric double layer, and specific chemical and physi-
cal interactions at the electrode surface. The great advantages
of electrochemical detection are counterbalanced by its great
sensitivity to surface fouling and any process that changes the
resistance between the measuring electrodes. Also, there are
interfering compounds present at high concentrations in vivo
such as ascorbate that can swamp signals from more interesting
but less concentrated analytes such as catecholamines. Tricks
such as using selective membranes over the electrodes can solve
some of these problems. For example, negatively charged
Nafion allows passage of catecholamines but blocks access to
the electrode of negatively charged ascorbate.

Blood Gases

Perhaps the most important physiological parameters after
heart rate and blood pressure are the partial pressures of blood
gases O2 and CO2 (pO2 and pCO2). It is also often useful to
compare pressures of these gases in the arterial and venous
circulation. The pulse oximeter, now manufactured by a num-
ber of vendors, allows noninvasive determination of the degree
of saturation of hemoglobin in the arterial circulation, but does
not give any information about the actual pO2. It only works
on the arterial circulation near the periphery and given no
information about pCO2. An invasive fiber optic probe devel-
oped by Abbott Critical Care Systems (the Oximetrix 3 SvO2)
allows measurement of oxygen saturation directly in veins by
measuring the reflected light at three wavelengths (Schweiss,
1983). Since the affinity of hemoglobin for O2 depends on the
pH, which in turn depends on pCO2, it is necessary in many
cases to measure the actual pO2, pCO2, and pH simultane-
ously. Since all these sensors depend on temperature, a tempera-
ture probe is also required. The first successful fiber optic
measurement of iv vivo pO2 was reported by Peterson in 1984,
and the principle employed has been used for most successful
subsequent pO2 sensors (Peterson etat., 1984). The GDI System
1000 is a fiber optic sensor for pH, pCO2, and pO2, as shown
in Fig. 6. It was the first complete blood gas sensor, and it
combines the use of fiber optics with a smooth shape and size
to avoid creating turbulence in the blood flow, and a covalent
heparin coating to reduce thrombogenicity.

Two methods dominate for the measurement of pO2. The
first and most popular employs the amperometric Clark elec-
trode, which consumes O2 and generates H2O2 and OH" as
byproducts. The internal electrolyte in the sensor is separated
from the external medium by a Teflon or silicone rubber mem-
brane that readily passes O2 but prevents both water and other
electrochemically active species from passing. Severe fouling
of the membrane can reduce the rate of O2 diffusion and hence
the response. The alternative optical approach relies on the
efficient collisional quenching of most fluorophores by O2. As
the fluorescence intensity becomes inversely proportional to
pO2, the reduction in intensity can be used as the basis of a
fiber optic sensor. Because this method relies entirely on the
intensity of the fluorescent signal, it is very subject to drift and
degradation from photobleaching and thus is not appropriate
for long-term use.

FIG. 6. A schematic drawing of probe of the Cardiovascular Devices System
1000 fiber optic blood gas sensor, based on three different combinations of
selective membranes and fluorescent probes. Light enters and leaves from the left.

The same hydrophobic membranes that are permeable to
O2 are also permeable to CO2, so they may be placed over
pH electrodes or pH-sensitive optical probes containing bicar-
bonate buffer for selective determination of pCO2 (Zhujun and
Seitz, 1984; Gehrich, et al, 1986).

Biosensors

Definition and Classification

The repertoire of chemicals that can be determined by the
sensors mentioned here is relatively limited. To determine the
presence or concentration of more complex biomolecules, vi-
ruses, bacteria, and parasites in vivo, it is necessary to borrow
from nature (Fig. 7). Biosensors are sensors that use biological
molecules, tissues, organisms, or principles. This definition is
broad and by no means universally accepted, although it is
more restrictive than the other common interpretation that
would include all the sensors described in this chapter. The
leading biological components of biosensors are summarized

FIG. 7. The development of biosensors is driven by increased need for bio-
chemical information in the medical community, the knowledge that nature
senses these chemicals best, combined through emerging technologies to interface
the biochemicals with physical transducers.
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TABLE 4 Biological Components rate small biochemicals such as antibodies, enzymes and other
of Biosensors3 proteins, ion channels, liposomes, whole bacteria and eukaryo-

— •— tic cells (both alive and dead), and even plant and animal tissue.
Binding Catalysis

Antibodies Enzymes Immobilization One of the key engineering problems in
Nucleic acids Organelles biosensors is the immobilization of the biochemistry used to
„ T-- i- the transducing device. Approaches range from simply trappingReceptor proteins I issue slices & , , , ,

, , an enzyme solution between a semipermeable membrane and
Small molecules Whole organisms , , , , , ,. , . ,a metal electrode, to covalently cross-linking several enzymes
lonophores to a pOrous hydrogel coated on a pH electrode, to covalently

•— cross-linking a complete monolayer of antibody to the surface
"The two categories are not mutually exclusive, of an optical fiber. The immobilization of a layer of material

because, for example, some enzymes may be em- over the transducing device increases the response time, so for
ployed for binding alone. altered sensidvity and greatly enhanced selectivity, speed is

often sacrificed. Monolayers do not contain much material, so
to detect binding of so few molecules, it is generally necessary
to employ some amplification scheme, such as attachment of

in Table 4. Enormous progress has been made in the develop- an enzyme to an antibody that announces its presence by con-
ment of biosensors in recent years, and this work has been verting a subsequently added substrate to a large quantity of
recently and exhustively reviewed (Turner et al.., 1987). Most readily detected product. Such schemes add complexity and
of the applications have been in the realm of analytical chemis- time to the detection. Immobilization also has unpredictable
try for use in chemical processing and fermentation, with the effects on the activity and stability of biochemicals.
exception of the development of enzyme-based glucose sensors,
on which we will focus.

Currently, biosensors are commercially available for glucose
(used first in an automated clinical chemistry analyzer and
based on glucose oxidase), lactate, alcohol, sucrose, galactose,
uric acid, alpha amylase, choline, and L-lysine. All are ampero- TABLE 5 Use of Biochemicals for Chemical Detection
metric sensors based on O2 consumption or H2O2 production
in conjunction with the turnover of an enzyme in the presence Advantages for binding
of substrate. A urea sensor is based on urease immobilized on "Uniquely" high selectivity
a pH glass electrode (Turner, 1989). Most of these sensors are Possibility of raising antibodies to nearly all antigens
macroscopic and are employed in the controlled environment Antibodies and biotin-avidin system allow selective attachment of
of a clnical chemistry analyzer, but the ExacTech device, manu- markers and reporters of binding
factured by Baxter since 1987, is a complete glucose sensor High binding constants possible
containing disposable glucose oxidase-based electrodes, power Several possible detection modalities
supply, electronics, and readout in a housing the size of a Ion flux thr°ugh ga^d channels can provide gam
ballpoint pen. One places a drop of blood on the disposable Advantages for catalysis
electrode and a few seconds later a fairly accurate reading of For everv biochemical there is an enzyme that can be used to de-
blood glucose is obtained. It is widely believed that much more tect Its Presence

frequent measurement of blood glucose with correspondingly ™& *Iecrivj'y Posslble with *°™ enzymes

, ,. r r j £ • r j i • j i j Several possible detection modalitiesfrequent adjustments of the dose of insulin delivered could c . , • . •
. .,, , . . . . . . . hnzymatic cascades c a n provide g a m

significantly improve the long-term prognosis for insulin- Un.versality of redox coupling and pH effects permit common
dependent diabetics. Increasing the frequency of the current transduction schemes
sampling method (i.e, puncturing the finger for drops of blood) ^. , ,, .r o i , ., , , - I , , Disadvantages of biosensors
is not acceptable. Much progress has been made toward the Biomolecules generally have poor thermal and chemical stability
goal of producing a glucose sensor that could be implanted compared with inorganic materials
for a period of time in the tissue or blood, but the problem The function of the biological component usually dictates that
is a formidable one that epitomizes the attempt to develop they must have narrow operating ranges in temperature, pH,
biosensors for in vivo use. ionic strength

Susceptibility to enzymatic degradation is universal
Background Need for bacteriostatic techniques in their fabrication

__, r r ,,. < • « • ! - i » i f • r Time-dependent degradation of performance is guaranteed with
The Utility 01 Biochemical Approaches to Sensing Some . f, . , . , . , , . tne use OI proteins

of the many advantages of using biochemicals for sensing are Production and purification can be difficult and costly
summarized in Table 5. The most important is that, despite Immobilization can reduce apparent activity of enzymes or kill
the disadvantage of using chemically labile components in a them outright
sensor, they allow measurement of chemical species that cannot Most live organisms need care and feeding
otherwise be sensed. Sensors have been fabricated that incorpo- ______
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Sensing Modalities

Potential-Based Sensors (pH and ISE) Some of the first
biosensors employed enzyme-catalyzed reactions (such as those
of penicillinase, urease, and even glucose oxidase) that affect
pH. By putting a pH electrode into the solution containing the
enzyme, it is possible to monitor the rate of enzymatic turnover.
It is also possible to use pH to monitor the change in production
of CO2 by bacteria in the presence of substrates that they are
capable of metabolizing (Simpson and Kobos, 1982). However,
there is always a problem for in vivo use of pH-based sensors
related to the fact that the external environment is capable of
strong buffering of pH changes, and any change in pH in
the immediate environment of the sensing surface is reduced
toward the bulk pH by a degree that depends on the strength
of that buffering.

Electrochemical Sensors Many enzymes perform oxida-
tion and reduction reactions and can be coupled, if indirectly,
to electrodes. The electrochemically active species in enzymes
is generally a cofactor (Table 3) that, when bound, is not
accessible to the electrode surface at which the electron transfer
must take place for detection. In the case of the glucose oxidase
reaction, the normal biological reaction is:

The enzyme uses a flavin adenine dinucleotide (FAD) coenzyme
to mediate the oxidation, and the resultant FADH2 is directly
oxidized by O2 to return to FAD to prepare for the next cata-
lytic reaction. Unlike nicotinamide adenine dinucleotide (NAD)
and NAD phosphate (NADP), FAD is tightly bound to the
enzyme, so normally only a small diffusible molecule like O2

can gain access to it to alter its oxidation state. This means
that under many circumstances, such as those present in tissue,
the concentration of O2 is rate limiting, so the sensor often
measures not glucose but the rate at which O2 is rate limiting,
so the sensor often measures not glucose but the rate at which
O2 can arrive at the enzyme to reoxidize its cofactor. There are
two electrochemical ways to couple the reaction to electrodes:
monitoring depletion of O2 by reducing what is left at an
electrode, or monitoring buildup of H2O2 by oxidizing it to
O2 and protons. The latter approach is generally used to avoid
direct effects of O2 variation on the electrode, but this does
not completely solve the problem. The electrode reaction for
peroxide oxidation is as follows:

The best solution to date to cast off the tyranny of the rate-
limiting step of O2 diffusion has been the use of electrochemical
mediators that are at a higher concentration than O2 and can
therefore shuttle back and forth between the protein and the
electrode faster than the enzyme is reduced, so that the arrival
of the substrate such as glucose is always rate limiting. A typical
chemical that works in this way is ferrocene, a sandwich of
an iron cation between two cyclopentadienyl anions (Fig. 8).
It exists in neutral and +1 oxidation states that are readily
interconvertible at metal or carbon electrodes. A proprietary
modified ferrocene is used in the aforementioned ExacTech

FIG* 8. The structure of the ferrocene-ferrocinium ion couple that allows
one to overcome the dependence of the glucose oxidase reaction on pO2. The
two five-membered rings are cyclopentadienyl anions and the iron may be in
either the Fe2+ or Fe3+ states, giving a total charge of 0 or +1.

carbon electrode-based glucose sensor. Other glucose oxidase-
based electrodes have been employed on catheters for in vivo
determination of blood glucose, with varying degrees of success
(Gough et al., 1986). Thrombus formation is generally a prob-
lem, as is the possible alteration in localized glucose levels in
tissue traumatized by insertion of probes, no matter how small.
It may well be that use of the techniques employed in keeping
pressure catheters clear will also work with biosensors such
as this.

Optical Waveguide Sensors Fiber optics can be used either
as thin flexible pipes to transport light to and from a sensor
at a remote site, or in a way that takes advantage of the unique
properties of optical waveguides. The former mode still domi-
nates, and the GDI blood gas sensor uses three fibers just to
move photons to and from the small volumes of immobilized
chemistry at the probe end. The Schultz fiber optic glucose
sensors involve a more sophisticated use of the light path exiting
the optical fiber combined with clever use of lectin biochemis-
try. In principle, these sensors allow continuous measurement
of blood glucose. There are at least two features specific to
waveguides that have been used for sensors for in vitro mea-
surement that may soon find themselves ready for in vivo use
as well. In one, the ability of light sent down two fibers to
interfere with itself on return to the source allows sensitive
measurement of changes in the length or phase velocity of the
fibers. This, in turn can be altered by enzymatically induced
changes in the temperature of the fiber or its cladding in the
volume surrounding the fiber. Another approach is to use the
light in the evanscent wave that exists in the region just outside
the waveguide to probe a small volume adjacent to the surface.
If binding species such as antibodies are immobilized on the
surface, it is possible to selectively excite and collect fluores-
cence from the surface layer even in the presence of high concen-
trations of fluorophore or other absorbers in the bulk solution.
This technique has allowed the use of antibody-based detection
of analytes such as theophylline in whole blood in a sensor
designed by the ORD Corporation. These sensors are primarily
for single use, and one fiber is used for each measurement.
Nonspecific adsorption to the fiber surface, which is a serious
interference in such sensors, can be reduced by using surface
passivating films of proteins such as bovine serum album.

Acoustic/Mechanical Sensors The binding of a material
to a surface changes its mass, which can change either the
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object's resonant frequency or the velocity of vibrations propa-
gated through it. This has allowed development of sensors
called surface acoustic wave (SAW) or bulk acoustic wave
(BAW) detectors that are based on oscillating crystals. Sensitive
detection of analytes is relatively easy in the gas phase, and
while there have been reports of selective detection of analytes
using immobilized antibodies, there is still controversy as to
how or if the technique works when the oscillating detector is
in contact with liquid. It is, however, unlikely that this tech-
nique will prove applicable to in vivo use, where some nonspe-
cific adsorption of protein is almost unavoidable.

Thermal and Phase Transition Sensors Chemical reactions
can give up heat because they involve breaking and formation HG» 9. A schematic diagram of the process of phase transition sensing,
of Chemical bonds, each of which has a characteristic enthalpy. whlch is an aPPlic*»» of the well-known purity dependence of phase transition

.. c t t t i t I temperatures. Some diagnostic technique must be applied to allow a quantitative
There is also a Strong effect of the heats of solution of the comparison of the phase states of two samples of the material, one of which is
substrates and products, particularly charged species. Many jn equilibrium with small molecules in the environment, and another of which
enzymatic reactions release 25 to 100 kj/mol, or 5 to 25 kcal/ is at the same temperature, but chemically isolated.

mol (Table 6). A 1-mM solution of substrate completely enzy-
matically converted to product with a 5 kcal/mol heat of reac-
tion would increase in temperature by 0.005°C, which is readily
measureabte in laboratory conditions. Sensors based on this jn them dissimilar small molecules that prefer the fluid phase
principle are in use as detectors in chromatography, and in over the crystalline phase. If the temperature is known, the
principle could be applied to almost any enzymatic reaction. concentration of the small molecule can be determined by the
Some reactions have little or no heat production (e.g., ester extent of the freezing point depression (Fig. 9). This principle
hydrolysis, such as the acetylcholinesterase reaction) but can has been successfully used to detect general anesthetics and is
be observed using "tricks" such as coupling the reaction to now being used to develop a fluorescence-based fiber optic
the heat or protonation of a buffer such as Tris: probe for in vivo use (Merlo, 1989; Merlo et al., 1990).

Acetylcholine ^> H3CCO2H + choline AH « 0 kj/mol
H3CCO,H + Tris-3> H3CCOJ + TrisH AH = -47kJ/mol. Biomembrane-Based Sensors A very complex biological

system that has been applied to the development of sensors is
Alternatively, a sequence of enzymes such as glucose oxidase the biological membrane and the lipids and proteins that make
followed by catalase can be used, which converts the hydrogen it up. Numerous approaches have been made to use lipid bi-
peroxide produced by the oxidase to O2 and water in another layers to detect chemicals including at least two sensors for
exothermic reaction (Danielsson and Mosbach, 1987). How- general anesthetics (Wolfbeis and Posch, 1985; Merlo, 1989;
ever, the technical difficulties in making such measurements in Merlo et al., 1990). Membrane receptor proteins are responsi-
the thermally noisy environment of the human body have so ble for transducing many important biological binding events
far prevented application of this principle to development of and could be used to great advantage for monitoring such
in vivo sensors. chemicals as hormones, neurotransmitters, and neuroactive

An alternative thermal approach is to use the depression in drugs. Several schemes have been tried to this end, including
phase transition temperatures of pure compounds by dissolving immobilizing ligand-gated ion channel receptor proteins in fi-

ber optic devices, measuring the binding of fluorescently labeled
ligands, and reconstituting them into defined lipid monolayers
on solid electrodes (Eldefrawi et aL, 1988) and across holes

TABLE 6 Heat of Enzymatic Reactions as Ma?e™ <Llgler et a/" l^\ Thfe electrical *&MP**
promise the most sensitive detection, because a single channel

Enzyme Substrate -AH, (kj/mol) opening can be monitored electrically, but they also involve
_ some of the most difficult technical challenges, including stabi-

Catalase H2O2 100 lizing of the normally fragile lipid bilayer. An ancillary benefit

Cholesterol oxidase Cholesterol 53 of the use of biomembranes is that phospholipids have been
reported to enhance the biocompatibility of biomateriais, so

Glucose oxidase Glucose 80 . , j i i • L- I i jthey may have a dual role in bilayer-based sensors.
Hexokinase Glucose 28

Lactate dehydrogenase Na-pyruvate 62

NADH-dehydrogenase NADH 225 THE FUTURE
Penicillinase Penicillin-G 67

Urease Urea 61 In the near future, several factors can be expected to influ-
ence the development of sensors. Once it has been demon-
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strated that a given type of sensor has practical value, the Benaim, N., Grattan, K. T. V. et al. (1986). Simple fibre optic pH
process of making it cheaply and reproducibly becomes su- sensor for use in liquid titrations. Analyst 111: 1095-1097.
prernely important in determining whether it sees the market- Blackburn, G. F. (1987). Chemically sensitive field effect transistors.

i . . . _• £ a. f i • c m i t • • i Biosensors. Oxford, Oxford Science Publ., pp. 481—530.place. Automation of the fabrication of small in vivo probes ' , « *, c MaQA\ ^, , f..., . . , , . . , , ™, .,, i l l Colhson, M. t., and Meyerhotr, M. t. 1990 . Chemical sensors torwill be a high priority in the next tew years. There will probably , ', . . ', . . ,, .„ . , „, „._.. , . , , , i bedside monitoring of critically ill patients. Anal. Chem. 62(/}:
be a great increase in chemical sensors that are manufactured 425A-437A.
from the start with silicon microfabrication in mind, rather Danielsson, B., and Mosbach, K. (1987). Theory and application of
than the current practice, which is generally scaling beaker calorimetric sensors. Biosensors. Oxford, Oxford Science Publ.,
chemistry down to the size of microchips. The problem of pp. 575-595.
ensuring that a sensor is as biocompatible as possible, while Eisenman, G. (1967). Glass electrodes for Hydrogen and Other Cat-
maintaining its function, will continue to the be most pressing ions. Marcel Dekker, New York.
problem for in vivo use for some time. Advances must continue Eldefrawi, M. E., Sherby, S. M. et at. (1988). Acetylcholine receptor-
to be made in materials, probe shape and size, site of use, and based biosensor. Anal. Lett. 21(9): 1665-1680.
manufacturing. There will continue to be a strong emphasis Gehrkh' J;.L-> Lubbers' D' W" et al\ (^86). Optical fluorescence and

, , , . . , . i - i i - j i its application to an intravascular blood gas monitoring system.on development of nonmvasive techniques that will avoid the ,„„! r_ _ . , „ ,,._. ,.,_ " °, , , . , . , , . ., ... T 11 i i • f IEEE Trans. Biomed. Ens. 33(2): 117-131.
difficulties of biocompatibihty. It may well be that near-mfra- Gough> D ̂  ArmourJ. c etal (1986). short-term in vivo operation
red spectroscopy and magnetic resonance imaging (MRI) tech- of a glucose sensor Traw5 4m Soc Art^ Intern Qrgam 32:

niques will be able to provide sufficient chemical information 148-150.
to diagnose some disease states. The biomolecules employed Hafeman, D. G., ParceJ. W. e£ al. (1988). Light-addressable potentio-
in biosensors have so far been restricted to natural enzymes metric sensor for biochemical systems. Science 240: 1182-1185.
and antibodies, but there is every reason to expect that as it Jones, T. P., and Porter, M. D. (1988). Optical pH sensor based on
becomes more common to tailor molecules for particular jobs, rhe chemical modification of a porous polymer film. Anal. Chem.
we will be able to improve on nature for transduction of chemi- 60(5): 404.
cal events. Regardless of the nature of the sensor, it is clear J°rdfn> D' ™-> Walt' D'R' et ai ^1987>- Physiological pH fiberoptic
, , . • j • • i • j ,. £ chemical sensor based on energy transfer. Anal. Chem. 59(3): 437.that the continuing reduction in the size and cost of computers T . , „ r „ _ , , / 1 0 o O X r , . . ,,

.. . , n , . . • f - 1 - 1 Ligler, F. S., Fare, T. L., et al. (1988). Fabrication of key components
will be reflected in increasing use of sensors to provide crucial of a receptor.based blosensor. Med. lnstru, 22(5): 247-256.
input in "smart" devices, be they for the control of drug delivery Merlo> s (1989) "Development of a fluorescence-based fiber optic
or of prosthetic limbs. sensor for detection of general anesthetics." Master's Thesis, Uni-

versity of Washington, Seattle.
Merlo, S., Yager, P., et al. (1990). An optical method for detecting
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Artificial Organs

PAUL S. MALCHESKY, KEVIN D. MURRAY, DON B. OLSEN, AND FREDERICK J. SCHOEN

8 I INTRODUCTION an£^ extracorP°real systems, such as hemodialysis devices and
" Frederick J. Schoen extracorporeal oxygenators.

Millions of people have benefited from prosthetic devices Bibliography
having structural, cosmetic, or simple passive mechanical func-
tions. Artificial organs comprise complex medical devices that Colton, C. K. (1995). Implantable biohybrid artificial organs. Cell
have active mechanical or biochemical functions such as heart, Transplantation 4: 415-436.
lung, kidney, liver, pancreas, or neurosensory organs. Artificial Galletti, P. M., Hellman, K. B., and Nerem, R. M. (1995). Tissue
organs can be either surgically implanted or extracorporeal engineering: From basic science to products. Tissue Eng. 1:
(in which blood is temporarily processed outside the patient's T ~ ' _ , . _ ,„_-,.. _. _ . -,.
. , . . , , , , , ,| . , . -c • i Langer, R., and Vacanti, P. (1993). Tissue engineering. Science 260:
body). Although the range or devices that constitute artificial 920-925
organs is at present limited in clinical use, considerable research Paige5 K T^ and Vacanti> c A (1995) Engineering new tissue: Forma.
and development has involved devices that have active mechan- tjon Of neo-cartilage. Tissue Eng. 1: 97-106.
ical, biologic, or mass exchange functions. Sullivan, S. J., Maki, T., Borland, K. M., Mahoney, M. D., Solomon,

Considerable current research and development has the goal B. A., Muller, T. E., Monaco, A. P., and Chick, W. L.
of developing irnplantable medical devices that use living cells (1991). Biohybrid artificial pancreas: Long-term implantation
(normal or genetically manipulated) together with extracellular studies in diabetic, pancreatomized dogs. Science 252:
components (either natural or synthetic). In this logical exten- 718-721.
sion of biomaterials science, often called tissue engineering,
the cells are either transplanted or induced in the recipient
by implantation of the appropriate resorbable or permanent
substrate (Galleti et #/., 1995; Langer, 1993). Representative
examples of tissue engineering approaches include (1) repair
of skeletal defects by cartilage regeneration using autologous 8.Z IMPLANTABLE PNEUMATIC
chondrocyte transplantation (Paige and Vacanti, 1995), and AimrifiAi llrairrc
,_ . , i i • i i • , -c • i • i - i j • • /MiHI'WJUmL ricAJKIS
(2) the biohybrid artificial organ, in which a device is in part . J T ^ „ ~,
synthetic, yet also has animal cells that elaborate specific sub- Kevm D' Murra? and Don B" Olsen

stances; the cells are separated (and protected) from the recipi-
ent's blood by a semipermeable membrane (Colton, 1995). For CARDIAC SUPPORT AND REPLACEMENT
example, an artificial pancreas using insulin-producing islet
cells in this capacity has sustained diabetic dogs for more than The first successful artificial heart was designed, fabricated,
6 months (Sullivan, 1991). Anticipated generic problem areas and eventually implanted into an animal by Kolff at the
include: (1) development of new cell lines and biomaterials; Cleveland Clinic in 1957 (Akutsu and Kolff, 1957). This
(2) evaluation of the optimal implant configuration; and (3) initial success sparked a worldwide interest in the possibility
the reproducible manufacture of bioartificial devices and their of producing a successful replacement for the failing heart,
preservation until use. The goal of this early laboratory effort was the development

This section contains two chapters that describe some con- of a permanent replacement for the native heart. However,
siderations related to devices having mechanical and chemical parallel with these experimental endeavors, routine clinical
function, respectively, including implanted artificial organs, cardiac surgery was becoming a reality. The introduction of
particularly cardiac assist devices and the total artificial heart, cardiopulmonary bypass (CPB) allowed successful repair of

Aiomateriah Science
_ QQ Copyright © 1996 by Academic Press, Inc.
JfjJ All rights of reproduction in any form reserved.
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certain congenital cardiac defects and, much later, coronary cally powered TAH as a permanent implantable device, al-
artery bypass grafting, valve repair and replacement, ortho- though recognized improvements in TAH design, materials,
topic heart transplantation, and, most recently, artificial and postoperative patient care offered hope for eliminating
heart implants. these complications.

The advent of successful heart transplantation has provided More recently, the TAH has been used, with increasing
cardiac replacement for nearly 2400 patients annually in the success, for temporary cardiac support in the role of a bridge
United States. However, this success falls far short of the mini- to orthotopic heart transplantation. Despite this clinical suc-
mum annual estimate of 30,000 Americans who need perma- cess, the one limitation of the TAH, when used as a stopgap
nent replacement of their irreparable failed hearts. This mis- measure, is the need for removal of the native heart, necessitat-
match of donor hearts and potential recipients provides an ing either permanent support with the mechanical heart or the
undisputed need for another type of long-term myocardial subsequent performance of transplantation. This shortcoming
replacement. Congestive heart failure is the only class of heart prompted the development, beginning in the 1970s, of VADs.
disease that has continued to increase in incidence (O'Connell The goal of VAD development was (as the name implies) the
and Bristow, 1994). Total artificial hearts (TAHs) and ventricu- augmentation of ventricular performance rather than replace-
lar assist devices (VADs) offer the greatest potential to fill ment of the native heart. A significant difference of the VAD
this clinical need by providing permanent cardiac assist or system in comparison to the TAH was the potential to remove
replacement. Interestingly, successful, routine cardiac operative tne VAD system if native myocardial function recovered ade-
procedures have, on the one hand, limited the population re- quately enough to sustain normal hemodynamics. The advan-
quiring permanent replacement of the native heart, while simul- ta§e of retaining the recipient's heart also contributed to the
taneously adding a new group of patients who need temporary VAD'S ma)or limitation—fit. Since it was not replacing the
cardiovascular support, either following an unsuccessful car- native heart>there was no mtrathoracic anatomic site available
diac surgical procedure or to extend the patient's survival while where lt could be ^planted and not interfere with adjacent
awaiting a donor heart. An extensive review of the clinically organs and th,eir ^action. Several approaches to this problem
used TAHs and VADs was published in 1993 by Rowles et al. have induded extracorporeal placement mtravascular place-

The first clinical use of a TAH was by Cooley in two patients ""f* insertion between muscle layers of the abdominal wall,
who exhibited myocardial failure and were unweanable after and fera11 dowf «"* of the VADs 'n an ffo" to mmimize

cardiac surgical procedures (Cooley et ,/., 1981). The goal ^erference with adjacent organs when placed mtracorpo-

of these initial TAH implantations was temporary use with T ^ ' . , , , , , , , T. » T r ^T*T^ \
, i - , * , • u u • Implantable blood pumps, whether lAHs or VADs, haveeventual orthotopic heart transplantation. Both experiences . r, . .., , i , , 1 i T, j L * -UT r u- i- • i r • r L. evolved significantly over the past 2 decades, improvementsdemonstrated the feasibility of this clinical application of the . . . " . . / • » . . ( • • i

T - A T I i i i - i • > u- m design, materials, fabrication, control, monitoring, andTAH, despite poor results regarding the patient s ultimate sur- . ° : . . ' „ ., , , . t - • i
. i o r patient selection have all contributed to their clinical success,

vival
-,',. .c • i i _ i i j i j However, further refinements of currently available devices
This pneumatic artificial heart technology was developed 1 1 1 1 /• • , < i i

• rx v u*> i L. L IT • • £ T T L TL and the development or improved blood pump concepts arein Dr. Kolffs laboratory at the University of Utah. There were . r . r. , , \ • -^
, . t s JTATLI \* *. ui necessary m order to produce the perfect device. Therenumerous designs of pneumatic-powered TAHs. Most notable f ' . r. r . .. . .

i i^ >, i j L - t . • • j- afe four questions that beg answers when discussing thewas the K wan-Gett heart and the inherent increase in cardiac , , ? , , . „, T T° , ,, r » T-X , ^ » 1
_ t . , , i v future of implantable TAHs and VADs: (1) Are there pa-

output in response t o a n increase in venous return (preload) . 1 1 1 / - r - i 1 1 1 1 1 -,
t1s e- * i io/-o\ r* - j • -i LI - i tients who would benefit from implantable blood pumps?Kwan-Gett et al., 1969). Great strides in available materials, ,„, _ . . .. , . , , , , , ,
, . . , t f , . . , ^ . ^ , - j (2) Can implantable, reliable blood pumps restore normaldesign, methods or fabrication, implantation techniques, and v ' f , , . , . _ , _r , . . . . . . .

. - - - /^u T A U j j • J. IOTA cardiovascular hemodynamics? (3) Can highly reliable irn-nonmvasive monitoring of the i AH occurred during the 1970s, . , , , , , . , . , , . , • • i
. . . . CT\A i • 1001 c L • i • plantable blood pumps be designed which cause minimalculminating in FDA approval in 1981 for human implantation f x ,. . f , • • , » i ^ n

t u T -i -7 / T -7 inn i «. i i \ *-c • i u (°r no) complications tor the recipient? And finally, (4) canof the Jarvik-7 (J-7; 100-ml stroke volume) artificial heart. v . ' ,, v. . ,. . \ . ,. J\ ,' ^
Ti i- • i i T A i u • • r u society afford the cost (i.e., development and clinical use)The next clinical use of a TAH was a continuation of the .. , } . . , _. ,,v ' v . . (

trsA j ^ - i r - T A u - i • or these devices? The first three questions can be answeredrDA-approved trial of I AH implantation as a permanent re- ,, . . , /• t , . „ ,
i . • ^ • i i .1 j ^ i v r -, j yes, but the answer to the fourth, and potentially theplacement in patients with both end-stage heart failure and i n • • i • i i • • ^

. • j- , • . i . , , . .. Ti ITi i most challenging, is undecided at this time. One reporta contraindication to heart transplantation. The Utah team ° , . e ,
i t T A U - • ! _ • • - u t ^ strongly suggests that society can afford the technology whenimplanted a permanent TAH in patients beginning with Dr. „ , \- . , , ,n • . -,,^, T , i ,

D /-i i - -loo-! * -I. T I • •«_ i TU u /r\ \i • + a" the factors are considered (Poirier, 1991). It would beBarney Clark in 1982 at the University of Utah (DeVnes et .. . . . v , . ' ;
• i Q O / iH c' -i «. r^ i > • ^u j regrettable, but the future of the implantable permanental., 1984). Similar to Cooley s experience, the procedure was ~?TT , , r » ^ ,, . i • i . r • »

x i - j 4 . f c - ^ U ^ U ' T A U u i a. TAH and VAD may very well be determined by f inancialsuccessful in demonstrating that t h e T A H could replace t h e - i - 1 1 - 1 , 1 1 1
u _* -*u f i j- i f considerations rather than patient need or laboratory dev el-native heart with restoration of normal cardiovascular tune- r J

tion. The University of Utah's TAH technology was subse- "
quently licensed to Symbion, Inc., for worldwide marketing.
The initial IDE was for the continuation of the IDE awarded TOTAL ARTIFICIAL HEART
to the University of Utah for nontransplant candidates only.
A significant number of complications developed in all the «L Natural Heart
recipients, which limited survival (ranging from 10 days to 619
days) and resulted in their deaths (Table 1) (Olsen, 1996). This The initial designs of total artificial hearts focused on mim-
initial clinical experience exposed problems with a pneumati- icking the natural heart. The heart in adult humans weighs
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TABLE 1 All Patients Receiving a Total Artificial Heart through 1985"

Date Surgeon Patient Heart Days on TAH Transplant/survival

4/4/69 Cooley HK Liotta* 2 Yes/1 day

7/23/81 Cooley WM Akutsufe 2 Yes/8 days

12/2/84 DeVries BC Jarvik 111 No

11/25/84 DeVries WS Jarvik 619 No

2/17/85 DeVries MH Jarvik 477 No

3/6/85 Copeland TC Phoenixfc 1 Yes/2 days

4/7/85 Semb LS Jarvik 227 No

4/14/85 DeVries JB Jarvik 10 No

8/29/85 Copeland MD Jarvik 9 Yes/3.1 years

10/18/85 Pierce AM Penn State 11 Yes/21 days

10/24/85 Griffiths TG Jarvik 4 Yes/10.5 years

12/18/85 Joyce MI Jarvik 45 Yes/194 days

16 years 7 surgeons 12 5 types 1518 days 5 no, 7 yes/14.2 years

"It should be noted that not one patient died from device failure.
*These devices were not approved by the Food and Drug Administration.

approximately 300—350 g and occupies approximately 300 blood volume, and myocardial performance and physiologic
cm3 of the thoracic cavity. Anatomically, there are four cardiac demand for tissue perfusion. Under resting conditions, the hu-
chambers: two atria and two ventricles are separated by valves man heart pumps approximately 2.5 liters/min/m2 (body sur-
and the heart is divided into right and left halves. The right face area) of blood, and with alteration of any of the flow-
ventricle pumps blood through the pulmonary valve into the mediating factors listed above, the volume of blood ejected
low-resistance pulmonary circulation. The right ventricle is can instanteously change to several times its resting capacity,
relatively thin walled, shares a common intraventricular sep- As a hydraulic pump, the ventricles require 3 W of energy and
turn with the left ventricle, and develops systolic pressures of they operate at an efficiency of 10 to 20%.
approximately 17 to 30 mm Hg. The left ventricle ejects blood
through the aortic valve into the higher resistance systemic
circulation. The left ventricle is a thick-walled, conical muscle D«*ton
that produces systolic pressures of approximately 85 to 140
mm Hg. The flows (cardiac output) of the two ventricles are The TAH has taken many forms during its development,
nearly equal, with the left ventricle pumping slightly more However, despite these external differences in shape and mate-
because of the left-to-left shunt of the bronchial circulation rials, all TAHs must fulfill specific criteria necessary for success-
and perhaps other abnormal shunting. The atria provide a ful application in man. These areas of design are: (1) adequate
reservoir for ventricular filling, which function is further aug- volume of blood pumping necessary to meet the physiologic
mented by a synchronized contraction of the atrial muscle. The needs of the recipient, (2) proper anatomic alignment in relation
two atria are similar in anatomic appearance; however, the to recipient structures that transport blood entering and exiting
mean left atrial pressure exceeds the mean right atrial pressure the TAH, (3) lack of interference with other organs and mainte-
by approximately 10 mm Hg. The right atrium receives venous nance of the ability to approximate the chest wail structures,
blood from the superior and inferior venae cavae while the left and (4) avoidance of any complications caused directly or
atrium receives arterial (oxygenated) blood from the pulmo- indirectly by the TAH.
nary veins (Guyton, 1981). The TAH must provide a cardiac index (CI) of 2.5 liters/

Electrical activity of the natural heart provides synchronized min/m2 for recipients. This baseline blood flow requirement
and efficient contraction of the atria and ventricles. The rate fulfills the physiologic demands of the recipient at rest,
of electrical stimulation also plays a major role in the regulation Additionally, the TAH must have the capability to increase
of the volume of blood pumped by the heart. The volume of its flow when physiologic demands necessitate such a change,
blood pumped in 1 min by the human heart is determined by A peak CI of 3.5 liters/min/m2 or greater is a conservative
the rate of ventricular contractions (i.e., heart rate) and the minimum goal for a TAH that is designed for permanent im-
volume of blood pumped with each beat (i.e., stroke volume). plantation.
The regulation of these two factors, heart rate and stroke The initial Utah TAH provided a maximum stroke volume
volume, is a complex interaction of neurohumoral factors, (SV) of 100 ml, a value that easily satisfied the flow demands
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for the vast majority of potential recipients. This 100-mI-SV In addition to this near-laminar flow alignment of the recipi-
device was successfully implanted in 70- to 100-kg animals, ent—TAH interface, the ventricles must avoid compression
with no evidence of flow limitations. The transfer of this device of inflow and outflow vasculature. TAH ventricles that are
to clinical use verified the adequacy of flow from the TAH to too large or improperly designed can impede venous inflow,
meet human physiologic needs. However, the external dimen- This mechanical interference of TAH diastolic filling results
sions of this 100-ml-SV TAH was incompatible with the tho- in inadequate CI for the recipient that is uncorrectable.
racic dimensions available in potential recipients who weighed Outflow restriction caused by TAH impingement of the great
less than 100 kg. This conflict of flow capabilities and external vessels necessitates increased force of ventricular ejection in
dimensions required a downsizing of the Utah TAH as it was an effort to maintain a satisfactory CL The use of higher
made available to an increased number of patients. compressed-air pressures during systole imparts increased

The maximum SV was decreased to 70 ml, with proportion- mechanical stress on the TAH components, as well as increas-
ate changes in the Utah TAH's external dimensions. The change ing blood velocity resulting in turbulence, hemolysis, and
in SV, however, required an increased heart rate in order to possibly thrombosis.
provide the CI neeeded to satisfy the metabolic demands of The pericardial space occupied by the recipient's native
the recipient, both at rest and during times of increased flow heart is ideally the dimension duplicated by the TAH. However,
demands. Too severe a reduction in SV would undoubtedly this simple concept must not be interpreted to mean the TAH
provide an improved anatomic fit in patients with a smaller must mimic the shape and function of the native heart. This
than normal chest, but the necessary increase in heart rate design mistake was the failing for many early TAHs. More
needed to maintain CI becomes excessive. When the heart rate importantly, the TAH must meet the design characteristics
(actually, the TAH pumping rate) of the TAH is increased previously described, in addition to unobtrusively occupying
excessively, two problems develop: inadequate time for filling the mediastinum (i.e., pericardial space) based upon human fit
and increased wear on the TAH and its various components. trials (Kolff et al., 1984). The hemispherical shape of the Utah
The TAH has passive filling from the recipient atria. There are TAH's ventricles fits the mediastinal space in properly selected
no coordinated atrial contractions to augment venous filling individuals. Excessive lateral dimensions impinge on the lungs,
during TAH ventricular diastole unless the TAH is driven from resulting in atelectasis, retention of secretions, and the in-
die electrical P wave of the ECG of the atrium (Iwaya et al., creased risk of infectious pneumonias.
1979). The use of an external vacuum system to collapse the The Utah TAH was initially designated for permanent use
TAH's blood pumping diaphragm can augment ventricular as a heart substitute; however, more recently its success has
filling; however, it has a limited effect based upon the reservoir been as a bridge to transplantation in patients with end-stage
capacity of the atria, the size of the TAH and inflow valve, heart failure and the unavailability of a donor heart. Either
and the duration of diastole. If the TAH heart rate becomes clinical situation requires closure of the sternum and superficial
excessive, a value that is variable for each recipient but is soft tissues. Complete implantation of the TAH increases pa-
generally greater than 120 beats per minute, the TAH becomes tient mobility and comfort and provides a natural barrier to
ineffective for pumping adequate volumes of blood, either at infection. However, reapproximation of the sternum necessi-
rest or during moments of increased flow demands. tates that the TAH fit the anterior—posterior dimensions of

The 70-ml Utah TAH was found to provide satisfactory the mediastinum, a space that is uncompromising because of
blood flow, both at rest and during increased physiologic de- the bony limitations of the spine and anterior chest wall. An
mand, and also maintained external dimensions that permitted excessively large TAH or inappropriately designed TAH ven-
implantation in human recipients of more than 50 kg. This tricular configuration can cause vascular compromise (as noted
balance of size and function was critical for expanding the previously) or impinge on other organs such as the esophagus,
pool of potential TAH recipients. trachea, lungs, or diaphragm.

The TAH must have unimpeded flow entering and exiting These considerations were paramount in the downsizing of
the artificial ventricles. The Utah TAH's ventricular design the Utah TAH to a 70-ml-SV ventricle. This size reduction
provides an unimpeded transition between the recipient's atria permitted proper alignment of the TAH in smaller recipients
and great vessels. Severe angulation or other abrupt directional without impinging upon surrounding structures. The TAH de-
changes in flow cause several problems which include impaired sign and the materials used to fabricate the device must mini-
ventricular filling, excessive restriction to outflow, hemolysis, mize the rate of complications, while simultaneously providing
and abnormal flow patterns which promote thrombus for- durability to device function. Significant complications include
mation. thrombosis formation, component failure, infection, and hern-

The Utah TAH has direct venous flow via polyurethane- orrhage.
covered atrial cuffs sewn to the native atria and connected to The formation of thrombus within the TAH has two
the TAH by a quick-connect snap-on system. The outflow prominent effects: (1) dislodgment with embolization (partic-
pathways of the ventricles provide a smooth flow pattern. The ularly to the central nervous system) and (2) interference
Dacron graft connecting the TAH to the great vessels requires with TAH function (i.e., obstruction of blood flow or TAH
some angulation for the pulmonary artery to override the aorta. and valve malfunction). Thrombus within a TAH is primarily
This configuration has not caused significant problems, particu- formed by a complex interaction of blood coagulability,
lariy when the graft is contoured to the anatomic placement blood flow pattern abnormalities, and blood contact with
of the pulmonary artery and the outflow connector of the artificial surfaces,
right ventricle. The use of unlimited anticoagulation agents to paralyze the
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recipient's coagulation cascade is an unreasonable approach cardiovascular homeostasis, combined with its uncompromis-
to this problem. The TAH recipient receives either heparin or ing fit in patients with widely differing body sizes,
coumadin in doses that prolong the time for clot formation, The TAH anticoagulation regimen varied, but most corn-
while simultaneously avoiding the complication of clinically monly consisted either of heparin or of coumadin combined
significant hemorrhage. In addition to interfering with the pro- with an antiplatelet agent(s), usually aspirin and dipyridamole.
tein-mediated clotting mechanisms, drugs are administered Infections in TAH recipients were dramatically decreased by
which inhibit platelet adherence, aggregation, and release of careful screening (and exclusion) of candidates for established
thrombus-promoting chemicals. This use of anticoagulation infections and the prophylactic use of broad-spectrum antibiot-
and antiplatelet drugs is unable to independently prevent TAH ics. Perhaps contributing the most to improving the Symbion
thrombus; however, they are a necessary component of TAH TAH success was the trend toward more thoughtful patient
patient care. Without these drugs, there would be uncontrolled selection. The early clinical experience included a significant
thrombosis and failure of the device, resulting in the death of number of temporary TAH recipients with preoperative,
the recipient. irreversible organ dysfunction, multiple comorbid factors (in

The blood-contacting surfaces of the Utah TAH are fabri- addition to their end-stage heart disease), and, occasionally,
cated from a segmented polyurethane. This material, when near-moribund conditions. These mortally ill patients were
made into an uitrasmooth, blood-contacting surface, is resis- not salvageable despite a successful TAH implantation and
tant to thrombus formation. Microscopic defects in the poly- postoperative function. An elimination of these heroic (and
urethane surfaces can allow the development and attachment all too often futile) TAH implantations dramatically improved
of thrombus, the deposition of calcium, or both. This was an the rate of TAH patients successfully transplanted with
early problem for the Utah TAH; however, modification of eventual recovery and long-term survival,
the fabrication process has significantly minimized this prob- There are limitations associated with the TAH. The four
lem. The polyurethane is hand-poured over molds in order initial J-7 TAH implants in the United States were performed
to create the TAH ventricular housing and blood-contacting by DeVries, who used the device as a permanent replacement
surface which includes the multiple-layered diaphragm. A clean of the patient's heart. Despite survivals as long as 620 days, all
room environment for fabrication avoids contamination of the patients developed serious (and eventually fatal) complications.
polyurethane by extraneous material. Proper ratios of liquid Postoperative hemorrhage, infection, and thromboembolic
polyurethane and solvent allow curing of the blood-contacting events were the most prominent sources of morbidity and mor-
polyurethane without surface pitting caused by bubble for- tality.
mation. The TAH as a temporary cardiac replacement had the

potential for similar complications, as had the permanent
application of the artificial heart. Early use of the Symbion

Description of the Total Artificial Heart TAH as a bridSe to transplant was plagued by numerous
infections, as reported by the University of Pittsburgh group

The original J-7 TAH had two pneumatically powered ven- and others. However, better patient selection produced a
tricles, each with a 100-ml stroke volume. The ventricular reduction in the incidence of infectious complications. Simi-
components included an injection-molded (Isoplast-301) circu- larly, improved anticoagulation regimens all but eliminated
lar base; a housing made by solution casting multiple layers thromboembolic events resulting in permanent neurologic
of Biomer, a segmented polyurethane; and a flexing, four- deficits after 1988 in Symbion's bridge-to-transplant patients.
layer, blood-contacting diaphragm also made of Biomer. Two Increasing experience with surgical implantation of the TAH
Medtronic Hall (Medtronic, Inc., Minneapolis, MN) tilting- also decreased the incidence of serious perioperative hemor-
disk valves per ventricle (one inflow and one outflow) were rhagic complications.
mounted in Isoplast-301 rings. These valve-holding rings The original J-7 TAH design permitted implantation only
formed part of the quick-connector snap-on system linking the in patients with large thoracic dimensions. Improper matching
TAH to the atria and great vessels. Air tubes (2 m long) con- of the J-7 TAH to patient size resulted in numerous problems
nected each ventricle percutaneously, via infection-resistant including venous inflow obstruction and interference with
skin buttons to the external drive system. The UtahDrive con- pulmonary function. The introduction of the downsized J-
sole was a patented device that regulated the delivery of com- 7-70 artificial heart reduced these problems while simultane-
pressed air to the TAH as well as allowing adjustment of the ously increasing the pool of potential TAH candidates based
heart rate, percentage of time in systole for each cardiac cycle, on size. Only one patient died (0.4%) as a direct result of
and diastolic vacuum. The cardiac output monitor and diagnos- a mechanical failure of a Symbion TAH or from its external
tic unit displayed and recorded each ventricle's stroke volume drive and monitoring system. All other hardware problems
by measuring the diastolic air exhaust (Nielsen et al., 1983). were successfully corrected by various methods, including

Symbion developed and manufactured a scaled down J-7 reoperation, with no clinical morbidity directly linked to
TAH (100-ml stroke volume) with a 70-ml stroke volume these malfunctions.
(J-7-70). The smaller J-7-70 TAH was created in response to
the need for a TAH that fit the thoracic dimensions of both Function
averge-sized and petite patients without compromising venous
return or interfering with adjacent organs. The J-7-70 became The method of TAH blood pumping must meet the criteria
the TAH of choice based upon its clinical success restoring discussed in the previous section dealing with design. Efforts
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to precisely duplicate the native heart have been universally (systole) and compressed air exhaust with diaphragm collapse
unsuccessful when considering device function and design. (diastole) is repeated at a rate that satisfies the flow demands

The Utah TAH is powered by compressed air delivered of the recipient. The external heart driver provides independent
individually to the right and left ventricles. The compressed compressed air regulation of the right and left TAH ventricles,
air is transmitted through Tygon tubing (i.e., drive lines) that The TAH heart rate is adjusted to provide complete ejection
originates at the external heart driver (see below), traverses of the blood volume and partial filling of the maximum TAH
the skin and soft tissues into the inferior thorax region, and diastolic volume. The percentage of time that each TAH cycle
connects with the base of the TAH ventricle. (systole plus diastole) spends in systole is also adjustable (about

The right and left ventricles have identical pumping mecha- 33%). The inherent restrictions to diastolic TAH filling, as
nisms. The hemispherical ventricle has an internal polyure- previously noted, require as much time as possible to be devoted
thane diaphragm that separates the compressed air from the to this phase of each cardiac cycle. A decrease in the percentage
recipient's blood. The systolic phase of TAH function involves of time spent in systole can often be overcome by the use of
the delivery of compressed air with expansion of the internal higher systolic compressed air pressures. Also, the diastolic
pumping diaphragm. The diaphragm extension increases in- phase filling of the TAH can be augmented by the addition
traventricular pressure which causes closure of the mechanical of external vacuum. This negative pressure is applied during
inflow valve and the opening of the mechanical outflow diastole to the compressed air exhaust system of the TAH
valve. These unidirectional valves direct the outflow of blood ventricles. The vacuum-assisted evacuation of the ventricular
to either the aorta (left ventricle) or the pulmonary artery compressed air collapses the pumping diaphragm more rapidly,
(right ventricle). causing a steeper decline in intraventricular pressure. This aug-

The pressure of the compressed air is externally regulated mented decline in early diastolic ventricular pressure provides
and separated for the right and the left ventricle. Sufficient a greater difference in atrial ventricular pressures, resulting in
pressure is applied to the pumping diaphragm to eject all end- more rapid early diastolic filling.
diastolic blood and fully extend the diaphragm. The forces The selection of settings for the external heart driver con-
that determine this regulated compressed air pressure include trols is guided by the need to provide complete systolic ejection
the volume of end-diastolic blood, the compliance of the pump- and partial filling (approximately 70 to 80%) of the maximum
ing diaphragm, the size (and functional status) of the mechani- TAH ventricular diastolic volume. Adherence to these goals of
cal outflow valve, the alignment of the blood pathway of the systolic and diastolic TAH performance both provides steady-
TAH ventricle and the recipient's great vessels, and the vascular state blood pumping to meet metabolic needs and allows auto-
resistance of the circulatory system. Alteration of any or all of matic adjustment of TAH blood flow (within a broad limit)
these parameters can cause significant changes in the delivery in response to increased venous return, for instance, during ex-
pressures of the compressed air needed for complete systolic ercise.
diaphragm excursion. The complete ejection of all diastolic blood provides a for-

Proper function of the TAH necessitates complete emptying ward flow of all blood that is presented to the TAH during
of the ventricles at end systole. If this goal is not met, then the diastole. Also, the complete ejection of this diastolic volume
diastolic volume capacity of the TAH is suboptimal because permits the TAH ventricles to have available their maximum
of residual systolic blood. This reduction in diastolic filling filling capacity for the subsequent diastolic period. Any residual
can decrease the efficiency of the TAH, resulting in increased ventricular end systolic volume would reduce the filling capac-
venous pressures and eventually, if uncorrected, the symptoms ity for the TAH and potentially result in increasing atrial vol-
of heart failure. umes (and pressures) that, if left unchecked, could result in

At end systole, with the diaphragm fully extended, the exter- signs and symptoms of venous congestion (heart failure). The
nal heart driver allows evacuation of the compressed air to the complete ejection of all diastolic blood is achieved by adjust-
atmosphere. The external release of the compressed air causes ment of individual ventricular compressed-air pressure and the
diaphragm collapse and a dramatic decrease in intraventricuiar percentage of time spent in systole. As stated previously, the
pressure. This intra-TAH pressure drop results in closure of percentage systole adjustment must be guided by the need to
the mechanical outflow valve and opening of the mechanical preserve as much time for diastole as possible. The pressure
inflow valve. The native atria, now filled with blood, provide of the compressed air can provide full ejection and limited
an inflow pressure which exceeds the TAH intraventricuiar percentage systole. However, excessive pressure provides stress
pressure, resulting in inflow valve opening and TAH ventricular to the polyurethane diaphragm and could cause damage or
filling. The atrial pressure alone is sufficient to permit signifi- failure.
cant TAH diastolic filling; however, as previously noted, this The adjustment of TAH function to partial filling of the
is not as efficient as native heart diastolic function. The limita- maximum ventricular diastolic volume achieves both satisfac-
tions of diastolic TAH filling are decreased atrial size, lack of tion of steady-state flow demands and the ability for autoreg-
coordinated atrial contraction, the size and function of the ulation of the TAH to increase venous flow. Following the
mechanical inflow valve, the compliance of the TAH pumping complete ejection of end-diastolic volume, the TAH has a
diaphragm, and the rate of compressed air evacuation from potential for a maximum of 70 ml to enter the device during
the TAH. Similar to systolic alterations, any changes in these the next diastolic period. The determination of the ventricular
parameters can dramatically effect the diastolic (filling) capabil- filling volume (assuming complete systolic ejection) is con-
ities of the TAH. trolled primarily by the heart driver's adjustment of TAH

This cycle of pulsed air delivery with diaphragm expansion heart rates. Although diastolic vacuum can augment diastolic
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filling, it does not increase the diastolic volume available system has two monitoring methods that meet these criteria,
for pumping by the TAH. For this reason, the use of vacuum The two systems are complementary, one being only qualita-
will be avoided for this discussion of partial diastolic filling tive while the other supplies both quantitative as well as
of the TAH ventricles. qualitative data.

Under steady-state conditions there is a relatively constant The delivery of compressed air to the TAH via the external
demand for forward flow from the TAH, with a similar heart driver produces a characteristic pressure waveform. This
finding for venous return from the recipient's systemic and pressure waveform provides no quantitative formation about
pulmonary vascular beds. The TAH heart rate can be in- the TAH pumping characteristics. However, it does have char-
creased to a value where all available diastolic venous blood acteristics that indicate particular aspects of individual right
equals the maximum diastolic volume of the TAH ventricle and left ventricular performance. This information allows
(i.e., 70 rnl). This balance of venous inflow and TAH filling proper adjustment of external control parameters necessary to
provides TAH output that meets the baseline metabolic needs meet the partial fill/full eject mode of operation,
of the recipient. However, any sustained increases in venous An external pressure transducer independently monitors the
return cannot be accommodated by the TAH ventricles, since right and the left compressed-air pressure waveform. The onset
they are operating at their maximum pumping capacity for of TAH systole produces a rapid rate of rise in pressure as
that particular TAH heart rate. If left unchecked, this scenario compressed air is delivered to the ventricle. When the pressure
results in increasing venous pressures and the pathologic exceeds the forces resisting the movement of blood (diaphragm
consequences of this problem. compliance, blood mass, outflow valve impedance, and vascu-

The two methods of correction require an active input from lar resistance), the outflow valve opens and blood is ejected
an outside observer: (1) the TAH heart rate can be increased, from the TAH ventricle. This initiation of blood flow changes
which allows an increased capacity for pumping blood (HR x the pressure waveform to a slow rate of pressure rise for the
SV = CO), or (2) the increased vascular volume can be de- majority of the systolic period. As systole continues, if the total
creased or redistributed, either by drugs or by mechanical volume of end-diastolic blood is ejected, the pressure waveform
means. This need for potentially frequent external intervention achieves a peak value (or plateau, if the duration is sufficiently
in TAH control is impractical and possibly dangerous. This long), which indicates full emptying of the ventricle with the
problem can be overcome by proper adjustment of the baseline stretching of the diaphragm. This maximum (and sudden) pres-
TAH heart rate. Instead of selecting a TAH heart rate that sure spike usually appears near the end of systole and indicates
balances venous return and TAH ejection volume, the heart to the observer that complete emptying of the TAH ventricle
rate is increased until the volume equals 70 to 80% of the has been achieved. If this surge of maximum pressure is not
maximum TAH ventricular volume. This partial filling of observed in the drive-pressure waveform, then full emptying
the maximum TAH ventricular capacity, when the recipient of the ventricle has not occurred. However, the quantity of
is at rest (or more accurately at steady state, whether it be residual end-systolic blood is impossible to determine from this
physical rest or during activity) provides a diastolic reserve monitoring system.
volume (20 to 30%). Any increases in venous return can The onset of TAH diastole results in evacuation of the
be self-adjusted by the TAH using this ventricular filling intraventricular compressed air to the atmosphere. The drive-
reserve. This autoadjustment, based upon the volume of line pressure waveform shows a rapid rate of descent of the
venous return, permits the TAH recipient to change position, pressure during the early diastolic period. As diastolic filling
exercise, and perform other routine daily activities without of the TAH ventricle proceeds, the incoming blood displaces
the need for external adjustments of the TAH heart driver the small residual volume of intraventricular compressed air.
or the administration of drugs. If the increased venous return This process is reflected by a gradual decline in the air drive-
is sustained or beyond the diastolic TAH filling reserve, then line pressure; over the majority of the diastolic period the
the TAH heart rate must be increased or other measures ventricle continues to fill and the compressed-air pressure wave-
taken to decrease intravascular volume. Although this self- form has an abrupt decline to its baseline value. This late
regulation of the Utah TAH is limited and without sophisti- diastolic, rapid decline in air pressure indicates full filling of
cated physiologic sensing, it has proven to be reliable and the pneumatic ventricle. Since the goal of TAH control is the
successful in maintaining satisfactory blood flow without achievement of partial ventricular filling, the finding of full
external adjustment of TAH controls. filling on the drive-line pressure waveform requires an adjust-

ment in TAH heart rate. However, despite this adjustment in
heart rate, abolishing complete ventricular filling, the residual

Monltorinv end-diastolic volume now available for TAH self-regulation
is unknown.

The pneumatic TAH requires reliable, accurate, and easy In addition to determining full filling and full ejection of
to interpret external monitoring. The proper adjustment of the TAH, the drive-line pressure waveform can be used to
external TAH control parameters necessary to achieve full diagnose specific abnormalities of ventricular function and
systolic ejection and partial diastolic filling requires such a compressed-air delivery. The diagnostic capabilities of the
monitoring system. Additionally, TAH monitoring should drive-line compressed-air waveform, albeit limited, can allow
quantitate device performance and determine mechanical corrective action before lethal consequences develop for the
malfunction or failures. Ideally, this system of evaluating TAH recipient.
TAH performance should be noninvasive. The Utah TAH Initially, quantitative measurement of the Utah TAH's func-
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tion required implanted flow probes or other invasive devices TAH drive lines would permit the migration of bacteria from
that were often unreliable. A novel approach to determine the skin to the mediastinum. There were animal recipients of
TAH blood flow employed a simple but accurate concept. the TAH that appeared to confirm this theory. The design of
When the TAH ventricles fill with blood during diastole, there devices to protect the cutaneous entrance site of the drive
is an equal displacement of air from the ventricular chamber. lines focused on elimination of tissue injury from tension
Quantitating this exhausted air volume provides an indirect stresses and the rhythmic pulsation of these compressed-air
measure of the stroke volume for the next systolic cycle. An drive lines, as well as the promotion of a secure barrier to
inexpensive system was developed to monitor and record the cutaneous bacterial migration to deeper tissues. Years of
volume and flow rate of the air during diastole (Nielsen et al., animal work was moderately successful in realizing these
1983). This was called a cardiac monitor and diagnostic unit goals. Interestingly, when the TAH was used in man, this
(COMDU) and was used to monitor the first clinical artificial potential site for life-threatening infection did not develop
heart patient (Hastings etaL, 1984). Correction factors for the as a frequent clinical problem. Most recently the devices
loss of blood volume through the inflow valve further refined (termed skin buttons), designed to protect the Utah TAH
this indirect calculation of TAH stroke volume. A volume curve drive lines from causing tissue injury and promote tissue
of exhausted compressed air in relation to the duration of ingrowth, have been abandoned in human applications of
diastole is plotted on a personal computer. This flow curve (in the TAH. The elimination of the skin buttons has resulted
liters/second) provides both a quantitative measure of TAH in no rise in the incidence of cutaneous infections or the
stroke volume as well as a large amount of quantitative infor- development of subsequent mediastinitis.
mation regarding TAH performance. The COMDU has been There have been scientific reports that TAH recipients have
valuable in making early diagnoses of device failures (or impaired immune systems. The sophisticated evaluations have
impending failures) and other patient-related complications documented abnormalities in the function of both the cellular
(Taenaka et aL, 1985; Mays et al., 1988). and the humoral components of the immune system. Interpreta-

tion of this information and its application to TAH human
recipients is complex, with overlap of immunologic defects
caused by the patient's preoperative heart failure, malnutrition,

Clinical Problems an<^ mecucal therapy. Additionally, the known immunosup-
pressive effects associated with CPB also contribute to this

Infection remains one of the most feared complications of problem. Whether the materials used in the blood-contacting
TAH application in man, as it is for other implanted devices portions of the TAH, or other factors related to the TAH, are
(Didisheim, etal., 1989). The combination of the intrathoracic directly imrnunonsuppressive requires further investigation.
TAH with its polyurethane blood-contacting surface, mechani- This scientific reformation is critical if interventions are to be
cal valves, and multiple sites for bacterial adhesion and prolifer- successful in reversing the potentially disastrous suppression
ation, combined with the anticipated performance of an ortho- of the immune system.
topic heart transplantation with its requirement for radical Postoperative hemorrhage remains a significant problem in
immunosuppression, makes infection of the TAH a life-threat- TAH recipients. Multiple factors interact in the development
ening event. Methods to prevent infection have been successful of significant hemorrhage. Many of the TAH recipients have
in minimizing this complication. Prior to TAH implantation, been on oral anticoagulants and antiplatelet medications, pre-
a careful survey for any established infections in the recipient operatively, as therapy for their severely depressed native myo-
is mandatory. Pneumonia, intravenous catheter contamination, cardial function and often accompanying coronary artery dis-
urosepsis, or other sites of infection must be eradicated before ease. Partial reversal of the anticoagulant's direct effect is
the TAH is considered for use as a bridge to transplantation possible. However, the primary therapy is the replacement of
and then must be carefully monitored postimplantation. the protein clotting factors and platelets from random donors.

During and immediately after TAH implantation, the judi- Although successful in restoring coagulation capabilities of the
cious use of prophylactic antibiotics is necessary. Daily surveil- patient, the transfusions provide a source of potential infectious
lance of surgical wounds, intravenous catheter sites, tempera- contamination as well as immune reactions (antibody titer) to
ture elevations, or symptoms of infection is vital to successful the transfused foreign proteins.
early detection and treatment of infections. Periodic monitoring The surgical technique of TAH implantation provides long
of the white blood cell count is also a vital component of suture lines where native tissue is approximated to woven
this monitoring. Even when infections are detected, prompt Dacron grafts and polyurethane-covered Dacron (Levinson and
antibiotic treatment combined with other measures (i.e., re- Copeland, 1987). Although the magnitude of suture lines is
moval of iv catheters, etc.) has permitted the vast majority no greater than an orthotopic heart transplantation, there is
of these patients to proceed to heart transplantation without a significant difference in the technique to achieve a blood-
significant posttransplant problems related to these infec- tight anastomosis. The TAH's Dacron cuffs, which interface
tious events. with the native atria and great vessels, are relatively rigid (par-

The exit site of the transcutaneous compressed-air drive ticularly the atrial cuffs). The anastomosis must be constructed
lines have been the subject of intense scientific investigation. with closely spaced sutures that avoid crimping or long gaps.
There has been a vast array of devices designed to protect these Unlike suture lines that approximate native tissue to native
large tubes from serving as a nidus and conduit for infection. tissue, the TAH suture lines are unforgiving, and any crimps
There was a scientific consensus that when used in man, these or gaps will leak, causing significant hemorrhage. Because of
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this situation, the four TAH suture lines (two atrial and two COMDU diagnosis of this potentially hard failure provided
great vessel) are tested under physiologic pressures for leaks immediate diagnosis and prompt management with follow-up
before the two artificial ventricles are snapped into place, since surgical intervention which required left ventricular replace-
the two ventricles restrict direct visualization of some of the ment. Investigation of this inflow valve failure revealed two
suture lines. distinct but interrelated problems. The mechanical valve used

The use of CPB requires total anticoagulation using the in the inflow position was a 27-mm Bjork Shiley mitral valve,
drug heparin. Heparin paralyzes the protein cascade that is The metal struts, which hold the tilting carbon disk in place,
necessary for the development of thrombus. However, in addi- were welded to the metal valve ring. These weld points were
tion to the protein-blocking effects of heparin, the contact of found to be susceptible to failure with the applied stress
blood with the foreign surfaces of the CPB circuit and oxygena- generated by closure of the valve disk during ventricular
tor and the use of nonpulsatile flow, various drugs, and hypo- systole. This fracture potential was combined with the TAH
thermia combine to cause a myriad of effects that interfere pneumatic driver generating superphysiologic intraventricular
with clot generation. Strategies to minimize these effects have pressure changes during systole. Measurement of the TAH's
included the pre-CPB infusion of aprotinin, a proteinase inhibi- ventricular dP/dT during the ejection phase indicated a value
tor of plasmin, thrombin, and other components of normal in excess of 7500 mm Hg/sec pressure change. These two
coagulation and platelet function. Other drugs have also been problems, one an inherent characteristic of the mechanical
administered in an effort to minimize the CPB effects on postop- valve and one a feature of TAH ventricular function, were
erative bleeding. The success of these interventions has been complementary to the development of mechanical failure of
variable and incomplete. Despite the magnitude of the problem, the inflow valve. Both areas of concern were addressed for
the vast majority of patients will not have significant hemor- corrective changes.
rhage if attention is directed to the basic surgical principles of The Bjork Shiley valve was replaced with a Medtronic Hall
meticulous hemostasis at sites of cardiovascular anastomosis tilting disk valve. The major engineering advantage of this new
and planes of dissection, combined with thoughtful replace- valve was the machining of the metal valve ring and disk-
ment of coagulation factors and platelets post-CPB. The use holding struts from one block of metal. This manufacturing
of plasmacologic intervention should be viewed as an adjunct technique avoids the inherent weak areas of weld points found
to these measures and not as a primary therapy. in the Bjork Shiley valve, thereby avoiding the risk of strut

Tears of the internal TAH diaphragm have occurred early breakage and disk escape. Simultaneously, the external heart
on in the laboratory. However, because of its four-layer design, driver, which regulates the pressure of compressed air delivered
these disruptions of individual layers have been soft failures, to the TAH ventricle, was modified to decrease the dP/dT of
allowing for successful replacement of the effected ventricle. the TAH ventricle to less than 5000 mm Hg/sec. The combina-
Critical to this preterminal replacement of a malfunctioning tion of these corrective actions has eliminated the problem of
ventricle is the ability to diagnose the diaphragm problem mechanical valve failure in the Utah TAH.
before irreparable harm comes to the recipient. The COMDU Hemolysis, the development of a pathologic rate of red
has proven itself as a device that can accurately diagnose dia- blood cell destruction, is a concern for all blood pumps. The
phragm tears before there is any recipient morbidity or mor- use of four mechanical valves in the Utah TAH caused an
tality. inevitable amount of hemolysis. However, the rate of red blood

Mechanical valves are TAH components that have a poten- cell destruction is a level that is tolerable to the recipient,
rial for failure. The first human recipient of the Utah TAH avoiding the need for transfusions and also avoiding the over-
had a failure of the left ventricular inflow valve. The accurate loading of the recipient's reticuloendothelial system by the

TABLE 2 Patient Data on Utah-Developed Total Artificial Hearts

Symbion 1985-1992 CardioWest 1993-1996

Number of implants 198 69 (4 on the device)

Average age (years) 42 (13-64) 44 (16-63)

Average duration 24 (1-670) 31 (1-186)

Female/male 28/170 5/64

Total implant days 4742 (13 years) 2002 (5.5 years)

Number transplanted 143 (72) 47 (72)

Number discharged 85 (43% IMP, 59% TX)fl 43 (66% IMP, 92% TX)fl

Number alive post-TX Unknown 42 (98%)

Accumulation post-TX Unknown 59.5 years

aIMP, TAH implants; TX, cardiac transplantation.
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TABLE 3 Total Artificial Heart Implants by Year

Number and year of total artificial heart implants

Heart 1969 1981 1982 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 Total

Liotta 1 1

Akutsu 1 1
Jarvik" 1 1 6 37 45 61 22 14 17 5 19* 18 26 272

Penn State 1 1 1 1 1 4

Phoenix 1 I

Berlin 1 6 1 8

Unger 4 4

Brno 3 2 5

Total 1 1 1 1 8 43 52 65 25 14 17 5 19 18 26 296

"The first five patients received the total artificial heart as a permanently implanted device.
frCardioWest manufactured and sold the Utah-developed total artificial heart from 1993 to the present.

products of red blood cell destruction. The object of TAH TAHs in the United States (1982—1985), and Semb implanted
design and function is to avoid any additional hemolysis that one TAH in Sweden (1985). Survival in this limited experi-
would be additive to the valve hemoiysis. Design features of ence ranged from 10 to 620 days. Table 1 lists the clinical
the Utah TAH that minimize hemolysis include smooth, unob- TAH implants over the first 16 years (Olsen, 1996). The
strutted transitions from native atria to the ventricle and from FDA approved a new IDE in 1985 for use of the Symbion
the TAH to the great vessels; minimal intraventricular turbu- TAH as a bridge to cardiac transplantation based on extensive
lence; avoidance of diaphragm-ventricular housing contact, experience in calves (Olsen et aL, 1981). Subsequently, the
thereby avoiding red blood cell crushing; and minimizing Symbion TAH was used temporarily in 198 patients (1985
changes in blood flow velocity and turbulence (i.e., maximizing through 1992) as a bridge to transplantation. A total of 203
orifice size at the inflow and outflow portions of the ventricle). Symbion TAHs were implanted with five patients receiving 2
All of these factors have been successfully incorporated into devices (Table 2). The 2nd TAHs were all used as replace-
the design and fabrication of the Utah TAH. ments for failed transplants, 4 of them for acute rejection

and 1 for chronic rejection episodes.
On January 12, 1990, the FDA withdrew its approval of

the IDE for both the permanent and the temporary use of
the Symbion TAH and VAD. The FDA cited manufacturing,

CLINICAL USE OF THE ARTIFICIAL HEART monitoring, and reporting deficiencies as the basis for suspen-
sion of Symbion's IDE. However, the FDA permitted the Sym-

The early designs of artificial hearts attempted to mimic all bion-sponsored U.S. TAH and VAD centers to implant pre-
anatomic features of the natural heart. This concept was found viously purchased devices (which continued until December of
to be flawed for a variety of reasons. Replacement of the native 1992). Symbion initially struggled to correct its deficiencies
atria was unnecessary, retention of the recipient's atria pro- and seek reinstatement of their FDA-approved IDE in order
vided the compliant reservoir capacity needed to fill the and to resume their clinical U.S. TAH and VAD programs,
ventricles and, more importantly, it simplified the surgical However, after careful review, Symbion's board of directors
implantation. The external configuration of the artificial recommended to its shareholders on March 15, 1991, the dis-
ventricles did not need to be "heart shaped." The shape posal of all operating assets and liquidation of the company,
was dictated by stroke volume, fit, intracavitary flow patterns, The company went out of business in July 1991, less than 10
and engineering considerations. The artificial ventricles did years from its inception.
not require contraction of the entire ventricular wall during With the closure of Symbion, Dr. Copeland and Dr. Olsen
systole, and there was no need to design individual right started a new company, CardioWest, which licensed the
and left ventricles. technologies from the University of Utah and took over

The University of Utah TAH technology was subsequently supporting the clinical centers until January 1993 when all
licensed to Symbion, Inc., for worldwide marketing. The implanted devices were manufactured and sold by Cardio-
Symbion TAH was used as a permanent cardiac replacement West. The Utah-developed TAH was named and referred to
in four additional nontransplant candidates (the criteria speci- as the C-70. The bridge to cardiac transplantation with the
fied by the FDA-approved IDE), DeVries implanted four Utah-developed TAH is compared and presented in Table
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TABU 4 Total Artificial Heart Bridging to Cardiac Transplantation

Number of Number Number
Device Years patients TX (% IMP) Discharged (% IMP) (% TX)

Liotta 1969 1 1 (100) 0 (0) (0)

Akutsu 1981 1 1 (100) 0 (0) (0)

Phoenix 1985 1 1 (100) 0 (0) (0)

Penn State 1985-1988 3 1 (33) 0 (0) (0)

Jarvik 1985-1992 198 143 (72) 85 (43) (59)

Berlin 1985-1989 8 2 (25) 1 (25) (50)

Vienna 1985-1989 4 3 (75) 2 (SO) (67)

Brno 1988-1989 6 0 (0) 0 (0) (0)

CWT 1993-1996 69a 47 (72) 43 (66) (92)

9 devices 27 years 291 199 (69) 131 (46) (66)

"Four patients were supported on the device at the time of writing.

2. Some criticized the early use of VADs and TAHs in the White, S., Mochizuki, T., and Kolff, W. J. (1979). Studies of the
bridge to cardiac transplantation patient on the basis that remnant atria of the total artificial heart: P-wave response to the
the success would be far lower and thus would be a waste surgery, treadmill exercise and drugs. /. Artif. Organs 3(Suppl):
of the very limited donor organs. The more recent data on 324-328.
the CardioWest TAH would disprove that feat and this is Kolff> J" D,efb> G' M" Cavarocchi, C, Riebman, J. B., Olsen, D. B.,

supported by the results with both the TCI Heartmate and fl*0"*? P:.S' (198
C

4)" ̂  affal beart in human sub>ects"
the Baxter/Novacor VADs J' Thorac' Cardtovasc' SurS- 87: 825~831-tne Baxter/iNovacor VAUs. Kwan-Gett, C. S., Wu, Y., Collan, R., Jacobsen, S., and Kolff, W. J.

This chapter describes the Utah TAH experience; however (1969) Total replacement artifida! heart and ̂ ^ system

there have been other pneumatic TAHs developed and used with inherem regulation of cardiac output< ASAIO Trans, 15:

clinically as of this writing. Table 3 is a listing of all the 245-250
known human implantations by year (Olsen, 1996). Table Levinson, M. M., and Copeland, J. G. (1987). Technical aspects of
4 presents the best available data on the number of patients total artificial heart implantation for temporary applications,
implanted with the nine different types of hearts and the /. Cardiac. Surg. 2: 3-19.
numbers transplanted and those that were discharged alive Mays,J. B., Williams, M. A., Barker, L. E., Pfeifer, M. A., Kammerling,
from the hospital. J- M., Jung, S., and DeVries, W. C. (1988). Clinical management

of total artificial heart drive systems. JAMA 259(6): 881-885.
Nielsen, S. D., Willshaw, P., Nanas, J., and Olsen, D. B. (1983).

Bibliography Noninvasive cardiac monitoring and diagnostics for pneumatic
pumping ventricles. Trans. Am. Soc. Artif. Intern. Organs 29:

Akutsu, T., and Kolff, W. J. (1957). Pneumatic substitutes for valves 589-592.
and hearts. Trans. Am. Soc. Artif. Intern. Organs 4: 230-235. O'Connell, J. B,, and Bristow, M. R. (1994). Economic impact of heart

Cooley, D. A., Akutsu, T., Norman, J. C., et al. (1981). Total artificial failure in the United States: Time for a different approach. /. Heart
heart in two staged cardiac transplantation. Cardiovasc. Dis. Bull. Lung Transplant. 13: SI07.
Texas Heart Inst. 8: 305-319. Olsen, D. B. (1996). Artificial heart registry maintained by the Insti-

DeVries, W. C., Anderson, J. L., Joyce, L. D., Anderson, F. L., Ham- tute for Biomedical Engineering, University of Utah, Salt Lake
mond, E. H., Jarvik, R. K., and Kolff, W. J. (1984). Clinical use City.
of the total artificial heart. N. Engl. J. Med. 310: 273-278. Olsen, D. B., DeVries, W. C., Oyer, P. E., Reitz, B. A., Murashita, J.,

Didisheim, P., Olsen, D. B., Farrar, D. J., Portner, P. M., Griffith, Kolff, W. J., Daitoh, N., Jarvik, R. K., and Gaykowski, R. (1981).
B. P., Pennington, D. G., Joist, J.H., Schoen, F. J., Gristina, A. G., Artificial heart implantation, later cardiac transplantation in the
and Anderson, J. M. (1989). Infections and thromboembolism calf. Trans. Am. Soc. Artif. Intern. Organs 27: 132—136.
with implantable cardiovascular devices. ASAIO Trans. 35(1): Poirier, V. L. (1991). Can our society afford mechanical hearts? Trans.
54-70. Am. Soc. Artif. Intern. Organs 37: 540-544.

Guyton, A. G., ed. (1981). Textbook of Medical Physiology, 6th Edi- Rowles, J. R., Mortimer, B. J., and Olsen, D. B. (1993). Ventricular
tion. Saunders, Philadelphia. assist and total artificial heart devices for clinical use in 1993.

Hastings, W. L., Joyce, L. D., DeVries, W. C., Olsen, D. B., Nielsen, ASAIO J. 39(4): 840-855.
S. D., and Kolff, W. J. (1984). Drive system management in the Taenaka, Y., Olsen, D. B., Nielsen, S. D., Dew, P. A., Holmberg,
clinical implantation of the JARVIK-7 total artificial heart. Prog. D. L., and Chiang, B. Y., (1985). Diagnosis of mechanical failures
Artif. Organs—1983 1: 217-221. of total artificial hearts. Trans. Am. Soc. Artif. Intern. Organs

Iwaya, F., Fukurnasu, H., Olsen, D. B., Nielsen, S. D., Lawson, J., 31: 79-83.



400 8 ARTIFICIAL ORGANS

83 EXTRACORPOREAL ARTIFICIAL ORGANS
Paul S. Malchesky

Historically, the term "extracorporeal artificial organs" has
been reserved for life support techniques requiring the on-line
processing of blood outside the patient's body. The substitu-
tion, support, or replacement of organ functions is performed
when the need is only temporary or intermittent support
may be sufficient. The category of extracorporeal artificial
organs does not include various other techniques which may
justifiably be considered as such, such as infusion pumps
or dermal patches for drug delivery, artificial hearts used
extracorporeally, eyeglasses and contact lens for vision, and
orthotic devices and manipulators operated by neural signals
to control motion.

This chapter focuses on artificial organ technologies which
perform mass transfer operations to support failing or im-
paired organ systems. The discussion begins with the oldest
and most widely employed kidney substitute, hemodialysis,
and outlines other renal assist systems such as hemofiltration
for the treatment of chronic renal failure and fluid overload
and peritoneal dialysis. The blood treatment process of
hemoperftision, and apheresis technologies which include
plasma exchange, plasma treatment, and cytapheresis—used
to treat metabolic and immunologic diseases—are also dis-
cussed. In addition, blood—gas exchangers, as required for
heart-lung bypass procedures, and bioartificial devices that
employ living tissue in an extracorporeal circuit are addressed.
Significant concerns and associated technological considera-
tions regarding these technologies, including blood access,
anticoagulation, the effects of the extracorporeal circulation,
including blood cell and humoral changes, and the biomodu-
lation effects of the procedure and materials of blood contacts
are also briefly discussed,

KIDNEY ASSIST

The kidney's function is to maintain the chemical and water
balance of the body by removing waste materials from the
blood. The kidneys do this by sophisticated mechanisms of
filtration and active and passive transport that take place
within the nephron, the single major functioning unit in the
kidney, of which there are about 1 million per kidney (Fig.
1). In the glomerulus, the blood entry portion of the nephron,
a blood filtration process occurs in which solutes up to
60,000 Da are filtered. As this filtrate passes through the
nephron's tubule system, its composition is adjusted to the
exact chemical requirements of the individual's body to
produce urine. In addition to these functions, the kidneys
support various other physiological processes by performing
secretory functions that aid red blood cell production, bone
metabolism and blood-pressure control. Renal failure occurs
when the kidneys are damaged to the extent that they can
no longer function to detoxify the body. The failure may
be acute or chronic. In chronic renal failure or in the absence
of a successful transplant, the patient must be maintained

FIG. 1. Schematic representation of the nephron.

on dialysis. About 200,000 people in the United States and
600,000 worldwide are on dialysis.

Dialysis

Dialysis is the process of separating substances in solution
by means of their unequal diffusion through a semipermeable
membrane. The essentials for dialysis are ( I ) a solution contain-
ing the substance to be removed (blood); (2) a semipermeable
membrane permeable to the substances to be removed and
impermeable to substances to be retained (synthetic membrane
in hemodialysis or the peritoneal membrane in peritoneal dial-
ysis), and (3) the solution to which the permeable substances
are to be transferred (dialysate).

The device containing the semipermeable membrane is
called a dialyzer. Hemodialysis is performed on the majority
(approximately 85%) of the patients while peritoneal dialysis
is used for the rest.

Hemodiatysls

Hemodialysis is the dialysis of blood. Approximately
170,000 patients in the United States and about 525,000 world-
wide undergo hemodialysis typically three times a week, total-
ing about 80 million treatments per year. The patient's blood
is typically anticoagulated with heparin throughout the extra-
corporeal treatment. Blood access is usually from a permanent
fistula made in the patient's forearm. The blood is drawn from
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FIG. 2. Comparative operation principles in (A) hemodialysis and (B) hemo-
filtration with postfiltration addition of fluid.

the body at a flow rate of 50 to 400 ml/min, depending on
patient conditions and procedural requirements, and then
pumped with a roller pump through the extracorporeal circuit
which includes the dialyzer. The transport process of water,
electrolytes, and simple metabolites between the blood and the
dialysate takes place in the dialyzer (Fig. 2A). The dialysate is
a water solution of electrolytes of about the same concentration
as normal plasma.

The membranes used are primarily cellulosic but various
synthetic membranes, including polyacrylonitrile, poly(methyl-
methacrylate), ethylvinyl alcohol, and polysulfone are also be-
ing used. The membranes permit the low-molecular-weight
solutes (typically less than about 5000 Da) such as urea, creati-
nine, uric acid, electrolytes, and water to pass freely, but pre-
vent the passage of high-molecular-weight proteins and blood
cellular elements. However, some membranes utilized will pass
appreciable amounts of solutes of a greater molecular weight
(below about 20,000 Da) and with high rates of water trans-
port. Such membranes are called high-flux membranes.

The stimulus for the introduction of synthetic membranes
has primarily come from the need to improve biocompatibility,
although recent modifications of cellulosics have also addressed
this need. The term "biocompatibility" is loosely defined and
generally refers to the response and effects of blood contact
with the material. However, the influence of the flow, the
properties of the blood, the choice of anticoagulant and the
dialyzer design and its method of sterilization may also be
important. Major indices of biocompatibility studied include
variations in blood coagulation, blood cell changes, variations

in platelet and leukocyte activation, and complement system
activation. Different membranes elicit different responses. The
degree of the response is related also to the surface area of
blood contact.

Most dialyzers in use are of the hollow-fiber design, employ-
ing hollow-fiber membranes. Also available are parallel-plate
designs employing sheet membrane films. Many variations of
these basic designs are commercially available. Generally,
blood and dialysate flow in opposite directions (counter-
current).

Water is removed in hemodialysis primarily by ultrafiltra-
tion. Convective flux of water and associated solutes takes
place under a hydraulic pressure gradient between the blood
and the dialysate compartments. The functions of the dialysate
delivery system are to prepare and deliver dialysate of the
required chemical makeup for use in the hemodialyzer. Moni-
toring and control equipment is included as part of the system
to ensure that the dialysate composition is correct and ready
for use by the hemodialyzer and that the procedure is carried
out in a safe manner.

Methods of preparing and delivering dialysate are either
batch or continuous. In a continuous dialysate-supply system,
concentrate and processed tap water (filtered to remove partic-
ulate, ions, and organic matter) are continuously mixed during
the course of the dialysis and delivered to the dialyzer. This
type of system eliminates the space required for mixing an
entire batch of dialysate. However, to be effective, the system
must be closely controlled, since any malfunction can result in
an improperly mixed dialysate. Dialysate can be recirculated in
the dialyzer, although fresh dialysate is most effective because it
produces a high concentration gradient with the blood and
therefore a high removal rate for solutes. In a single-pass sys-
tem, the flow of dialysate is usually kept low (about 500
ml/min) to limit the amount required.

Dialysate delivery systems also include monitoring, control,
and safety equipment. These systems range from the use of
simple components to automated systems capable of operating
without an attendant. Equipment includes flow meters, temper-
ature and pressure monitors, dialysate-conductivity probes,
and display meters. Control equipment includes thermostat-
controlled heaters and mixing valves for regulating dialysate
temperatures and composition, valves for regulating flow rates
and patient fluid loss, and adjustable high and low limits on
various safety and monitoring devices. Water conditioning and
treatment equipment is usually available separately from the
dialysate delivery system. Safety equipment includes devices
designed to indicate or correct any factor in dialysis which
exceeds the established limits for safe operation. This equip-
ment includes audio and/or visual alarms and failsafe shut-
down sequences that would be employed during the course of
dialysis. Present-day equipment allows one nurse to oversee
several dialysis stations at one time.

Hemodialysis is generally performed for periods of from
3—5 hr, three times a week. Hemodialysis may be performed
in the hospital, a dialysis center, or at home. Equipment require-
ments vary, depending upon where and by whom the dialysis
is performed. Figure 3 schematically shows the circuitry with
on-line dialysate preparation, and Table 1 outlines the most
common factors monitored during hemodialysis with reference
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FIG* 3. Schematic of hemodialysis circuitry with on-line dialysate preparation. Numbered locations refer
to instrumentation listed in Table 1.

TABLE 1 Factors Most Commonly Monitored during Hemodialysis

Equipment
position

Factor (see Fig. 1) Operation Remarks

Extracorporeal 1, 2, and/ Measures pressure in drip chambers by mechani- Installation in location 3 is considered manda-
blood pressure or 3 cal or electronic manometer; abnormal pres- tory and provides most meaningful informa-

sure indicates any one of several malfunctions tion with respect to changes in flow (such
(increased line resistance, clotting, blood leak) as due to clots) or bloodline leak
and has high and low alarm limits

Blood-leak 4 Photoelectric pickups in effluent dialysate line de- Detection threshold is adjustable with alarm
detector tect optical transmission changes due to pres- circuit to shut off blood pump or bypass

ence of blood the dialysate flow

Dialysate 5 and/or 4 Measures pressure of dialysate inlet and/or outlet Transmembrane pressure may be displayed
pressure by mechanical or electronic manometer; usu- with possible control of blood-side pressure

ally has high and low alarm limit; abnormal
operation can result in membrane rupture or
improper ultrafiltration

Dialysate temper- 5 Thermostatic measurement generally used to con- In central dialysate delivery systems, the dialy-
ature trol electric heaters; dial thermometer or ther- sate is centrally heated with trimming at in-

mocouple gauge readout; out-of-range opera- dividual stations
tion can result in patient discomfort or fatal
blood damage

Dialysate flow 5 Measures and displays flow in a rotameter; un- Dialysate is normally used at a rate of 500
rate less extremely low, cannot result in undue ml/min

harm to patient

Dialysate concen- 4 and 5 Flow differential is used to determine patient Ultrafiltration control is particularly import-
tration fluid loss and ultrafiltration rate ant with the use of high-flux dialyzers

5 Measures and displays electric conductivity of di- Continuous concentration measurement is a
alysate; improper concentration can result in necessity in delivery systems using continu-
blood cell and central nervous system damage ous proportioning of dialysate

Air trap and air 3 Collects air prior to blood return to patient; if Mandatory
bubble detector air is detected, clamp is activated to stop flow

to patient
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FIG. 4. Schematic of intermittent peritoneal dialysis with on-site dialysate
preparation,

to the site of monitoring shown in Fig. 3. Portable or wearable
systems have also been developed.

Peritoneal Dialysis

Peritoneal dialysis is carried out in the peritoneal cavity of
the patient. The peritoneum is a thin membrane lining the
abdominal cavity and covering the abdominal organs. It
forms a closed sac. Through a cannula placed through the
skin or a catheter permanently implanted, dialysate solution
(about 2 liters in an adult) is infused, allowed to dwell for a
designated time period, and drained. This process is repeated
according to the needs of the patient. This semipermeable
membrane permits transfer of solutes from the blood to
the dialysate.

The efficiency of the process is strongly dependent upon
the blood flow through the peritoneal membrane; the perme-
ability of the peritoneal membrane; and the dialysate condi-
tions of flow, volume, temperature, and net concentration
gradient. Peritoneal dialysis may be performed intermittently
or continuously.

The low volume of dialysate, the low degree of agitation
of the dialysate in the peritoneal cavity, and blood flow dynam-
ics in the peritoneum contribute to a lower efficiency for small
solute transfer than hemodialysis. Thus, peritoneal dialysis re-
quires longer treatment times than does hemodialysis.

In intermittent peritoneal dialysis, a single cycle for dialysate
solution infusion, dwell, and drainage is generally accom-
plished in less than 30 min and the procedure continued for
8 to 12 hr per treatment (Fig. 4). Dialysate is available in
commercially prepared bags or bottles or can be made on site,
as in hemodialysis, from dialysate concentrate and water.
Additional precautions must be taken with its preparation
in comparison with the dialysate used in hemodialysis because
of the sterility requirement for infusion of the dialyzing
solution into the body. Monitoring and control equipment

for the preparation and delivery of the dialyzing fluid is
generally automated and capable of operating without an
attendant: it includes automatic timers, pumps, electrically
operated valves, thermostat-controlled heaters, conductivity
meter, and alarms.

In the more popular form of peritoneal dialysis referred
to as continuous ambulatory peritoneal dialysis (CAPD), the
infused dialysate is allowed to reside for only a few hours.
Generally, five to six exchanges are made per day. The differ-
ence between this technique and that of intermittent peritoneal
dialysis and hemodialysis is that body chemistries are more
stable and not fluctuating between the extremes of the pre-
and postdialysis periods.

In peritoneal dialysis, the hydraulic pressure difference be-
tween the blood and dialysate is insufficient to cause any appre-
ciable water removal so osmotic forces are utilized. The neces-
sary osmotic gradient between the blood and dialysate is
achieved by utilizing high concentrations of dextrose in the
dialysate. Typically, solutions containing 1.5 to 4.5% dextrose
are used.

An advantage of peritoneal dialysis over hemodialysis is
that direct blood contact with foreign surfaces is not required,
eliminating the need for anticoagulation. A disadvantage in-
cludes the increased risk of peritonitis. Approximately 15%
of the U.S. patients with chronic renal failure are supported
by peritoneal dialysis.

Hemofiltration

Hemofiltration refers to the removal of fluid from whole
blood. Solute and water are removed strictly by convective
flux. The standard hemodialysis membrane, however, is a poor
reproduction of the filtration properties of the nephron's glo-
merulus. The standard hemodialysis membrane can separate
from the blood solutes that are typically less than about 5,000
Da. In an effort to make the process more like that of the
natural glomerulus and to duplicate the process in the natural
kidney, membranes of higher permeability (complete passage
of solutes less than about 50,000 Da and more typically less
than 20,000 Da) have been developed. In addition to their
applicability for dialysis under controlled ultrafiltration condi-
tions (referred to as high flux dialysis), such membranes have
also found use as ultrafilters of fluid from blood. Membranes
used for hemofiltration therapy are made of polysulfone, poly-
acrylonitrile, poly(methyl methacrylate), poly(ether sulfone),
polyamide, and the cellulosics.

Hemofiltration was originally designed for treating chronic
renal failure by removing a substantial fraction of fluid and
reconstituting blood by adding fluid either before or after fil-
tration (Fig. 2B). Owing to the high physiological sensitivity
to changes in circulatory volume, very sensitive monitoring
and control equipment for fluid withdrawal and infusion must
be used to maintain the fluid flow balance accurately, as re-
quired for net removal of fluid from the patients. Only a few
centers in the world are investigating this technique for treating
chronic renal failure.

Modes of hemofiltration applications include continuous
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FIG. 5. Circuitry for sorbents or reactor (enzymatic, cellular, or tissue) hemoperfusion.

arteriovenous hemofiltration (CAVH), continuous venovenous patibility concerns, including particulate release from the sor-
hemofiltration (CWH), or slow continuous ultrafikration bent or reactor system. Sorbent and reactor systems are also
(SCUF). In these extracorporeal procedures, the patient's applied to plasma perfusion (see the next section).
blood, under the driving force of arterial pressure (CAVH), or
by an extracorporeal pump (CWH), passes through a low
resistance device (typically of hollow fiber design) and then is APHERESIS
returned to the patient. Under force of the hydraulic resistance
and aided by applied vacuum pressure if necessary on the . , . •, , , , . ,
c, j n j / i £1 v • i c t- ui j Apheresis1 refers to a procedure ot separating and removing
filtrate side, fluid (ultrafiltrate) is removed from the blood. r

 t , . 1:1.1 j TL-^. ,T T T ^ ' T I ~^TTT^ • i i f -i one or more of the various components of blood. This proce-
CAVH, CWH, or SCUF is used to treat acute renal failure , , , . , . . „ T1 , _. n . . . . . . . . - - tt -11 • i dure can be used either therapeutically to remove cells or solutes
and fluid overload, particularly in critically ill patients who are , . , - J J U I T I • i u •. .. , '.r • n • i - i r c i which are considered harmful, or preparativelv to obtain
in renal failure and require fluids, as in the torm ot parenteral , , , , „ t i j -ru ' A •_ . , , , , . . . plasma or blood cells from normal donors. The procedure is
nutrition. T o enhance t h e solute transfer, t h e circuit m a y b e r j i u - u i j j..„ , , , , . / • ' , . , ^ i - i . referred to as plasmapheresis when plasma is separated and
modified to include the pumping ot dialysate. This technique , £ * , , , , , T£ , , . ,. , , ,

,. /., . r i i- • e removed from the whole blood. It the plasma is discarded and
is referred to as hemodiamtration. A turther application ot , , . , , , , . ,. r. . . . .. , , n - i i • replaced with donor plasma or a protein solution, the process
hemohltration is the on-line removal ot excess tluid during • f j «. i u r r u ^ j i0 is referred to as plasma exchange. It the separated plasma is
x P re & "P • processed and returned to the patient, the process is referred

to as plasma treatment. Cytapheresis refers to the removal
Hemoperfusion °^ ce^s an^ includes various types: leukocytapheresis, which

involves the separation and removal of white blood cells;
Hemoperfusion refers to the direct perfusion of blood. In lymphocytapheresis, in which the lymphocytes are removed;

general, it refers to the perfusion of whole blood over a sorbent erythrocytapheresis, in which the red blood cells are removed;
or reactor and therefore is different in this respect from hemodi- and thrombocytapheresis, in which the platelets are removed,
alysis (Fig. 5). In principle, the sorbent or reactor may consist
of a wide variety of agents such as activated charcoal, nonionic
or ionic resins, immunosorbents, enzymes, cells, or tissue. The Plasma Exchange
purpose of biologically active agents may be to remove specific „, . . , J £ L I L I J - I j-

r , 1 1 , 1 • r i • i • i Plasma is routinely separated trom whole blood in the medi-
toxins trom the blood or to carry out specific biochemical , , u , ,. . \t-n- c r r i„ . . 1 1 - - i - i - cal laboratory and climes. Millions of liters ot plasma are
reactions. For practical reasons, such as biocompatibihty con- „ , n • u TT • j c r c. • J L. r, . . . ,. . , i t „ collected annually in the United States tor transfusion and the
cerns, hemopertusion has been limited to the use ot a small , . c , j T-I • i i, , , , i , i - - i production o t plasma products. Therapeutic plasma replace-
number o t sorbents such a s activated charcoal o r resins in t h e 1 - 1 1 1 f - j i, , . . . . ment or on-line plasma treatment has been applied in a number
treatment of drug intoxication or hepatic support.

The sorption of solute from the blood is based primarily
upon its chemical affinity for the sorbents and less on its molec-
ular size. The surface area for sorption may be as high as ,„. ,. . . , , „ , , x. , ,, . „,

£ i 'Defanttions taken from Report ot the Nomenclature Committee in Plasma
hundreds of square meters per gram of sorbent. Separation and Plasma Fractionation, M. J. Lysaght and H. J. Gurland, eds.,

The use of hemoperfusion is limited primarily by biocom- Karger, Basel, pp. 331-334.
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FIG. 6. Plasma separation in a test tube placed in a centrifugal field. The
centrifugal separation of plasma from whole blood results in generally three
distinct layers: the plasma, the buffy coat consisting of platelets and white blood
cells, and the packed red cell layer.

of disease states, including renal, hematological, neurological,
autoimmune, rheumatological, and hepatic. Plasma exchange
is now a recognized therapy in selected disease states and is
being investigated in many others. Traditionally, plasma sepa-
ration has been carried out by centrifugal techniques. However,
within the past decade, membrane devices have been used
increasingly in therapeutic and bulk plasma collection. In cen-
trifugal separation, the difference in density between blood
cells and plasma is exploited. In membrane separation, the
plasma is separated from the blood cells by the application of
a low (typically less than 50 mm Hg) transmembrane pressure
gradient across a microporous membrane permeable to all
plasma components and impermeable to blood cells.

A number of membrane materials in the flat-film and hol-
low-fiber configuration have been utilized, including polyethyl-
ene, polypropylene, cellulose diacetate, poly(methyl methacry-
late), polysulfone, poly(vinyl chloride), poly(vinyl alcohol), and
polycarbonate. The membranes are of the tortuous path type
and differ significantly in their physical properties such as po-
rosity, mean pore size and its distribution, and pore number.
Differences in the chemical nature of the membranes affect
the amount and types of proteins that are deposited on the
membrane surface. Such differences in protein adsorption can
affect the filtration and biocompatibility properties of the mem-
branes. Extensive filtration studies with bloods of various spe-
cies and varying compositions show that membranes of differ-
ent polymer types and varying microstructures have different
plasma separation rates. Plasma separation efficiency for all
membrane or module designs correlates with blood shear rate.
Biocompatibility considerations similar to those used in assess-
ing hemodialysis apply.

In therapeutic plasmapheresis, the separated plasma is dis-
carded and replaced with an oncotic plasma substitute such
as albumin solution or fresh-frozen plasma. Plasma exchange

has several limitations, including the reliance on plasma prod-
ucts, reactions or contaminations (particularly viral) caused by
plasma product infusion, and loss of essential plasma compo-
nents.

Centrifugal Plasma Separation

The centrifugal separation of plasma from blood is schemat-
ically depicted in Figs. 6 and 7. As the blood volume is rotated,
the contents of the fluid exert a centrifugal force outward to
the walls. Since the density of the blood particulate compo-
nents, the cells, is higher than that of the plasma medium,
sedimentation of the cells occurs outwardly through the
plasma. The centrifugal acceleration exceeds that of gravity by
a factor of a thousand.

For particle settling in the Stokes's law range (Reynolds
number is less than I for most blood centrifugal processes) the
terminal velocity, Vf, at a radial distance, r, from the center
of rotation is:

where w is the angular velocity, Dp is the particle diameter, pp

the particle density, p the liquid density, and /x the liquid
viscosity. This basic formula serves as the theoretical founda-
tion for investigations of the phenomena of the centrifugal
separation of particulate matter from the suspending fluid.
Corrections to this equation for the nonspherical nature of
blood cells and the effects of cell concentration have been
proposed by various authors and serve as a basis of continued
investigations of this process.

Blood is a complex mixture consisting of plasma, plasma

HG. 7. Continuous plasma separation in a rotating bowl. The blood compo-
nents are continuously or discontinuously ported off. Several commercial systems
are available for clinical use.
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TABLE 2 Comparison of Cell Properties

Normal Cell Sedimentation
concentration diameter Mean density coefficient

in blood (/urn) (g/ml) (S x JO 7 )

Red blood cell 4.2-6.2 x 1012/liter 8 1.098(1.095-1.101) 12.0

White blood cell 4.0-11.0 x lO'/liter
Lymphocyte 1.5-3.5 x 109/liter 7-18 1.072 (1.055-1.095) 1,2
Granulocyte 2.5-8.0 x 109/liter 10-15 1.082
Monocyte 0.2-0.8 x 109/liter 12-20 1.062

Platelet 150-400 x 109/liter 2-4 1.058 0.032

Plasma — — 1.027 (1.024-1.030)

solutes in a broad range of sizes, and cells of varying densities In clinical operation, visual inspection or optical sensors
and sizes (Table 2). When blood is allowed to sit in a tube or are employed to select component pumping rates. For specific
is centrifuged, the higher density red blood cells will settle to collection purposes, two or more separation steps may be em-
the bottom of the tube first, followed by the white blood cells ployed. For example, the buffy coat is drawn from the whole
and platelets (which are of intermediate density between the blood and subjected to a second centrifugal separation or an-
red cells and the plasma). Based on the sedimentation coeffi- other process which concentrates specific white blood cell
cients, the order of separation is red cell > white cell > platelet. types.
For centrifugal speeds which are nondestructive to the cells, Owing to the varying densities and sedimentation velocities
no appreciable separation of the individual plasma constituents of the blood cells in routine operation of clinical centrifuges, a
occurs (proteins, amino acids, electrolytes). The high sedimen- distinct separation of the cell types from plasma is not achieved,
tation rate of red cells is related to their ability to aggregate, Thus in routine plasma collection, the plasma contains cells,
forming rouleaux. With rouleaux formation, the effective cell most typically platelets,
diameter increases, augmenting the settling rate, (see equation).

Table 3 lists the operational parameters and blood proper-
ties that affect the sedimentation rate of blood cells and there- Membrane Plasma Separation

fore that dictate the plasma separation rate. From an opera- Membrane separation of plasma is schematically shown
tional point of view, the force produced during centrifugation in Rg g Under low hydraulic transmembrane pressures, the
is proportional to the radial distance of blood in the centrifugal
field and the square of the angular velocity, or revolutionary
rate, of the centrifugal apparatus. Whole blood flow rates in
and component flow rates out, which will determine cell resi-
dence times (and therefore particle radial travel), establish the
degree of separation between the various cell groups in a given
centrifugal design.

TABLE 3 Plasma Separation Considerations
in Centrifugation

Operational and system-related parameters
Whole blood and component flow rates
Dimensions of centrifugal apparatus
Angular velocity
Radius of cell-plasma interface

Blood properties
Cell diameter
Cell concentration
Specific weight of cell n/- e „, , .. . . , , .

. „ . , ,, . HU. o. Plasma separation from blood by a membrane. Based upon the
pecmc weig o oo membrane pore structure and operating conditions, the plasma is separated

Viscosity of blood and plasma free of cens Membranes of differing polymer types have been developed for
— . . I clinical applications.
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TABLE 4 Plasma Separation Considerations ship has been found to be highly dependent on module design
in Membrane Systems and membrane properties, blood flow and membrane proper-

ties, blood flow conditions, and blood properties. It is recog-
Operational and module-related parameters nized that membrane polymer type and module sterilization

Blood flow rate (shear rate) method influence the degree of complement activation, coagu-
Plasma flow rate (filtration velocity) lation, and solute-material interactions (such as adsorption)
Transmembrane pressure that occur at the membrane-plasma interface and that can
Membrane structure influence the net pore size of the membrane during use. How-

(pore number and pore size) eyer? there ̂  nQ evidence to suggest that the membrane chemi-
filtration area i . . ,. , . a c.,., , r n • i i ca' composition directly influences nitration.
Number or fluid paths m • n i i i i i i i j
Blood channel dimensions Plasma separation is controlled through the blood and

plasma flow rates (Fig. 9). The maximum value of the trans-
ope proper ics membrane pressure (P. — PF) is an indicator of the stability of
Ceil properties . . r . . . . ,. '
,- i, , . • the plasma separation process, and the feedback control for'•,_ell concentration v r r '
Macromolecule concentration the blood and P^sma pumps. The value of (P, - PF) is generally
Viscosity of blood and plasma a more sensitive indicator than the mean transmembrane pres-

sure (P(- + P0)/2 — Pj=) because P0 may be monitored at a point
downstream that will cause a significant difference between
the mean and maximum values. As shown in Fig, 10, when
the maximum allowable plasma flow rate is exceeded, the
transmembrane pressure will rise and not stabilize. This has

plasma is separated. With the fine pore size membranes em- been shown to be the case for all membrane modules evaluated,
ployed, the cells do not pass; thus the separated plasma is Increases in transmembrane pressure with increases in
devoid of any cells. Plasma solute removal, as assessed by its plasma flow in the stable transmembrane pressure region have
sieving coefficient (ratio of the concentration in the separated been shown to depend on the membrane microstructures (pore
plasma to the concentration in the plasma entering the separa- size and pore number). An unstable operation is recognizable
tor), has been shown to be near complete for all macromolecu- when the maximum transmembrane pressure does not stabilize
lar weight solutes (albumin, immunoglobulins, lipids) of clini- with time for a given constant plasma flow. The plasma separa-
cal interest. It has been shown that exceeding the safe limits tion rate can be controlled manually or automatically through
of blood and plasma flow rates and transmembrane pressure the transmembrane pressure change, or by preselecting a maxi-
leads to deterioration of plasma flux and solute sieving, and mum operating transmembrane pressure,
may cause hemolysis. In comparison with other membrane The pore properties of the membranes employed for plasma
filtration processes such as reverse osmosis, dialysis, and ultra- separation are too small to pass even the smallest of the blood
filtration, the separation fluid flux (ml/min-m~2) and solute cells, the platelet, at operating conditions for which the plasma
sieving rates are high for membrane plasma separation. This separation rate is stable. A plasma product devoid of particulate
is due to the membrane styles employed. Such microporous is deemed more desirable when on-line treatment of the plasma
membranes have relatively high porosities and high mean mem- is carried out since the particulate may be interfering with the
brane pore diameters. Studies have also shown that the cellular on-line treatment processes. Furthermore, the separation of
and macromoiecule concentrations of the blood will to a sig- cellular elements with plasma may result in biological systemic
nificant extent dictate operational limits of the membrane reactions. On-line treatment systems being employed at present
plasma separation process. Thus in the control of the process, include membrane filtration, sorption, and processing by en-
membrane and module properties, blood properties, and opera- zyme and biological reactors,
ting conditions should be considered (Table 4).

Conventional filtration theories have been applied to the Plasma Treatment
use of membranes to separate plasma from blood with only
limited success. With increasing amounts of data collected on The rationale for therapeutically applying plasmapheresis
modules and membranes of varying properties, the theories is that the removal from plasma of macromolecules accumu-
have had to be modified to improve experimental correlations. lated in a disease will correct the abnormality. For plasmapher-

Operation of a hollow-fiber membrane plasma separation esis techniques to be effective, the macromolecules must be
system is shown in Fig. 9. This schematic may be used to depict accessible through the circulation and exhibit favorable kinetics
the control necessary for operation of membrane systems. For with respect to their rates of production and intercompartmen-
a given membrane or module design, and operation with a tal transfer (tissue, or interstitial, to plasma). In theory, plasma
blood of given specification (celt and solute concentrations), it exchange can remove all solutes and achieve a postexchange
has been determined from studies on multiple types of mem- solute concentration that is dependent on the initial solute
brane units that a unique relationship exists among the plasma concentration, the patient's plasma volume, and rate of plasma
flow and the transmembrane pressure for a given membrane exchange as described by the equation:
type. Exceeding specified plasma flows causes the transmem- r — r > -^ M M
brane pressure to rise unstably and the plasma flux to decline f '' P> <?p ' >•>
(Fig. 10). The plasma flux-transmetnbrane pressure relation- where Cf is the postexchange solute concentration, C, is the
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FIG. 10. In vitro test with bovine blood of a polyvinyl alcohol hollow-fiber
plasma separator. Note that sieving for macromolecules is close to unity and
that plasma flow below a given value (in this case, 40 ml/min) shows stability
with respect to the transmembrane pressure. Unstable plasma separation is
readily noted by the rising transmembrane pressure when the plasma flow is
increased above 40 ml/min.

FIG. 9. Scheme of operation with a hollow-fiber membrane plasma separator.

initial plasma solute concentration, Qp is the mean plasma
exchange flow rate for the treatment time period ?, or Qpt is the
volume exchange per treatment period, and V is the patient's
plasma volume (one-compartment model).

Plasma exchange is carried out when the specific factors in
the plasma to be removed are not known or a specific technique
for their selective removal is not available, or a group of solutes
are to be removed and exchange is the simplest technique to be
employed. However, plasma exchange has certain limitations.
Since a large volume of plasma is discarded, many plasma
constituents which are important to maintain homeostasis are
discarded. This necessitates reliance on plasma products to
replace the discarded plasma. Typically, albumin is used to
replace the discarded plasma but in some cases whole plasma
or other plasma fractions such as immunoglobulins are re-
quired. In 1987, 12 million liters of plasma were collected in
the United States, yet in recent years there has been a critical
shortage of albumin, thus placing limits on its use. In addition
to the limited supply of plasma product, the products are a
potential source of contamination.

Schemes of plasma treatments which would remove specific
plasma factors, minimize total volume and mass of plasma
solutes removed, and eliminate or minimize the need for re-
placement protein solution could be particularly beneficial and
more cost effective. A number of systems for on-line treatment
have been developed. These are generally classified into their
broad categories: membrane plasma fractionation, plasma
sorption, and other physicochemical methods.

Membrane Plasma Filtration

Membrane filtration is the technique by which plasma is
filtered through single or multiple membranes following its
separation from the blood. The principle of macromolecule
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solute removal from plasma by membrane filtration is based TABLE 5 Sorbents*
on solute size differences. Molecules which are smaller than ' • —! • •
the pores of the membrane pass through, whereas molecules Ligand or material
larger than the size of the pores are retained by the membrane. *or adsorption Agent sorbed
The membranes used for plasma filtration are of the micropo-

rous types, with permeability and pore sizes typically much ^blTm™6*7'3^ ™ ̂ ^ °NA

larger than those of the standard hemodialysis membranes,
and smaller than those of the plasma separation membranes. Amon-exchange resin bihrubm'
Most membranes available have a broad range of pore sizes lolyamon
and therefore produce plasma solute separation efficiencies ex ran su

that are a function of the membrane media and the conditions Heparin: heparin agarose LDL
of operation. Separation efficiency may be defined in terms of Tryptophan IM-TR anti-acetycholine receptor Ab,fc 1C, RFfc

sieving coefficient (SC) or rejection coefficient (R) where R = Phenylalanine IM-PH anti-MBP Ah,1' 1C, RF
1 - SC. Sieving coefficient is calculated as the ratio of the Modified PVA gel 1-02 RF, 1C,
concentration of the solute in filtrate to that in the incoming anti-DNA Ab
plasma. A sieving coefficient of 1 means the solute passes com- anti-RNP Ab
pletely; a sieving coefficient of 0 means the solute is completely anti-SM Ab
rejected and therefore retained by the membrane. Most macro- Oligosaccharide anti-blood type AB
molecular weight plasma solutes have sieving coefficients be- ~< , , ,.,. ,, Charcoal sorbent btlirubm, creatmine, urea, potassium
tween these extremes. ' .

~ ,. , , f , . , DNA anti-DNA Abb

On-line membrane plasma tractionation techniques can be
classified according to the temperature range of their separa- A§ Blood-type Ag anti-blood type Abfc

tion, namely: (1) cascade (double) filtration (filtration at ambi- Insulin anti-insulin Ab
v ,~* c, • /rt.. .. 1 1 i • i Factor VIII anti-factor VIII Ab°enttemperature); (2) cryofiltration (nitration belowphysiologi- „ .v ., riv ..F / ' v . ,' , n • /n - I Factor I X anti-factor F I X A b

cal temperature), and (3) thermofiltration (filtration at or above Anti-LDL Ab LDI/J

physiological temperature). These techniques have been devel-
, , j • !• • i i i_ TL. ,_ j Ab Anti-a Feto Ab a-ietoproteinoped and used in clinical plasma therapy. The temperature and . . .._ .. r .„

 r
r . , , . , r/ . r , , Anti-HBs Ab HBs

membrane chosen tor various procedures are dependent on the Anti-IeE Ab I E
targeted macromolecules to be removed. For instance, cryofil- Q 1(-
tration is used in treating disease states associated with cold- Protein A 1C, IgG/ C5

aggregating serum solutes. Thermofiltration has been used to _____^________^^—^^^^^^^-^^^^^^^^^^^^^^^^-^^^.
selectively remove low-density lipoproteins (LDL) in hyperlip- apvA? poiyvmyl alcohol. RF? rheumatoid factor; 1C, immune com-
idemic patients. plexes.

^Clinical application stage.

Sorption Plasma Fractionation

Sorption methods have been developed and used in plasma Cytophercsls
therapy to selectively remove pathological solutes to eliminate „ , . . , , . . .,

, , c i • • a i \ u i £ Cytapheresis is most commonly performed by centntuga-
the need for substitution fluids. As in membrane plasma trac- , , . ., ,r . ' . . "

i ' j • t i • r i tlon (see the section on centrifugal plasma separation). The
tionation, t h e procedure involves t h e separation of plasma .. ,. 1 1 , . ,
L „ j , t • , i i , r i T • most common application of cytapheresis has been in the treat-
tollowed by pertusion through a sorbent column, rollowmg ( \ \ - \ \ \ \ • -, i i

, , • i • L t. j 11 r ment of leukemia by leukocytapheresis. Lymphocytapheresis
treatment, the plasma is mixed with the concentrated cell trac- , , . . , . . , . r .. ,

r t i j j i h a s been investigated in a number o t autoimmune disorders,
tion from the plasma separator and returned to the patient. • i j- 1 - i i • • i i n f • •
^ , j j u j i j r L. including rheumatoid arthritis and renal allogrart rejection.
Over the past two decades the development and use ot sorbents „ , , - 1 1 i i • . i » i.
. , £ • r i £ - u u i - j trythrocytapheresis has been employed in sickle cell anemia
in hemopertusion or on-line plasma pertusion has been applied i • • i i • -m i i •

. , i - ,- - cr • . and severe parasitemia such as malaria. I hrombocytapheresis
in treating drug overdose, uremia, liver insufficiency, autoim- , , , . , . r .

j. , j £ ' • ! • i L u i i • T - u i r nas been used to treat patients whose platelet concentrations
mune disorders, and familial hypercholesterolemia. Table 5 . . .JTi?, , .

,. , L , \ ,Z \ i - - j L r are greater than 1 x lO^/hter.
outlines the sorbents evaluated. Only a limited number ot sor- , 1 1 - . i ./• i i • ^ i i
, , , , , - . , I n addition t o t h e centrifugal technique, niters have been
bents have reached clinical use. , , . -c \\ f \ t t\ \

developed specmcally tor the removal ot leukocytes and lym-
phocytes. It has been shown that granulocytes adhere to various
kinds of fibers such as nylon or cotton. Acrylic and polyester

Other PhysicochemicAl Methods fibers have been found to bind granulocytes and lymphocytes.
In such procedures, the blood is generally perfused on-line

Plasma fractionation may also be carried out by other meth- through a device containing the fibers. Several liters of blood
ods. For example, on-line precipitation of LDL or the globulin may be processed over a couple of hours. The adhesion of cells
fraction of plasma has been studied. Convective electrophoresis to the fiber materials is related to the diameter of the fiber.
has also been investigated for protein separation. Fiber devices are also used in blood collections to reduce certain
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cell populations. Specific adsorbent materials and magnetic to several weeks as in extracorporeal membrane oxygenation
separation techniques are also being developed to more specifi- (ECMO) used in lung disorders, such as acute respiratory dis-
cally separate and collect cells. tress syndrome (ARDS), carbon dioxide retention, and in par-

A unique white blood cell treatment scheme referred to as ticular, ARDS caused by immature lung development in the
photopheresis is now clinically available. In photopheresis, newborn. Such extended uses are rare at present,
patients are orally administered the drug methoxsalen. The More than 400,000 open heart surgery procedures are per-
drug enters the nucleus of the white blood cells and weakly formed each year worldwide and these procedures require a
binds to the DNA. Blood is drawn, centrifugation is carried blood-gas exchanger or so-called artificial lung or oxygenator.
out, and the separated plasma and the lymphocytes are com- Membrane oxygenators are being used more frequently for
bined and exposed to ultraviolet A light. The photoactivated routine cardiopulmonary bypass. More than 80% of the cases
drug is locked across the DNA helix and blocks its replication. use a membrane oxygenator. In open-heart surgery, the oxy-
After the irradiation, this fraction is combined with the remain- genator is used in conjunction with a pump ("heart-lung ma-
der of the blood and reinfused. The technique is used to treat chine") as shown in Fig. 11. Membrane oxygenators are also
skin manifestations of cutaneous T-cell lymphoma. used in organ preservation to provided oxygen and remove

carbon dioxide from the perfusate circulated through the
organ.

Most recent has been the investigation of membrane oxy-
LUNG SUBSTITUTES AND ASSIST genators as intravascular devices. When placed in the vascular

system, such devices can provide partial support.
The lungs are the body's interface with the air. They provide

the means of getting oxygen into the blood and carbon dioxide
out. The lungs perform their transport processes via a mem-
brane that separates the air from the blood. As the blood cells BIOARTIflCIAL DEVICES
deform to pass through the intricate and very fine capillary
network, oxygen and carbon dioxide transport occur through Because of the limitations of mechanical and passive mass
the membrane. Failure of the lungs or their inability to carry transport devices, there is a growing interest in the development
out these functions requires artificial respiratory support in the of hybrid artificial organ technologies. Hybrid artificial organs
form of mechanical assistance or substitution. combine some form of biological material and nonbiological

A ventilator provides mechanical assistance in breathing. It material to make a substitution or assist an organ system. The
can be of two types, volume or pressure controlled. The cycling biological system may consist of enzymes or cells which carry
of the ventilator may be controlled and in most cases ventilators out the biological and chemical functions absent or destroyed
are set to operate continuously and independently of the pa- in the diseased organ system. The nonbiological material is
tient's inspiratory efforts. used to encapsulate or enable the utilization of the biological

Artificial lungs are of two general types; direct blood con- material. Such applications typically involve the use of mem-
tacting and membrane. Direct blood contacting devices may branes. Two areas of investigation involve hepatic (liver) and
be of two types: bubble or film. In bubble-type oxygenators, pancreatic assist.
oxygen gas is bubbled through the blood. The large surface The liver is a complex organ, often referred to as the body's
area of the bubbles and their intimate contact with blood chemical factory. Its many functions can be classified as secre-
promote high gas-transport rates. Since the blood cells can be tion of bile; metabolism of proteins, fats, and carbohydrates;
damaged by the mixing action, this type is restricted to short- detoxification of drugs and metabolites; and storage of vital
term use for routine cardiac surgery. In film-type oxygenators, substances such as iron and vitamins. Under certain clinical
the gas contacts the blood, which is spread or distributed in conditions the liver may regenerate itself in a short span of
films. These devices generally incorporate a mechanical mixing time, thereby making assist systems practical. However, substi-
device so that the blood film is continually renewed. Since such tution for the required metabolic support is not possible with
complex devices are not made in disposable form, they are no present knowledge. The culturing of hepatic cells or the use
longer employed clinically. of liver cells or tissue in membrane modules that permit extra-

In membrane oxygenators, the blood and gas are separated corporeal perfusion but prevent direct blood to hepatic cell
by a membrane. The membrane may be of two types, diffusion contact is being experimentally investigated. The membrane
(as silicone rubber) or microporous (as polypropylene), and may provide a means for containing the cells; ensure the trans-
may be in the form of film or hollow fibers. Combination-type port of oxygen, carbon dioxide, nutrients, and cell products;
membranes (thinly coated microporous membrane) are also and provide a barrier against immunologic linteractions be-
available. Such membranes are designed to reduce water vapor tween the cells or tissue and the patient. Because of this latter
transfer and improve biocompatibility. In hollow-fiber devices, concern, membranes with a molecular weight below about
the blood flow may be on the inside or outside of the fiber. In 70,000 Da and typically below 50,000 Da are employed,
membrane oxygenators, the gas transport is similar to that in A major function of the pancreas is the secretion of insulin
the natural lungs where a thin tissue layer separates the blood by its beta cells in the islet tissue in response to glucose increases
and gas. Damage to blood in membrane oxygenators is gener- in the blood. The lack of such control leads to diabetes,
ally considered to be less than in direct-contacting devices. This In addition to mechanical and chemical modes of insulin
allows them to be used for extended periods of time, even up delivery, efforts are directed at transplanting islet cells. Because
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FIG. 11. Circuitry for heart-lung bypass.

of the immunologic-related problems discussed earlier, macro- the effects are also clouded by the variables related to the
encapsulation (as in semipermeable hollow-fiber membranes) clinical situation (concomitant drug therapy, stage of the dis-
or microencapsuiation of islets within thin semipermeable films ease, type of disease, and frequency and duration of the treat-
is being investigated. Such systems may be implanted or used ment). An extracorporeal artificial organ should not be viewed
outside the body. in engineering analysis as a black box but must be viewed as

actively interacting with the physiological system. Therapeutic
applications tend not to be tailored to the needs of the patients.

iMoriDTAMT ABFAC ni rowrtDW IM Hemodialysis is commonly prescribed without quantitation of
IMPORTANT AREA* Ot CONCERN IN the procedure. The question of adequacy is still debated. The

DEVELOPMENT Of EXTRACORPOREAL prescription requirements for other extracorporreal therapies
ARTIFICIAL ORGANS are even more vague and there are no markers or guidelines

to assess adequacy and efficacy. Even so, dialysis for renal
Significant progress has been made and applications not assist and some of the other technologies discussed are viewed

considered possible have become reality; however, the field of as mature developments, and generally taken for granted,
extracorporeal artificial organs is still considered to be in its Transplantation benefits only a small percentage of those
infancy. For example, chronic hemodialysis has only been pos- patients with chronic renal failure. Dialysis continues to sup-
sible since 1960, At present, all extracorporeal applications port the large majority of patients, yet research on this tech-
require the use of anticoagulants. While efforts are being ex- nique or on improved technologies is poorly funded. Optimiza-
panded to develop materials and coatings that will not require tion of the devices used for extracorporeal therapies and
anticoagulation, few practical applications are possible at pres- processes is rarely achieved. These problems point to the need
ent. By design, extracorporeal artificial organs are invasive; for a better understanding of the machine—human interface,
blood access in many cases limits carrying out the procedures Regulatory requirements for new devices have considerably
safely and effectively. increased the time from concept to clinical application through

Extracorporeal artificial organs require the use of varied marketing. Reimbursement issues on new technologies also
types of materials in contact with whole blood or plasma cells. greatly affect the research and development cycles. Concerns
Blood—materials interactions, through generally of only inter- about animal research and the relationship of animal testing
mittent and short duration, can greatly affect various physio- to the clinical situation also affect the development cycle,
logical systems, including the complement and coagulation The move to the development of hybrid organs emphasizes
cascades and the humoral and cellular immunological systems. the lack of knowledge on organ system design as well as the
While investigations point to changes and disturbances in such lack of technology to substitute for the organ functions, and
systems, the short- and long-term impacts are not known. The the need to make technologies more user friendly. Studies on
effects of a procedure may extend beyond the treatment times. organ substitution have been made possible by progress in such

Since the systems are applied in a variety of disease states, technologies as biomaterials and separation science. Develop-



412 8 ARTIFICIAL ORGANS

merits in such fields will advance the science of and applications DHEW Publication No. (N1H) 77-1294, U.S. Department of
of extracorporeal artificial organs. This field is challenging. Health, Education and Welfare.
With a better understanding of the functions of the body, it Hon' H- (1986>- Artificial liver: present and future. Artif. Organs
holds promise for providing organ substitutes not only in end , , ' ' , ,
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9 \ INTRODUCTION bacteria, yeasts, molds, and viruses. The presence of even one
Fred r' k 1 <? hncn bacterium on an implant renders it nonsterile. Sterility should

not be confused with cleanliness. A shiny stainless steel surface

ThIS section contains chapters that describe biomaterials m^ ™^ be nonsteril« (contaminated with numerous unseen
used in implanted medical devices. The areas chosen illustrate microorganisms), while a rusty nail will be sterile after exposure
the wide range of technical and medical considerations and to an appropriate sterilization method. Even fecal material can
include the most frequent types of medical devices surgically be rendered sterile.
implanted today, including cardiovascular, dental, ophthalmo- How then is sterility measured or proved? For relatively
logical, and orthopedic prostheses. Clinical and device-specific small numbers of implants (assuming the implant is not too
biomaterial issues are integrated in order to produce a "con- large to test in its entirety), sterility can be determined by
sumer's" perspective on the use of implanted biomaterials in immersing the item into liquid microbiological culture media,
patients. As you will see, each area has its own unique problems If it is sterile, no microbial growth will be observed; if it is
and potential solutions. nonsterile, the culture medium will become turbid as a result

of microbial proliferation (Fig. 1). Testing small numbers of
samples, however, does not give very meaningful information
about the sterility of a large batch of implants that have been
subjected to an industrial-scale sterilization process. Steriliza-

9.2 STHUUZAfON OF lMPWIm rri,u;>±rte,arSAUUdt0det"mlneWhatiSCalledthe

John B. Kowalski and Robert F. Morrissey The SAL ig ̂  probability that a given implant will remain

nonsterile following exposure to a given sterilization process.
Materials implanted into the body of a human or an animal The generally accepted minimum SAL for implants is 10~6 or

must be sterile to avoid subsequent infection that can lead to a probability of no more than one in one miiiion that the
serious illness or death (see Chapter 4.7). In this chapter we impbnt wiu remain nonsterilc>

discuss the meaning of the term "sterile,' the various steriliza- T U J * • «.• * c * T i. • U L, , . , , . , . , i t - i l"e determination of a SAL begins with the enumeration
tion methods, including their advantages and disadvantages, ro. u- u j L u J T - L I • - i., , , . , . , ... , f , . f or the bioburden, the number of viable microorganisms on the
and the validation o r sterilization processes from the point o r . . . , • ! • • / » * • *r»«-,, «• i i

c _ .,. „ . . . c u. . • i i implant ]ust prior to sterilization (Morrissey, 1981). Bioburdenview of sterility as well as the integrity of the physical and . „ , . , „« ~ , ,.
u- i • i </ £ *u • i «. /r» j -ru is usually determined on 10—30 samples and involves washing,biological properties or the implant (Dempsey and Thiru- . 3 . , . v . &1

cote 1989^ shaking, or sonicating the microorganisms off the implant into
a sterile recovery fluid such as a saline solution. By using con-
ventional microbiological techniques, the number of microor-
ganisms in the recovery fluid can be determined.

STERILITY AS A CONCEPT Once the bioburden is known, fractional-run sterilization
studies can be performed to determine the microbial rate of

"Sterile" is defined as the absence of all living organisms, kill or process lethality. In a fractional sterilization run, implant
This especially includes the realm of microorganisms, such as samples (in packages) are exposed to a fraction of the desired

Biomaterials Science
- j _ Copyright © 1996 by Academic Press, Inc.

*r I J All rights of reproduction in any form reserved.
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FIG. 1» Sterility tests of an experimental vascular graft illustrating negative
(sterile, left) and positive (nonsteriie, right) results.

sterilization cycle or dose. For example, if the proposed process
exposure time is 2 hr, the fractional runs may have exposure
times of 30,40, and 50 min. Samples from these runs are tested
for sterility and the results plotted to determine the exposure
time required to achieve a 10~6 SAL. The results from such a
study are shown in Fig. 2. In this example, the average biobur-
den per sample was 240. After the 30-, 40-, and 50-min frac-
tional cycles, there were, respectively, 28/50, 7/50, and 1/50
samples that were still nonsteriie. The calculated time to achieve
a W~6 SAL for this hypothetical bioburden and sterilization
process is approximately 100 min, which is within the proposed
120-min exposure time. Note that when there is less than one
surviving organism per unit, there is obviously not 0.01 of an
organism on each unit, for example, but a probability of 1 in
100 that the unit is nonsteriie.

OVERVIEW OF STERILIZATION METHODS

The first sterilization method to be used for implants was
autoclaving, which involves exposure to saturated steam under
pressure. Owing to the relatively high temperature of the pro-
cess (121°C), most nonmetallic implants and packaging materi-
als cannot be sterilized by this method. This limitation led to the
development and use of ethylene oxide (EtO) gas and ionizing

radiation (gamma rays, accelerated electrons) to sterilize medi-
cal products (Association for the Advancement of Medical
Instrumentation, 1988; Block, 1983).

Rationale for Choosing a Method

The choice of a sterilization method involves two key issues:
implant and packaging compatibility, and the ability to attain
the required SAL.

IMPLANT AND PACKAGING COMPATIBILITY

The first concern when choosing a sterilization method is
the documentation that the method is compatible with the
implant itself as well as the packaging required to maintain its
sterile integrity prior to delivery to the operative site. The
integrity of the implant and the packaging system must be
demonstrated immediately after sterilization and also after
aging studies (often at elevated temperatures) to prove the
absence of delayed deleterious effects. Such delayed effects
are most commonly encountered with radiation sterilization.
During the implant and packaging compatibility studies,
"worst case" processing conditions must be used to ensure
that the implant and packaging are tested following the most
rigorous conditions to which they may be exposed. For exam-
ple, if the sterilization process specification allows a tempera-
ture range of 52° to 57°C, the tests must be conducted on
samples exposed to a 57°C process. Also, the effect of multiple
sterilization exposures must be considered in the event that an

FIG. 2. Microbial kill curve based on data from a series of fractional steriliza-
tion runs. Time to achieve a 10~6 SAL. is approximately 100 min.
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implant may be exposed to a second sterilization process as a EtO STERILIZATION
result of a sterilizer malfunction where the initial sterilization

cycle was determined to be invalid. EtO sterilization has been exploited as a low-temperature
When sterilizing with EtO gas, the amount of residual EtO process that is compatible with a wide range of implant and

and its byproducts in the implant and associated packaging packaging materials.
must be determined. If required, an aeration regimen must be
developed to ensure that the residuals are below safe limits
and personnel are not exposed to airborne EtO. Process and Mechanism of Action

Below its boiling point of 11°C, EtO is a clear, colorless
*AL liquid. It is toxic and a suspected human carcinogen. Contact

Sterilization vacation studies must also be performed to with the skin and ̂  and inhalation of the vapors should be
document the SAL of the proposed process. By using the tech- Avoided. EtO is used in the pure form or mixed with N2,
niques of bioburden determination and fractional sterilization CO2>or ̂ S^^f* c^«roflufrocarbon (CFQ-hke
studies described earlier, the ability of the proposed process compound (HCFQHFC. Pure EtO and mixtures without a
to consistently deliver at least a 1CT6 SAL must be conclusively Proven inextin8 compound are flammable and potentially ex-
documented. For these studies to be valid, the implants must Plosive- Owmg to the neSatlve effects of CFC compounds
be produced under actual manufacturing conditions and be (Freon> on the earth's ozone Iayer' Alternative mertmg corn-
exposed to the process in their final packaging configuration. Pounds have been developed (see later discussion).
Also, the fractional sterilization studies must represent the least In commercial use, implants contained in gas-permeable
lethal conditions (52°C in example above) allowed by the rele- packaging are loaded into a sterilization vessel. A vacuum that
vant process specification. 1S a compatible with the implant and the packaging is drawn

to remove air, and the gas mixture is injected to a final EtO
concentration of 600—1200 mg/liter. To be effective, a some-

cm A M CTEDII IT ATirtKi what moist environment is required within the sterilizer; there-Si I t/\jVl 911KJ LI£/\ 11 \J N r . . . . . . . . • • i i
tore, the relative humidity is maintained between approxi-
mately 40 and 90%. The sterilizer is maintained at the desired

The first sterilization method applied to biomedical implants temperature (typically 30-50°C) for a sufficient time to achieve
was steam sterilization or autoclavmg. a mimmum 10 -6 SAL The chamber is reevacuated to remove

the EtO, and "air washes" are performed to reduce the EtO
Process And Mechanism of Action levels to below acceptable limits. Often, further aeration out-

side of the sterilization chamber (in some instances, at elevated
With this method, sterilization is achieved by exposing the temperatures) is required to effectively remove the residual

implant to saturated steam at 121°C. The use of steam at this EtO.
temperature requires a pressure-rated sterilization chamber; a For EtO sterilization, a vessel similar to that shown in Fig.
typical industrial steam sterilizer in shown in Fig. 3. The design 3 is employed. It is somewaht more complex than its steam
of the implant must ensure that all surfaces are contacted by counterpart to allow for evacuation, moisture, and gas addition
the steam, and the packaging must allow steam to penetrate and control, and air washes. A typical EtO sterilization cycle
freely. A typical steam sterilization process lasts 15 to 30 min can range from 2 to 48 hr in duration, depending on the time
after all surfaces of the implant reach a temperature of at required for implant aeration. The lethal effect of EtO on
least 121°C, microorganisms is mainly due to alkylation of arnine groups

Steam sterilization kills microorganisms by destroying meta- on the nucleic acid,
bolic and structural components essential to their replication.
The coagulation of essential enzymes and the disruption of
protein and lipid complexes are the main lethal events. Applications

EtO is used to sterilize a wide range of medical implants,
Applications—Advantages and including surgical sutures, intraocular lenses, ligament and ten-

Dlsadvantages don repair devices, absorbable and nonabsorbable meshes, neu-
, , , . , rosurgery devices, absorbable bone repair devices, heart valves,

Currently, the mam use of this method for implants occurs i , , ,
in hospitals with the intraoperative steam sterilization of metal-
lic devices. It is the method of choice for the sterilization of
metallic surgical instruments and heat-resistant surgical sup- cwi o--i-i,,.»f« fce»M. . . . . . . CJW Ae»f«lf«U9 f»»HC»
plies (linen drapes, dressings). A specialized torm or steam
sterilization is also used for many intravenous solutions. Because they are toxic and potentially carcinogenic, residual

The advantages of steam sterilization are efficacy, speed, EtO and its by-products, ethylene chlorohydrin and ethylene
process simplicity, and lack of toxic residues. The high tempera- glycol, are of concern when they are used with implants and
ture and pressure limit the range of implant and packaging com- their packaging (Glaser, 1979). Also, release of EtO into the
patibility. environment is a concern owing to the potential for exposing
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FIG. 3. An example of an industrial-scale steam sterilizer.

personnel. Depending upon the size of the implant and the site
of implantation, permissible residual EtO levels range from 5
to 250 ppm (Table 1) (Food and Drug Administration, 1978).
Current Occupational Health and Safety (OSHA) regulations TABLE 1 Proposed EtO Residue Limits on
dictate that a worker may not be exposed to more than 1 ppm Medical Devices
of EtO during an 8-hr time-weighted average work day. ..-.

Device type Maximum ppm

, . . _. . , Implant:Advantages and Disadvantages s
F
mal, (< 1Q g) 250

The advantages of EtO are its efficacy (even at low tempera- Medium i*0"100 §} W®
. , , , . .... , .,.,. . , . , Large (> 100 g) 25

tures), high penetration ability, and compatibility with a wide ° °
range of materials. The main disadvantage centers on EtO Intrauterine devices 5
residuals with respect to both the implant and release into Intraocular lenses 25
the environment. Devices contacting:

The current concern over the impact of CFC compounds Blood (ex vivo) 25
on the earth's ozone layer will force facilities using the 12%/ Mucosa 250
88% EtO/Freon mixture to switch to pure EtO, a non-CFC skin 25°
gas mixture, or one of the alternative inerting compounds that Surgical scrub sponges 25
have been developed.
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FIG. 4. A schematic top view of a typical industrial 60Co irradiator.

RADIATION STERILIZATION the formation of 60Ni, the ejection of an electron, and the
release of gamma rays. The gamma rays cause ionization of

This method of sterilization utilizes ionizing radiation that keY cellular components, especially the nucleic acid, which
involves either gamma rays from a cobalt-60 isotope source results in the death of microorganisms (Hutchinson, 1961).
or machine-generated accelerated electrons. In this method, if The eiected electron does not have sufficient energy to penetrate
a sufficient radiation dose is delivered to all surfaces of the the wal! of the Pendl and therefore does not participate in the
implant, the implant can be rendered sterile. sterilization process.

Applications—Advantages and Disadvantages60Co Sterilization ™60Co radiation sterilization is widely used for medical prod-
Of the radiation sterilization methods, exposure to 60Co ucts, such as surgical sutures and drapes, metallic bone im-

gamma rays is by far the most popular and widespread method. plants, knee and hip prostheses, syringes, and neurosurgery
Gamma rays have a high penetrating ability, and the doses devices. A wide range of materials are compatible with radia-
required to achieve sterilization are readily delivered and mea- tion sterilization, including polyethylene, polyesters, polysty-
sured. rene, polysulfones, and polycarbonate. The fluoropolymer,

polytetrafluoroethylene (PTFE), is not compatible with this
Process and Mechanism of Action sterilization method because of its extreme radiation sensitivity.

A schematic top view of a typical industrial 60Co irradiator 6°c° radiation sterilization approaches being the ideal steril-
is shown in Fig. 4. The 60Co isotope is contained in sealed ization method. It is a simple process that is rapid and effective,
stainless steel "pencils" (1 x 45 cm) held within a metal source and Jt is readilY controlled through straightforward dosimetry
rack in a planar array. When the irradiator is not in use, the methods. The main disadvantages are the very high capital
source rack is lowered into a deep (-20-25 ft) water-filled costs associated with establishing an in-house sterilization op-
pool. At this depth, the radiation cannot reach the surface, eration and the incompatibility of some materials with this
and it is therefore safe for humans to enter the radiation cell. method. Another disadvantage is the continual decay of the
The outside walls and ceiling of the cell are constructed of isotope (even when the irradiator is idle), which results in
thick, reinforced concrete for radiation shielding. longer processing times and the periodic need for additional

In use, materials to be sterilized are moved around the ex- isotope,
posed source rack by a conveyor system to ensure that the desired
dose is uniformly delivered. Radiation measuring devices called
dosimeters are placed with the materials to be sterilized to docu- Electron Beam Sterilization
ment that the minimum dose required for sterilization was deliv-
ered and that the maximum dose for product integrity was not Medical implants may also be sterilized with machine-gener-
exceeded. The maximum dose divided by the minimum dose is ated accelerated electrons. With this method, radioactive iso-
referred to as the "overdose ratio." Irradiators are designed and topes are not involved because the electron beam is generated
product loading patterns are configured to minimize this ratio. by an accelerator. The accelerator is also located within a
The most commonly validated dose used to sterilize medical concrete containment room but, in this case, when the accelera-
products is 25 kGy. tor is turned off, no radiation is present and a water-filled pool

The radioactive decay of 60Co (5.3 year half-life) results in is unnecessary.
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Process and Mechanism of Action tion. New technologies that pose less risk to people and
,„,. s i - , j - , i - 1 - j j j t he environment should be exploited whenever possibleWith this method, articles to be sterilized are passed under , , *qa7\

the electron beam long enough to accumulate the desired dose
(again, usually 25 kGy). As with gamma rays, the lethality of
this process is related to ionization of key cellular components.
In contrast to gamma rays, however, accelerated electrons have
considerably less penetrating ability, making this method un- 3UMMAKY
suitable for thick or densely packaged products.

Whenever possible, radiation sterilization should be used
because it is reliable, easy to control, and has no toxic residues.

Applications—Advantages and Disadvantages When EtO is used, care must be taken to ensure that residuals

c, i * • ! • « . • u «.u 4. *• i c are reduced to acceptable levels. For thermostable materialsElectron beam sterilization has the same potential range of v ... . . ...
,. . , • , ^•u-r* i_ k • _• ^u and packaging, steam sterilization is effective, rapid, readilyapplications and material compatibility characteristics as the „ i , , ,

go/- T T u c •_ t *• j- » •_ controlled, and leaves no toxic residues.b Co process. However, because or its penetration distance, its '
use has been Imited. A unique application for this method is
the on-line sterilization of small, thin products immediately
following primary packaging. Bibliography
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9.3 CARDIOVASCULAR IMPLANTATION
CHALLENGE TO THE BIOMATERIALS SPECIALIST Unda M Graham, Diana Whittlesey, and Brian Bevacqua

The challenge to the future biomaterials specialist will be VASCULAR GRAFTS
to develop materials and implants that have the desired me-
chanical and biological properties and that can be sterilized Clinical Overview
by cost-effective methods having minimum potential effects
upon the patient, manufacturing personnel, and environment. The modern era of vascular surgery was ushered in by the
Reliance upon EtO will diminish in favor of radiation steriliza- development of prosthetic grafts in the 1950s, making aortic
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FIG. 1. Graph demonstrating patency of femoropopliteal grafts of various
materials: autogenous saphenous vein (ASV), expanded polyftetrafluoroethy-
lene) (ePTFE), and umbilical vein (UV). Note that the patency of grafts of all
materials drops immediately after implantation, reflecting poor outflow, throm-
bogenicity of the graft material, and technical errors. Unlike saphenous vein
grafts, prosthetic grafts demonstrate a somewhat constant rate of decline in
patency, which is probably a reflection of the progression of distal atherosclerotic
disease .tnd the development of anastomotic intimal hyperplasia.

replacement feasible. Voorhees (1952) successfully replaced
the aorta of a dog with a tube fashioned from a sheet of Vinyon
"N" cloth. Prosthetic grafts for clinical use followed and were
fabricated of woven and knitted Dacron and Teflon. Despite
their thrombogenic surface and lack of compliance, Dacron
grafts, still the most commonly used aortic prosthesis, function
well in a high flow setting, with cumulative patency rates for
aortofernoral grafts of close to 90% at 5 years and 80% at 10
years (Lindenauer et al., 1984, Shdenetal., 198 6). These grafts
are durable, become incorporated in fibrous tissue to varying
degrees depending on porosity and texture, and seldom be-
come infected.

As the techniques of vascular surgery have improved, recon-
structions have been carried to smaller arteries in the distal
lower extremity. Autogenous saphenous vein (ASV) is the graft
material of choice for revascularization of lower extremities
with a 5-year patency of approximately 70 to 85% for femoro-
popliteal bypasses (Tilanus et al., 1985; Veith et al., 1986;
Taylor etal., 1987). When ASV is unavailable or of inadequate
size or length, a prosthetic graft is often used. However, the
inadequacy of synthetic grafts becomes apparent in the recon-
struction of medium- and small-caliber arteries for cardiac and
lower extremity revascularization. The only prosthetic graft
materials with tolerable patency in reconstructions extending
below the knee are expanded poly(tetrafluoroethylene) (ePTFE)
and glutaraldehyde-stabilized human umbilical vein (HUV),
both of which have significantly lower patency rates than ASV.
The 5-year primary patency of ePTFE femoropopliteal and
HUV grafts is approximately 40 to 50% (Tilanus et al., 1985;
Veith et al 1986; Dardik et al., 1988) (Fig. 1). The difference
in patency between ASV and other graft materials is even more
marked when the bypass is carried to tibial arteries. The pat-
ency of femorotibial bypasses with vein is approximately 85%
at 5 years (Taylor et al., 1987) compared with 12% for ePTFE

at 4 years (Veith et al, 1986), and 30% for HUV at 5 years
(Dardik et al., 1988). HUV may have some advantage over
ePTFE in low-flow situations, but has fallen into disfavor due
to aneurysmal degeneration in up to 36% of grafts by 5 years
(Dardik et al., 1988).

Basic Precepts

The reasons for graft failure, apart from technical errors at
the time of implantation, include the inherent thrombogenicity
of the prosthetic surface, proliferation of tissue at the junction
of the host artery and graft (anastomotic intimal hyperplasia),
and progression of atherosclerosis in the native artery down-
stream from the graft. After a graft is implanted in the arterial
system and blood flow is restored, proteins adsorb on the
graft surface, the coagulation and complement systems become
activated, and blood cells and platelets adhere to the graft
surface with release of platelet granule contents. These blood-
materials interactions are described in detail in Chapter 4.5.
With time, the flow surface becomes less reactive, with de-
creased activation of blood elements. However, regardless of
the length of implantation, prosthetic grafts in humans never
develop a complete endothelial cell surface. This lack of com-
plete endothelialization may be responsible for the increased
thrombogenicity compared with normal blood vessels, as dem-
onstrated by uptake of indium-labeled platelets even years after
graft implantation (Stratton and Ritchie, 1986). If blood flow
decreases below a critical level, thrombosis of the graft will
ensue.

Anastomotic intimal hyperplasia can cause graft failure
months to years after implantation. It occurs at all anastomoses
with all types of graft materials, but it is more pronounced at
the downstream anastomosis of a prosthetic graft (Fig. 2). The
exact cause of this hyperplastic tissue response is not known.
Contributing factors may include hemodynamic disturbances
at the anastomosis, activation of platelets and other blood
elements by the luminal surface of the graft, leading to release
of growth factors, or mechanical stress due to a compliance
mismatch between the graft and host artery. Although the role
of compliance mismatch as a sole cause of anastomotic intimal
hyperplasia has not been established, it appears to be a contrib-
uting factor (Abbott et al., 1987; Okuhn et aL, 1989).

Another important cause of later graft failure is progression
of atherosclerosis in the downstream vasculature. This ac-
counts for over 50% of ePTFE femoropopliteal graft failures
in which a cause can be identified (O'Donnell et al., 1984).
Atherosclerotic disease seems to progress more rapidly distal
to a prosthetic graft than a vein graft, but this is difficult to
quantitate. One possible explanation is the continued activa-
tion of blood elements by the inner surface of the graft. Platelet
release products include growth factors for smooth muscle
cells (SMC), and SMC proliferation is an essential part of
atherosclerotic plaque formation.

Characteristics of the Meal Graft

The characteristics of an ideal prosthetic graft include ac-
ceptable mechanical properties such as ease of handling and
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FIG. 2. Photograph of an anastomosis between a Dacron graft (G) and an iliac artery (A) removed from a dog 16 weeks
after implantation. Development of anastomotic intimal hyperplasia is evident at the toe of the anastomosis (arrow),

suture placement, good suture retention, flexibility without It is now recognized that a useful prosthetic graft must not
kinking across joints, biocompatibility with tissue and blood only be a durable conduit capable of being sutured into a blood
elements, durability of the graft with its connective tissue in- vessel, but must also mimic the complex characteristics of an
growth, and resistance to the formation of aneurysms. In addi- artery. The goal of prosthetic graft development is to construct
tion, prosthetic grafts must be economical to manufacture, of a vascular substitute that has acceptable patency in small-
uniform quality, available in a variety of sizes, easily stored, vessel, low-flow, and low-pressure applications, including cor-
and sterilizable and resterilizable. Compliance should match onary artery bypass procedures, lower extremity revasculariz-
that of the native vessel, and this compliance match should be ations, and venous reconstructions.
maintained after tissue ingrowth. The graft should be capable One approach is to modify the surfaces of currently avail-
of being "healed" or incorporated by the body to decrease able grafts to minimize activation of blood elements. This has
the risk of infection as well as later formation of hematomas been accomplished by physicochemical means such as changing
or seromas. the surface charge of the graft and thereby altering protein

The extent of tissue growth through the interstices of the adsorption and cellular deposition. Chemical bonding of phar-
graft is determined by its porosity. However, optimal porosity macologic agents, such as heparin, has been shown to improve
of the graft wall is not clearly defined and must be a balance graft patency in animal models. Establishing a functional bio-
between porosity sufficiently low to provide structural integ- logic surface of endothelial cells on grafts minimizes activation
rity and limit extravasation of blood at implantation, and of blood elements and promotes patency in experimental
sufficiently high to permit incorporation. Porosity can be studies.
decreased temporarily by either preclotting the graft with Another approach is to use polymers with unique properties
the patient's blood prior to implantation or by applying an such as elastomeric materials to produce a compliant graft
albumin or collagen coating on the graft when it is manufac- or biodegradable materials to produce a graft that would be
tured. absorbed slowly as ingrowth of host tissue occurs. Testing is

The flow surf ace of the graft must have low thrombogenicity under way in these areas. However, success in animal models
and must be nonreactive so complement and the cellular ele- must be viewed with caution since application of such data
ments of the blood are not activated. In addition, the flow to humans is unreliable because of the differences in healing
surface must be stable and prohibit embolization from the processes between humans and experimental animals. Further-
graft. Ideally, the lurninal surface should become covered with more, the real value of a new graft or biomaterial cannot be
endothelium that is actively antithrombogenic. ascertained without long-term implant data extending up to

5 years.

Future Directions

The field of vascular surgery is rapidly expanding as a conse- CARDIAC VALVES
quence of technical advances and the need to respond to an
aging population. Although autogenous vein grafts fulfill most Characteristics of the Ideal Valve
requirements for an ideal graft for small-caliber applications,
suitable vein is not available in 10 to 20% of cases requiring From a clinical perspective, the ideal cardiac valve should
reconstruction of medium- and small-caliber arteries. The need be nonthrombogenic, hemodynamically competent, and non-
for a better synthetic graft is apparent. obstructive; cause minimal damage to blood elements; be dura-
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bie, completely reliable, and easy to insert; and not annoy the Surgical Implantation
patient with noise. Although replacement of intracardiac valves
has been common for well over two and a half decades and From a surgical standpoint, initial removal and replacement
has prolonged thousands of lives, the perfect valve substitute of a valve is fairly straightforward. This is done with the patient
has yet to be developed. Currently, valve-related complications on cardiopulmonary bypass and the heart cooled and arrested.
are the primary cause of death (over 50%) for patients followed If the aortic valve is to be removed, the aorta is opened above
on a long-term basis after heart valve replacement (Knott et the coronary arteries. The diseased valve is excised, leaving a
a/., 1988). The following factors must be taken into account 2 to 3 mm circumference of native annulus. The resulting orifice
in designing and developing a heart valve. is then sized with valve sizers corresponding to the particular

Low thrombogenicity is highly important since the first W6 of valve to be used- Mattress sutures are then placed
arterial branches downstream from left-sided heart valves are through the sewing ring, and the valve is seated into the native
the coronary arteries, followed by the arch vessels that supply annulus by using a specific valve holder. Occasionally, the
the carotid arteries. Bits of debris and thrombus dislodged from native valve annulus can be very calcified, making a hard,
a valve can cause a massive and fatal heart attack or serious unyielding sewing ring difficult to seat without leaving a small
stroke. Furthermore, acute thrombosis of the valve itself results perivalvular orifice that will leak and cause heraolysis and/or
in cessation of forward cardiac output. Even with long-term significant valve insufficiency. Prior to aortic closure, the valve
anticoagulation, some valves have exhibited excessive rates of is examined to ensure that it is not obstructing the orifices of
rhrombi and emboli and are no longer in use. the coronary arteries, which are usually 1 cm or less from

Hernodynamic adequacy is also of paramount importance. tne annums-
Replacement of a diseased native valve with a hemodynami- The mitral valve is approached through the left atrium,
caily obstructive and/or incompetent prosthetic valve will Exposure of the mitral valve is somewhat more difficult owing
not completely relieve cardiac strain and will further weaken to its position and tethering of the chordae tendinae, the fibrous
cardiac function. For example, turbulence around the valve cords inserting into the left ventricle and papillary muscles
and differential rates of flow through the orifice can cause which keeP the valve leaflets in Place- The native valve is re-
shear stress to blood elements and result in significant moved and sutures placed as in the aortic valve replacement,
anemia and destruction of platelets. If a valve causes unrelent- A potential problem unique to the mitral valve is that a valve
ing destruction of blood cells, it must be removed and with large struts or a caged ball device may protrude into the
replaced with a different type of valve, at significant risk to ventricular cavity. This can obstruct blood flow through the
the patient outflow track of the left ventricle to the aortic valve. In a small

Lack of long-term durability has been a major problem in left ventricle, the struts can also impinge on the ventricular
the design of cardiac valves and has resulted in the withdrawal muscle and cause either bending of the struts or damage to
of many valves from clinical use. Wear and irregularities of tne ventricular wall.
valve leaflets, discs, and balls can cause incompetence or steno-
sis, and fractures ot valve struts can cause complete failure Currently Available Valve*
after several years of use. Durability is also crucial because
replacement of a malfunctioning prosthetic valve carries a sig- All current cardiac valves lack some of the criteria for an
nificant risk of death. Valves that need to be replaced for a ideal prosthesis. Therefore, specific patient needs must be
third time can have an operative mortality of up to 33% for matched to the attributes of a particular valve. There are essen-
aortic valves, 50% for mitral valves, and 65% for multiple dally two classes of valve substitutes available at present: the
valves (Lytle et a/., 1986). This increased risk is due in part to bioprosthetic gluteraldehyde-preserved valve and the mechani-
(1) the presence of adhesions, making dissection planes difficult cal valve (Fig. 3). Both types are in common use with fair to
and causing more intra- and postoperative blood loss; (2) the good long-term use data.
difficulty in removing a prosthetic valve and leaving enough Bioprosthetic gluteraldehyde-preserved valves are less
cardiac tissue to sew in another valve; and (3) the further thrombogenic, are easy to place in the valve annulus, cause
myocardial damage secondary to a malfunctioning prosthesis. minimal hemolysis, and make no abnormal noise in the patient.
Thus, there is strong impetus for developing improved durable Unfortunately, these valves significantly obstruct blood flow,
biomaterials for use in heart valves. especially in the smaller sizes. A 19-mm aortic porcine prosthe-

Ease of insertion and patient satisfaction are also important sis can have a resting gradient of 20 torr, rising to 54 torr with
criteria. The sewing ring to which the valve is attached must exercise (Yoganathan et al., 1984), which obviously can place
be flexible and wide enough to allow sutures to be placed, but a significant strain on the ventricle. Another serious drawback
still narrow enough to allow the largest valve size possible for is their lack of long-term durability, especially in younger pa-
the patient's annulus. Because of the precise engineering of the tients.
disc leaflet and annulus, the sewing ring also has to be placed The actuarial valve survival rate is estimated as 51 % ±
so that the cut sutures do not get caught between the prosthetic 15% after 12 to 14 years (Magilligan et al., 1985). Patients
annulus and the prosthetic leaflet, causing the valve to jam. under 20 years of age have a 50 to 80% failure rate after 6
Finally, the amount of noise of the functioning valve is also years, and patients over 60 have a failure rate of 8% at 8 years,
important. Excessive valve noise can be extremely irritating to There is also some evidence to suggest that the failure rate
patients and their families, especially those patients who are increases after 10 years in position. The mode of failure is
in atria! fibrillation and have an irregular heart beat. usually subacute, with partial cuspal tear or calcification and
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FIG. 3. Photograph of a mechanical heart valve and a porcine bioprosthetic heart valve.

stenosis. This may be caused by processing of the tissue compo- namic profile of the prosthetic devices, especially in the smaller
nent of the leaflets, resulting in deformation of the normal sizes, although they have a slightly increased insufficiency rate,
collagen. There is usually sufficient time before acute failure especially at slow heart rates. Thus, patients who are young,
to electively replace these valves. Currently, surgeons use the have no history of hemorrhagic problems, do not wish to
bioprosthetic valves for patients who have significant contrain- become pregnant, and have small valve annuli or outflow tracts,
dication to long-term anticoagulation (e.g., a history of cerebral are best suited to mechanical valves. Advances in mechanical
vascular or gastrointestinal bleeds, geographical or social con- valve design must include the development of reliable, non-
straints on anticoagulation monitoring, or a desire for preg- thrombogenic materials and refinements of the flow dynamics
nancy). They are also used in older patients whose natural life to minimize turbulence and areas of flow stasis,
expectancy is more limited and who have a higher long-term
valve survival rate. Factors against use of the bioprosthesis
include a small annulus and young age. Advances in design rATHfTSB*
are being directed toward methods of preserving prosthetic
tissue that result in greater tissue longevity.

The mechanical valves currently available (caged ball, Clinical Overview

tilting disc, and bileaflet) are durable, but have a somewhat lntravenous catheters are among the most widely implanted
higher rate of acute failure than bioprosthetic valves. Their biomaterial devices in use today. It has been estimated that
major drawback is an increased incidence of thromboembo- mQK than 25% of ̂  h italized tients receive intravenous
hsm, requiring the indefinite use of an anticoagulant As a infusiom (Maki £f ^ 19?3) ^ additi ther£ ^ a idl

consequence, these valves are also associated with significant growing number Q£ nonhospitalized atients whose iong.term

hemorrhagic complications In fact, 75% of all mechanical thefapy { antimicrobial5 anticancer chemotherapy) requires
valve-related complications have been reported to occur from chromc (weeks tQ months) mdwdli vascular catheters.
thromboembolism and hemorrhage (Hammond et al., 1980).
The thrombotic problems associated with mechanical valves
are believed to be due to a combination of flow stasis CJiaracterfstfcs of the Ideal Catheter
around hinge points and the sewing ring, and a lack of
endothelialization of the devices. The rates of thromboembo- From the clinician's perspective, the ideal vascular catheter
lism are relatively consistent, from 0.7 to 3.1% per patient should elicit minimal inflammatory response even with long-
year. This works out to a cumulative risk of around 30% term use, inhibit infection, be flexible, and be easy to place
at 20 years after implantation. By definition, this includes and secure. In addition, the usual responses of the vascular
transient ischemic attacks (TIAs) as well as peripheral emboli system to a foreign body, such as clot formation, white cell
and strokes. The least thrombogenic material that is suffi- migration with cellular destruction, and vessel wall inflamma-
ciently sturdy for valve use currently is pyrolytic carbon. tion and damage, should be minimized or avoided. For exam-

The tilting disc and bileaflet valves are so-called low-profile pie, some catheters are impregnated with heparin to attenuate
valves, meaning that the valve itself is less than 1 cm in total blood clotting. Steel (scalp vein) needles are another example
depth, and hence does not impinge on the ventricular outflow of a partially successful solution to these reactions. For a num-
tract in the mitral position, or on the aortotomy closure or ber of reasons (some still not explained), steel needles have
coronary artery orifices in the aortic position. Thus, they are been associated with a lower rate of microbial colonization
especially suitable for patients with a small left ventricle or and bloodstream infection. However, the drawbacks of steel
aortic root. The bileaflet valves have the best forward hemody- needles include the lack of large needle sizes and their tendency
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FIG. 4. Photograph of a commonly utilized type of catheter with a bevel-tipped needle and overrid-
ing catheter.

to become extravascular more easily than plastic catheters, the disastrous results that can occur when they fail (loss of
thus requiring frequent changing of catheters and vascular sites. intravenous access, catheter emboli, etc.). Furthermore, it is

Because the skin is one of the body's most effective defenses not overstating the issue to say that without readily available
against bacterial entry, the design and construction of the cathe- intravenous access, modern medical practice would be impos-
ter should aid in combatting the migration of bacteria through sible.
the percutaneous insertion site. Numerous studies have shown
that intravenous catheters are rapidly colonized (beginning nihu h
with insertion but increasing markedly after 48 hr of continu- DttOgrApliy
ous use) and are a major source of bloodstream infections. Abbottj w M ? Megerman, J., Hasson, J. E., L'ltalien, G., and War-
This has led to the recommendation that catheters and catheter nock5 D. F. (1937). Effect of compliance mismatch on vascular
sites be changed every 48 hr, increasing patient discomfort and graft patency. /. Vase. Surg. 5: 376-382.
hospital costs. One possible solution is to attach to the catheter Benson, R. W., Payne, D. D. and DeWeese, J. A. (1975). Evaluation
a silver-impregnated collagen cuff that is placed subcutane- of prosthetic grafts of different porosity for arterial reconstruction,
ously. These cuffs apparently act both as a physical barrier Am. J. Surg. 129: 665-669.
(the collagen inducing tissue growth that seals the subcutaneous Dardik' H-> Milier> N->Dardik'A" Ibrahim, I. M., Sussman, B., Berry,
tract) and a chemical barrier (the silver acting as a broad- S;M" Wolodiger R, Kahn M and Dardik I. (1988). A decade

. . i • t \ c - i • j 11 S.L of experience with the glutaraldehyde-tanned human umbilical cord
spectrum antimicrobial). Silver-impregnated collagen cuffs re- . , , T • • r \ \ \- L j w r
, . f . r -i on/ / • i i vem graft tor revascularization of the lower limb. /. Vase. Surg.

duced bloodstream infections from 13.8% (with catheters -,. -I^_->A^
alone) to 0% in one study (Flowers et */., 1989). Echavej v>> Koornick, A. R., Haimov, M., and Jacobson, J. H., Ill

The ideal vascular catheter also must be flexible enough to (1979). Intimai hyperplasia as a complication of the use of the
allow vem and patient movement without becoming extravas- polytetrafluoroethylene graft for femoral-popliteal bypass. Surgery
cular and damaging both the vessel and the surrounding struc- 86: 791-798.
tures. Furthermore, the catheter must maintain this flexibility Flowers, R. H., Schwenzer, K. J., Kopel, R. F., Fisch, M. J., Tucker,
indefinitely. Catheters that are initially supple may become s- L> Farr> B- M. (1989). Efficacy of an attachable subcutaneous
brittle over time, resulting in vascular wall damage or shearing cuff for the prevention of intravascular catheter-related infection.
of the tip followed by catheter embolization. In addition, cathe- J.AM.A. 261: 878-883.

L •! 11 - • _ f • j , i • j Hammond, G. L., Laks, H., Geha, A. S. (1980). Development of aortic
ters must be available in a variety of sizes and lengths in order . ' ' ' ,' .,.0 ' r

, . . , , . . ° . . valve prostheses, Co«w. Med. 44: 348-352.
to accommodate the wide range of vessels to be cannulated. M^ R w n? Lynch? T G^ }^ ^ Karanfilian5 R. GM Lee,

Currently, the most common type of vascular cannulation B c> Padberg> F. T. Jr>> and Long5 j. B. (1985)> Results of revascu.
involves using a needle with a beveled tip and an overriding larization and amputation in severe lower extremity ischemia: A
catheter (Fig. 4). The catheter and needle length are coordinated five-year experience. /. Vase. Surg. 2: 174-185.
so that only the needle bevel is introduced into the vessel before Knott, E., Reul, H., Knoch, M., Steinseifer, U., Rau, G. (1988). In
the catheter is also inserted. In this case, the ideal catheter vitro comparison of aortic heart valve prostheses Parti: mechanical
should slide easily over the needle into the vessel without requir- valves. /. Thorac. Cardiovasc. Surg. 96; 952-961.
ing extreme effort. The catheter hub should be designed with Lindenauer, S. M., Stanley, J. C. Zelenock, G. B., Cronewett, J. L.,
an area that allows both suturing and taping when attaching Whitehouse, W. M. Jr., and Erlandson, E. E. (1984). Aorto-Uiac
. i ^ .. i • r- H ^i . i i i u i i reconstruction with Dacron double velour. /. Cardiovasc. Surg.the catheter to skin, rmally, catheter hubs should be color ; *

coded using an industrywide standard so that the clinician can LoGerfo5 ~ ̂  Soncrant5 T<> ̂  ̂  ̂  j^ R Q Jr (19?9)

visually determine the size of the indwelling catheter. Boundary layer separation in models of side-to-end arterial anasto-
Because intravenous catheters are relatively inexpensive and moses. Arch Surg. 114: 1369-1373.

ubiquitously used, their significance is often overlooked in clini- Lytle, B. W., Cosgrove, D. M., Taylor, P. C., Gill, L. L., Goornastic, M.,
cal situations. However, their importance is underscored by Golding, L.R., Stewart, R.W., Loop, F.D. (1986). Reoperations for



426 9 IMPLANTS AND DEVICES

valve surgery: Perioperative mortality and determinants of risk for placed to anchor prosthetic denture superstructures. Depend-
1,000 patients, 1958-1984. Ann. Thorac, Surg. 42: 632-643. jng on tne areas requiring such devices and the purposes which

Magilligan, D. J., Lewis, J. W. Jr., Tilley, B., Peterson, E. (1985). The they must serv^ fanta[ implants are available in a variety of
porcine b.oprosthetic valve: twelve years later. /. Thorac. Cardio- materials and an abundant number of designs (Cranin et «/.,
vasc^Surg S9> 499-507. 1987; Worthington, 1988).

Maki, D. M., Goldman, D. A., Rhame, F. S. (1973). Infection control ' &

in intravenous therapy. Ann. Int. Med. 79: 867—887.
Malone, J. M., Moore, W. S., and Goldstone, J. (1975). The natural

history of bilateral aortofemoral bypass grafts for ischemia of the uic'rrwv
lower extremities. Arch. Surg. 110: 1300-1306. HISTORY

O'Donnell, T. F. Jr., Mackey, W., McCullough, J. L. Jr., Maxwell,
S. L. Jr., Farber, S. P., Deterling, R. A., and Callow, A. D. (1984). The Egyptians were known to have secured teeth to the
Correlation of operative findings with angiographic and noninva- jawbone with gold wire, and through the centuries, surgeons
sive hemodynamic factors associated with failure of polytetrafluo- have sougnt techniques for implanting tooth substitutes, with
roethylene grafts. /, Vase. Surg 1: 136-148. lktle reported success. In the days of the American Revolution,

Okuhri, S. P., Connelly, D. P., Calakos, N., Ferrell, L., Man-Xiang, , , • , , , / j . •
„ , , - , , , T , . ,nor>, rx i - 1 1 seamen were attacked in darkened watertront areas and theirP., and Goldstone, . (lysy). Does compliance mismatch alone . . . . , , . . . , . , .
cause neointimal hyperlasia? J. Vase. Surg. 9: 35-45. teeth extracted, to be implanted into the mouths of the wealthy

Sladen, J. G., Gilmour, J. L. and Wong, R. W. (1986). Cumulative and more fortunate gentry. Those biologic specimens were
patency and actual palliation in patients with claudication after lost quickly owing to the immune responses of the recipients
aortofemoral bypass. Prospective long-term follow-up of 100 pa- (Guerini, 1969; Cranin, 1970; Driskell, 1987).
tients. Am.. /. Surg. 152: 190-195. In the early twentieth century, Greenfield reported on the

Stratton, J. R., and Ritchie, J. L. (1986). Reduction of indium-IH successful implantation of circular gold and platinum cribs as
platelet deposition on Dacron vascular grafts in humans by aspirin artificial dental roots, to which porcelain teeth were attached
plus dipyridamole. Circulation 73: 325-330. by a siotte(j coupling device. Later, the Strock brothers, using

Taylor, L. M. Jr., Edwards J. M., Phmney, E. S and Porter J M. an Austenal alloy cast in the shape of self-tapping wood screws
(1987). Reversed vein bypass to mrrapophteal arteries. Modern , c , , ,-,, , , , ,; . . . , j j

. . » • • i /• (after the work of Venable and Stuck), implanted over a dozenresults are superior to or equivalent to in-sttu bypass ror patency f , r. .
and for vein utilization. Ann. Surg. 205: 90-97. cast all°y screws as free-standing dental implants. One was

Tiianus, H. W., Obertop, K, and Van Urk, H. (1985). Saphenous reported to have survived for over 20 years (Strock, 1939;
vein or PTFE for femoropopliteal bypass. A prospective randomized Strock and Strock, 1949). The most consistent dental implant
trial. Ann. Surg. 202: 780-782. reported in the first half of this century, and which initiated

Veith, F. J., Gupta, S. K., Ascer, E., White-Flores, S., Samson, R. H., the current era of enthusiasm, was the subperiosteal device. It
Scher, L. A., Towne, J. B., Bernhard, V. M., Bonier, P., Flinn, was introduced by Gershkoff and Goldberg (Gershkoff and
W. R., Astelford, P., Yao, J. S. T., and Bergan, J. J. (1986). Six- Goldberg, 1949). Enthusiasts flourished, and reports of long-
year prospective multicenter randomized comparison of autologous term success came from A\\ parts of tne world. These castings,
saphenous vein and expanded polytetrafluoroethylene grafts in in- made frQm nonferrouSj cobalt-chromium-based alloys, were
rrainaumal arterial reconstructions. /. Vase. Surg. 3: 104—114. , , c , f , , , , ,., ,

., i » n T i i A in J D I 1 A u / l oc - ix TU employed at first only tor completely edentulous mandibles,Voorhees, A. B. Jr., Jareszb, A. Ill, and Blakemore, A. H. (1952). The \.J . J
r . r,, J . . . '

use of tubes constructed from vinyon "N" cloth in bridging arterial and m so domS' satlsfied a significant and popular need. The
defects. A preliminary report. Ann. Surg. 135: 332-336. individual who required single or unilateral implants, however,

Yoganathan, A. P., Chaux, A., Gray, R. (1984). Bileaflet, tilting disc was not served well by adaptations of these early subperiosteal
and porcine aortic valve substitutes: /« wYro hydrodynamic charac- implants (which, for the first few years were not fabricated
teristics. /. Am. Col. Cardiol. 3: 313-320. from direct bone impressions, but rather, by using a "guess-

work" X-ray or intraoral replica template measuring system)
(Weinberg, 1950). In 1951, Berman introduced the direct bone
impression, which created opportunities for more accurate,

^ _ _ _ longer lasting, and more predictable subperiosteal implants
9.4 DENTAL IMPLANTATION (BeLan, 1951) (Fig. D.

A. Norman Cranin, Aram Sirakian, and Michael Klein in 1947) Formaggini discovered a technique for placing the
first of the modern-day, endosteal root-form implants (Formag-

The most frequent surgical procedure performed upon hu- gini, 1947). His method was improved by Rafael Chercheve,
mans is the dental extraction. Without question, the most fre- whose system was heralded universally {Chercheve, 1956) (Fig.
quently employed prosthesis is the complete or partial denture 3). Those root forms, however, failed to serve all patients
(Fig. 1), These are available as both fixed and removable de- who were in need because their large dimensions could not
vices. Most often they are supplied in the latter form owing be accommodated by the commonly found posterior alveolar
to their relative ease of production as well as economy. There ridge, which was thin because of atrophy after tooth loss,
are numerous instances where, due to a paucity of natural Roberts in 1967 made a laminar-shaped stainless steel
teeth, a lack of posterior teeth (required as abutments), or in device that he called a blade implant. It was placed in a narrow
the presence of anatomic aberration resulting from traumatic, osteotomy that all but the thinnest ridges could accept and
congenital, or metabolic causes, the most desirable type of showed considerable promise (Roberts and Roberts, 1970).
prosthesis, the fixed or nonremovable type, cannot be used. In Linkow developed this device into a globally acceptable system
such circumstances, surgically implanted abutments may be by creating a wide variety of sizes and shapes designed to fit
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FIG. 1. (A) Complete, removable dentures are the prosthetic replacement used by most edentulous people. (B) Removable
partial dentures, fixed partial dentures (bridges), and crowns are widely accepted replacements for missing teeth,

almost any clinical requirement (Linkow, 1968). The 1980s was the screw-shaped titanium chambers became completely incor-
the era of popularity for the blade endosteal implant (Fig. 4). porated within the bone tissue, which actually grew into the

The concept of osseointegration was developed and the term irregularities of the titanium surface (Branemark, 1969). These
coined by Professor Per-Ingvar Branemark at the University of findings led to research exploring the possibilities of artificial
Goteberg, Sweden. Osseointegration has been defined as a di- root replacement. The experimental studies that followed in-
rect structural and functional connection between ordered, volved extraction of teeth in dogs and their replacement by
living bone and the surface of a load-carrying implant (Brane- osseointegrated screw-shaped implants. Fixed prostheses were
mark, 1983). The initial concept stemmed from vital micro- connected after an initial healing period of 3 to 4 months
scopic studies of bone and other tissues, which involved the during which they bore no load (Fig. 5). Radiologic and histo-
use of an implanted titanium chamber containing an optical logic studies showed that integration could be maintained for
system for transillumination. The investigators observed that 10 years in dogs, without inflammatory reactions. Further, the

FIG* 2. This direct bone impression of a maxilla using a polysulfide material FIG. 3. These several spiral alloy Chercheve implants are being used to help
shows the accurate anatomic reproduction produced. support a fixed (nonremovable) bridge in conjunction with the natural teeth.
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FIG. 4. The one-piece blade implant made of commercially pure titanium is
a laminar appliance designed to fit into jawbone ridges too thin to accommodate
the three-dimensional root-form types. FIG- 6' CAD/CAM-generated models of the mandible eliminate bone impres-

sion surgical procedures for subperiosteal implants. Seen here is the mandibular
tripodal subperiosteal implant that fits on the bone beneath the gum. Only the
post and bars protrude to serve as retainers for denial pros>these->,

load-bearing capacity of the individual implants was shown
to be extremely high. Based on these findings, the Foundation
for Osseointegration and the Branemark Implant System were continues to utilize the subperiosteal implant for those patients
established in 1962. Basic research continued in the years that who are considered untreatable by endosteal root-form or
followed and the first edentulous patient was treated in 1965 blade-type devices.
(Branemark , 1983). The main disadvantage of the subperiosteal implant contin-

Clinical data on osseointegrated implants were presented ue<j to be the necessity of performing a two-stage operation—
to North America at a scientific meeting held at Toronto in the first, a direct bone impression in order to make the im-
1982 (Zarb, 1983). Success rates of 90-100%, initially pre- piant casting, and the second, 24 hr to 6 weeks later, in
sented by the Swedish group, were confirmed by longitudinal order to insert the casting surgically. Using computer-based
follow-up studies from over 50 osseointegrated implant centers design and machining technology (CAD/CAM), Truitt and
around the world (Adell, 1983; Laney etal., 1986; Albrektsson James, in 1982, introduced a method by which computerized
et al., 1988). axial tomography (CT) scans of facial skeletons could be em-

Today, osseointegrated implants are used to treat both par- ployed to generate relatively accurate models of the jawbones.
daily edentulous and completely edentulous ridges. Severely These models then were used to develop subperiosteal implant
atrophied ridges, however, require several surgical procedures
involving bone augmentation, to prepare the host site for accep-
tance of endosteal devices. A staunch group of implantologists

FIG. 5. The Nobelpharma implant is completely buried under the gum with FIG. 7. Exact size and shape holes are made to accommodate implants
its superior border level with the crest of bone. These submergible implants are placed within the bone. This hydroxylapatite (Integral) coated press-fit implant
left buried for a healing period of 3-6 months. is stabilized initially by a precise frictional grip.
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FIG. 8. These root-form (core-vent) implants have various attachments that FIG. 10. The undersurface of a denture designed to clip onto a Brookdaie bar.
are chosen according to the final design of the crowns or dentures.

castings (Truitt et al, 1986). Such castings have served success- CURRENTLY USED DENTAL IMPLANT MODALITIES
fully and have eliminated the need for first-stage, bone-impres-
sion surgery (Fig, 6). The 1980s also witnessed a wide range Subpetiosteal
of rootform, two-stage endosteal implants following the work
of Branemark, using numerous adaptations of his original Subperiosteal dental devices may be used for partially and
threaded device. These have incorporated materials and designs completely edentulous jaws and are the implants of choice

i • i t £-. , .1 i J N C .- .- f for those regions that contain insufficient bone to accom-that include press-fit (nonthreaded) configurations, coatings of , 1 1 - 1 e • , t , , i
i - i j i i • • -j i modate endosteal implants of either the blade- or root-alumina, hydroxylapatite, and titanium oxide plasma spray r i ~™

(Lemons, 1977; Niznick, 1982; Kay etal., 1986; Kirch, 1986) forr? vanetie/ (Schmtman, 1987). They consist of a
(Figs. 7 and 8). Self-tapping implants have also broadened the mesh-type infrastructure cast of a surgical-grade cobalt-
field to a level that now offers the clinician a large and often chromium-molybdenum alloy to which are attached from
confusing spectrum of implant varieties, the benefits of some four to seven permucosal cervices. Atop these cervical protru-

i j . i i • r u - i . - j j «. sions may be prosthetic abutments to serve as retainersremain unclear, and the selection of which is dependent upon f r \ . . r . . .
r t i j c j • • j • j- / c r u tor fixed bridge protheses or retentive bars, which connecta number of poorly defined criteria and prejudices (English, , . ° v . . . ' _.

iqoj\ the abutments together into a single structure. These are
used to gain the retention of overdentures (Yurkstas, 1967;
Dalise, 1979; Cranin et al., 1978) (Figs. 9 and 10). Subperios-

FIG. 11. The maxillary unilateral pterygohamular subperiosteal implant is
FIG. 9. The Brookdaie bar is attached to an underlying subperiosteal infra- used to provide posterior abutments for nonremovable bridges in the maxilla.
structure (see Fig. 6) by four to seven permucosal posts. A denture prosthesis is it is designed to fit against the palatal zygomatic and pterygoid bones, which
designed with clips for stabilization. are reliable sources of support.
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FIG. 12. Minor discrepancies that occur between the subperiosteal implant
fabricated on a CAD/CAM model and the jaw it rests on are grafted with
synthetic bone replacement materials (e.g., hard tissue replacement, hydroxylapa- FIG. 14. Submergible blade implants with prosthetic heads that may be
rite). These osteoconductive materials serve as a reliable physiological graft. attached to the implant at a date after the surgery allow for an unloaded heal-

ing period.

teal implants are cast to models of maxillae or mandibles
made either by direct bone impressions using polysulfide or
poly (vinyl siloxane) elastomeric impression materials or by
CAD/CAM-generated models. They are designed to rest on
the cortical bone, and are entrapped and fixed by a reattach-
ment of periosteal fibers through the numerous interstices
incorporated into their infrastructural designs. When success-
ful, they are purely incidental to local tissue physiology
(James, 1983).

Relatively high levels of success have been attributed to
these subperiosteal designs, particularly the newer mandibular
tripodal configurations as well as the pterygohamular maxillary
designs (Linkow, 1986; Cranin et al, 1985) (Fig. 11). When

FIG. 1 3. One-piece blade implants such as the Cranin anchor design have
been used successfully as distal abutments or pier abutments for fixed (nonremov- FIG. 15. The receptor site for blade implants (such as the one shown in
able) bridges. The entire structure, with the exception of the protruding dental Figs. 13 and 14) is made freehand with a saline-cooled high-speed bur (250,000
abutment, is placed within the confines of the jawbone. The abutment protrudes rpm). First a dotted line following the length and position of the implant is
to serve as a prosthetic retainer. made. Then the dots are connected to form the groove receptor site.
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TABLE 1 Examples of Frequently Used Endosteal Implants

Primary Length Diameter
Name Material Description Stages Surface retention (mm) (mm)

Branemark Titanium, Threaded screw 2 Machined Threading 7, 10, 13, 15, 3.75
(Nobelpharma) commercially (bone tapping, 18,20

pure (CP) ' self tapping) 7,10,13,15,18 4.0

Core-vent Titanium alloy Threaded hollow 2 Sand blasted Threading, core 8, 10.5, 13, 15 4.3, 5.3,
(T^VAjoAj) basket (self-tapping) 6.3

TPS screw Titanium (CP) Threaded screw 1 Plasma spray Threading 8,11,14,17,20 3.5,4.0

IMZ Titanium (CP) Bullet shaped 2 Plasma spray, Press fit 8,10,13., 15 33______
(Interpore) optional 8, 11, 13, 15 4.0

hydroxylapatite

Integral Titanium (CP) Bullet shaped 2 Hydroxylapatite Press fit 8, 10, 13, 15 3.25, 4.0
(Caicitek)

Kyocera Single crystal Threaded screw 1 Smooth, porous Threading E: 19.5,^22,,. 25 3.3, 4.2
(Bioceram) sapphire, S: 19.5, 23 3.0, 4.0

20.5, 24 4.2, 4.8

Tubingen Aluminum Stepped 1 Aluminum oxide Press fit 21, modifiable 4.0, 5.0
oxide stippled 6.0, 7.0
polycrystal
porous

Stryker Titanium alloy Finned 2 Machined, Press fit 8 ,11,14 3.5,4.0
(TiAl6Va4) optional 5.0

hydroxylapatite

Bausch and Titanium (CP) Threaded screw, 2 Machined, Threaded screw, 12, 16, 20 3.5
Lomb bullet shaped optional Press fit 8, 10, 12, 14, 16 3.8
(Steri-Oss) hydroxylapatite 12, 16, 21 4.0

CAD/CAM-generated castings are used, slight inaccuracies are dimensional accuracy (Cranin, 1980; Baumhammers, 1972).
sometimes experienced which may be treated successfully with Chrome—cobalt alloy is the material most often used for
paniculate bone substitute materials such as hydroxylapatite such castings.
that are used as fillers (Fig. 12). There is a question as to whether true osseointegration {a

direct bony interface) occurs when intraosseous slot-osteotom-
ies are created by using high-speed fissure bur operative tech-

tnaostCAi niques, or if two-stage submergible blades fare better than the
Blade Tvae one-piece implants. Nonetheless, there are a reasonable number

of host sites, as demonstrated by CT scan analyses, that do
The blade- or plate-type designs are available in one- not have the width to accommodate root-form implants and

piece (with attached abutment) or submergible (with separate that, on a basis of time, and reports from the literature, support
to-be-attached abutment) configurations (Figs. 13 and 14). blade-form endosteal implants with success for periods exceed-
They are fabricated in a great variety of designs of relatively ing 5 and even 10 years. James and others have reported that
pure surgical-grade titanium or titanium—aluminum— the mechanism of support is fibro-osseous integration. They
vanadium alloy. With the aid of clear plastic templates, these indicate that a sling of connective tissue fibers suspends the
may be employed in an almost limitless number of host implant from its bony crypt and that upon a stimulus of tension
sites. In addition, several manufacturers supply the surgeon placed on these fibers caused by mastication, an environment of
with one- and two-piece titanium blade-form blanks. These osteogenesis and continuous bone anabolism is created (James,
may be fashioned and cut (unfortunately, with stainless steel 1988, Weiss, 1986). These implants, which require a reason-
snippers) to almost any shape or size that the potential able level of surgical skill to insert, demand the use of freehand,
surgical site demands. If the implantologist cannot find an high-speed, saline-cooled capabilities. (Fig. 15). They may be
implant that will satisfy a need within the broad spectrum used as unilateral posterior abutments for fixed bridge prosthe-
of manufactured designs, or believes in the anchor ("shoulder- ses or in a wide variety of prosthetic functions, such as supports
less") philosophy, a custom casting may be made by using for full coping bar/overdentures or even as single tooth sup-
distortion-free dental and CT scan radiographs to incorporate ports.
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plasma spray or hydroxylapatite. These surface treatments
allow for precision of fit of the implants in the osteotomies,
preventing micrornotion during the initial healing period.
Hydroxylapatite, due to its chemical similarity to osseous
tissues, forms a biochemical bond with bone, independent
of any mechanical interlocking mechanism. This concept has
been described by the term "biointegration" (Kay, 1987;
Meffert, 1987; Niznick, 1982; Kirch, 1986).

The third factor involves the use of a surgical technique
which prevents excessive heat generation during preparation
of the host site. It has been shown that the heating of bone
to a temperature of 47°C or above for 30 sec causes vascular
damage and alters its vitality (Ericsson et al., 1983). To
minimize mechanical and thermal trauma, the surgical proto-
col involves the use of specially designed spiral, helical, or
spade drills of graduated lengths and diameters (Fig. 16).
All bone preparations are carried out at a maximum rota-

FIG. 16. A variety of instruments are used to create precise holes within the dond d of 200Q and undef ^se im ti{)n

bone for the root-form implants. Twist drills, bi-and tn-spade drills (two cutting . , .: r °
edges and three cutting edges, respectively), as well as bone taps to thread the WlUi saunt.
bone all help to make an exacting atraumatic procedure. The two drills in the Finally and perhaps the most important factor for achiev-
center, which can be rotated at speeds as low as 6 rpm, have hollow cores that ing a direct bone-to-implant interface is the requirement of
allow passage of a cooling irngam. maintaining newly placed implants within bone spared from

mechanical forces or loads. It has been shown that for
successful osseointegration the individual implant should
not be loaded for a period of at least 3 months in the
mandible and 6 months in the maxilla. The Branemark
system and most other systems achieve this by having two-
piece designs. As such, these submerged implant systems

Long-term clinical experience has proven osseointegration require two-stage surgical procedures. At the first-stage sur-
to be a reliable modality for treating edentulism, making gery? tne implants (submergible portion) are installed into
root-form implants the most popular and compelling implant the bone and the overlying mucosa is closed, protecting the
design. Currently more than 100 companies are manufac- implants from mechanical loads and oral microflora. After
turing implants and implant-related products. Most of the a 3- to 6-month period of healing, the second surgical stage
root-form implants available today follow the basic principles of abutment connection is carried out. The bone remodeling
of design for successful osseointegration which were outlined process continues after the implant is loaded with dental
by the Swedish group at Goteborg (Albrektson, 1983) (Ta- prostheses for an additional period of 3 to 6 months. There
ble 1). are a few nonsubmerged implant systems available (ITI,

The first factor is the materials used in manufacturing such Kyocera). These are placed in a single surgical procedure
implants. The Nobelpharma implant is made from commer- and immediately are permitted to protrude into the oral
dally pure titanium. Upon exposure to air or water, it quickly cavity. The critical requirement of unloaded healing is still
forms an oxide layer of 3—5 nm at room temperature. This observed, however, by carefully protecting the implants from
oxide layer makes titanium extremely corrosion resistant, par- stress during the healing period. Clinical longitudinal studies
ticularly in the biologic environment. The alloyed form of have demonstrated successful osseointegration using such
titanium (Ti6Al4V) is also widely used to manufacture these one-stage implantation techniques (Buser et al., 1990)
devices. Titanium alloy has been shown to be as biocompatible (Fig. 17).
as commercially pure titanium and to have superior mechanical There are a wide variety of other endosteal implant
properties (Williams, 1977). designs that employ jaw bone anchorage to stabilize loose

The second factor is the design of the implant. It must teeth (endodontic implants), to serve as prosthetic abutments
be designed to encourage initial stability in the osteotomy. (transosteal implants), and to anchor long-span bridges to
It has been shown that micrornotion or displacement of the the bone (C-M pins),
implant relative to its host site during initial healing can
destroy the network of connective tissue which serves as the
scaffold for bone development, leading to repair instead of
regeneration (Brunski, 1979). In the Nobelpharma (Brane- PACKAGING AND PREPARATION
mark) system, initial stability is achieved by the helical
shape of the implant which is inserted in a threaded osteot- Of the three basic implant types—blades, root forms, and
omy. Other designs include cylindrical or press-fit configura- subperiosteals—the former two are prefabricated and the latter
tions, spiral shapes, finned cylinders, and hollow cylinders. is custom cast. Blades are supplied in titanium or titanium
Cylindrical implants may be coated with either titanium alloy directly from the manufacturer either in sterile packages
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FIG. 1T. (A) An abutment is connected to the implant after a 3—6-month healing period. The implant (P) rests between
the gum (G) while the bone (B) grows into and around the metal structure, granting the firm anchorage known as osseointegration.
This cross section shows the gum being opened surgically for placement of the abutment (A). (B) The abutment attaches to the
implant, which is buried within the bone. The abutment passes through the gum into the oral cavity. (C) A final anchoring
prosthesis such as this bar with four copings is screwed into the implant abutments, which have internally threaded holes. This
permits the practitioner to remove this prosthesis for evaluation, hygiene, and repair.

or in plastic envelopes. Handling them is difficult, because even Because subperiosteal implants are individually cast of co-
if they are prepared properly by the maker or user, the benefits bait—chromium—molybdenum alloy, they must be treated indi-
of presurgical treatment such as radiofrequency glow dis- vidually by the laboratory and the surgical team. They require
charge, sterility, and freedom from surface lipids or contami- passivation with dilute acids, defatting using acetone or other
nants (e.g., talc from rubber gloves) will be lost owing to the organic solvents, ultrasonic cleaning, and, finally, sterilization
frequent and sometimes aggressive manipulations necessitated by autoclaving at 270°F for 20 min (Baier et a/., 1986). During
during implantation procedures. surgical insertion, no other metals (stainless steel retractors,

In most instances root forms are successfully placed on their suction tips, or seating tappers) should be permitted to touch
first insertion, so innovative sterile packaging in small glass their surfaces. Baier and co-workers contend that such implants
or plastic vials is the current method of presentation. These may achieve a more compatible surface condition with the use
implants need not be touched by the surgeon's fingers, and are of radiofrequency glow discharge, which creates an environ-
transferred from package to host site either by the vial covers ment of maximum wettability.
into which they are inserted and which serve as handles, or in The implant surgeon, the manufacturer, and the biomateri-
the case of Branemark implants, in a more complex series of als scientist, in addition to their basic skills, must acquire a
steps, using only titanium-tipped forceps, mounting platforms, thorough understanding of metallurgy, biocompatibility, and
and fixture mounts (Fig. 18). the benefits of proper cleanliness and sterilization so that an
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Dent 50- 271 gerv- The function of the endothelium is to maintain corneal
clarity through its barrier and pumping functions. When these
functions are compromised, the cornea decompensates and
becomes hazy (Waring et a/., 1975).

The boundaries of the anterior chamber are defined by the
posterior aspect of the cornea and the anterior surface of the

9.5 OPHTHALMIC IMPLANTATION iris. This area is filled with a fluid, the aqueous humor, which
Stephen A. Obstbaum is secreted by the ciliary body. Aqueous fluid passes from its

posterior origin behind the iris, through the pupil, into the
It has been suggested that 38% of the fibers transmitting anterior chamber, and exits through the trabecular meshwork,

information to and from the human brain are within the optic a complex of lacunae that lies in the peripheral part of the
nerves—a sum of 2.5 million axons (Bruesh and Arey, 1942). external eye structure at the transitional zone between the
While the magnitude of involvement of vision in the function sderal and corneal tlssues- Thls ar£a, the anterior chamber
of the brain is staggering, it emphasizes vision's essential role angle>1S used as a Slte of implantation for one type of IOL.
as the primary sensory input to the human organism. The ms 1S the antenormost extension of the uveal tract.

The crystalline lens is a component of the mechanism that Thls structure contains muscles that dilate and constrict the
focuses light rays on the neurosensory retina. Cataract forma- PuP!l' thereby influencing the depth of field and focus, much
tion, an aging process involving the lens, disturbs this function like the diaphragm of a camera. During cataract surgery, the
and alters normal visual physiology. In this chapter, the struc- PuPd ls dllated by pharmacologic means to gain access to the

1 1- l_ * J *
ture of the eye, its component parts, and in particular the lens cataractous lens behind it.
are examined and discussed to understand the process of vision. The ciliary body is a Part of the uveal tract> and the iris

Current techniques of cataract surgery, emerging trends, and originates from its anterior surface. Its structure serves several
the role of the intraocular lens (IOL) as a replacement prosthesis functions. Its epithelial cells secrete the aqueous humor, and
for the natural lens are discussed *ts tripartite muscular structure influences the shape of the lens

by altering tension on the suspensory ligaments attached to
the capsule surrounding the lens. In its posterior aspect, the
ciliary body becomes continuous with the choroid.

The choroidal layer is the posterior portion of the uveal
ANATOMIC CONSIDERATIONS tract that extends from the end of the ciliary body to the optic

nerve. It is interposed between the outer wall of the eye, the
To assess the design and fabrication of an artificial lens, sclera, and the retina. The choroid is composed of blood vessels

anatomic relationships, physiologic requirements, and biocom- that nourish the outer layer of the retina and serves as a conduit
patability criteria should all be satisfied. The structure of the for transmitting arteries and nerves to the anterior portion of
eye is depicted schematically in Fig. 1 of chapter 7.6. the eye.

The outer coat of the eye, the sclera, is composed of a tough The retina is the innermost layer of the eye. It is the sensory
collection of collagen fibers that are arranged irregularly, and structure that converts light energy to photochemical energy,
therefore the sclera assumes an opaque, white color. The extra- which then transmits electrical stimuli through the visual path-
ocular muscles, which are responsible for ocular motility, are way in the brain to the occipital cortex, where vision is recog-
attached to it, and a canal at its posterior pole permits external nized. The focusing mechanisms of the eye—the cornea, lens,
passage of the optic nerve. This coating protects the delicate and fluid media—work in concert to provide a clear image to
internal ocular structures. the retina.

The anterior aspect of the eye is the cornea. This is a trans- The vitreous is a mesenchymal tissue composed of 99%
parent structure composed mainly of collagen fibrils arranged water. The molecular structure of the vitreous is composed of
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hyaluromc acid and a collagen framework. The interstices of CATARACT SURGERY METHODS
this framework are rilled with water. The vitreous transmits
more than 90% of visible light to the retina. The high water Cataract surgery has passed through several evolutionary
content also allows easy passage of nutrients through the vitre- steps during this century. These changes reflect the development
ous from the ciliary body to the retina. Of new technologies to facilitate cataract removal. During the

From the foregoing descriptions, the crystalline lens can be past few decades, two major forms of cataract surgery have
considered to be suspended within a fluid-filled vessel. It is been practiced, as described in the following section,
bathed by aqueous humor anteriorly and by the vitreous body
posteriorly. The suspensory ligaments, the zonules, are acellu-
lar fibers that originate at the ciliary body and insert onto the Intracapsular Extraction
anterior and posterior capsule of the lens. The tension of these
fibers, as a result of ciliary muscle relaxation or contraction, , Intracapsular cataract extraction is the method of removing
influences the shape of the crystalline lens. When the ciliary the entire lens including the capsular bag. This method sepa-
muscle contracts, the zonular fibers are under lessened tension rates the lens from lts zonular attachments and rom attach-
and permit the elastic capsule surrounding the lens to relax. The ments ">*« antenor Por*on of the vltreou^ Thls iatter attach-
lens becomes more spherical and produces greater refractive f16111' called ' We'gert's ligament," generally wanes as we age,
power. This process, known as accommodation, is responsible b,ut 1S ^Ulte str,ong « childhood and young adulthood. When
for the additional lens power that permits near objects to be the intracapsular technique was performed on younger age
clearly imaged on the retina (Fincham, 1937). As we age, the grouPs' Eruption of the vitreous, termed "vitreous loss,' fre-
lens hardens and is less deformable, and the effect of accommo- f^ occurred. This is a complication of cataract surgery
dation is, therefore, diminished. This condition, called presby- that has l°"g-term effects, even when it is adequately managed
opia, is the normal recession of the near point that occurs mtraoperatively. The instruments used to perform mtracapsu-
during our mid-40s. Eyeglasses are prescribed to compensate lar surgery were f^11? forcePs> which were used to grasp
for the loss of accommodation. the antenor caPsule and remove the lens b?' either tumbling "

The structure of the natural lens can be simplistically divided from behmd th;e PuPl1 or shdm8 !t from the ̂  ln each m~
into three components: (1) an outer elastic capsular bag that stance'the mechanical action of removing the lens caused trac-
invests the entire lens; (2) the cortex, the outer zone of lens tlon on and release of the zonules that ̂ eld the lens m Posltlon'
substance; and (3) the nucleus, the hardened centralmost core In some cases' a sPecific enzyme that dlSested the zonules was

of the lens. Opacification of any of these structures is termed mstilled Wlthin the eye before the cataract was Amoved,
a -cataract." When opaafication affects visual function enough ln the late 1%0s' another method to remove the lens mtra-
to disrupt an individual's daily activities and nonsurgical means capsularly was introduced. This technique employed cryosur-
of improvementhavebeen exhausted, surgical cataract removal gery that' m essence' produced an adhesion between the cryo-
becomes a viable option. probe and a Portlon of tne lens substance. Once this adhesion

The lens does not have a homogeneous structure. Beneath had formed> the cataractous lens was slid from the eye.
the anterior capsule is an epithelial layer that extends to the The advantage of this intracapsular technique was that it
equatorial zone of the lens. The epithelium at the equatorial removed the entire lens without leaving any remnants. There

lens bow continues to produce new lens fibers throughout life. was clear Passage of hght from the anterior corneal surface to

Addition of these fibers to the peripheral portion of the lens the retma' although the light was not fully focused because
increases its size. The older fibers in the central portion of the ^active power of the lens was removed along with the
the lens become more densely compacted and hardened. This cataract. The disadvantages of this method were (1) the greater
condition, termed "nuclear sclerosis," occurs commonly with potential for vitreous disruption (vitreous loss); (2) the higher
age, and produces greater optical heterogeneity of the lens. incidence of retinal detachment; (3) the higher incidence of
The continued sclerosing of the nucleus often results in brunes- flmd accumulations m the central region of the retina, the
cence, the development of a yellowish-red to red-brown color macula (aphakic cystoid macular edema); and (4) the greater
of the nucleus instability of the internal ocular milieu. Because of these com-

Another type of cataract formation involving the cortex of plications, other types of cataract surgery were adopted,

the lens is the development of small, round water droplets
and water clefts. Frequently, these alterations develop in the Extracaosular Extraction
peripheral portion of the lens that is masked by the iris. It is
only when the pupil is pharmacologically dilated (e.g., during Extracapsular cataract surgery obviated many of the con-
an ophthalmic examination) that these cataractous changes are cerns posed by the intracapsular techniques. This method has
observed. A particular type of cataract formation that affects several variants but, in principle, maintains a portion of the
the posterior cortical area is the posterior subcapular cataract. surrounding capsular bag. In this procedure, the anterior cap-
This opacification, when situated axially along the path of light sule (i.e., the portion of the lens capsule facing the pupil) is
from the external environment to the retina, is one of the most opened. This anterior capsulotomy then permits the contents
visually disabling, producing significant glare and reducing of the lens capsule (i.e., the nucleus and cortex) to be removed,
visual acuity in direct light. As a general rule, the type of When the nucleus is totally removed as a single structure, it is
surgical treatment of a cataract is similar, regardless of the called nucleus expression, and the technique is termed planned
type of cataract formation. extracapsular cataract extraction. Another method called pha-
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coemulsification removes the nucleus by fragmenting it with area surrounding the clear central visual field. A patient's vision
an ultrasonic needle. In recent years, phacoemulsification has becomes distorted unless he or she is looking through the
become the favored method for cataract removal. central portion of the lens. Patients often complain that images

Advantages of the extracapsular technique are related to jump in and out of the field of view. It is evident that, for the
maintenance of an intact posterior capsule. An eye with an patient with aphakia affecting both eyes, the quality of vision
intact capsule has greater internal stability and lower inci- is compromised unless these glasses are worn constantly,
dence of retinal detachment and cystoid macular edema. The Another alternative for aphakic rehabilitation is the use of
major consequence of the procedure, however, is that the contact lenses. Optically, this method has several advantages
posterior capsule can become hazy or opacified in the late over those of aphakic or cataract eyeglasses. Since the lens is
postoperative period. Epithelial cells in the equatorial zones applied to the tear film of the cornea, it is closer to the nodal
of the lens that are not removed during cataract surgery point of the eye and produces magnification of only about 8%.
proliferate, undergo metaplasia, and migrate along the cap- The image disparity between the two eyes of a person who
sule to reside in the axial zone of the eye. This reduces has had an operation in only one eye is much better tolerated,
vision, and an additional procedure is required to create an The aberrations of spatial orientation and visual field restric-
opening in the capsule. tions observed with cataract glasses do not occur. The basic

Another consideration in retaining the posterior capsule concern with the use of a contact lens involves elderly patients
and, if possible, even greater portions of the capsular bag, is who have not worn one previously and must now learn to
related to the implantation of lOLs. It was this aspect of visual manipulate and maintain it. This can cause problems for
rehabilitation that served as the major impetus to encourage younger patients as well. Problems inherent to the eye of an
ophthalmologists to adopt the extracapsular technique. older individual, such as dry eyes, blepharitis (an infection

involving the lids), and corneal degenerative conditions, also
limit the use of contact lenses. For example, if an elderly patient
has arthritis and his or her manual dexterity is impaired to
some degree, contact lenses can be difficult to deal with. Finally,
visual function is significantly limited when the lens is not worn.

VISUAL REHABILITATION Of THE APHAKIC EYE Although cataract glasses and contact lenses are optically
competent methods to focus light on the retina, the practicality

The lens is a major component of the light-focusing appara- of using either of them is less than desirable. The IOL has
tus of the eye. When the lens becomes cataractous, it reduces emerged as a solution to many of the failings of these other
the amount of light effectively reaching the retina and decreases alternatives. Implanting a lens within the eye, in effect, mimics
the quality of the visual image. The refracting power of the lens, the role of the human crystalline lens, Optical problems related
however, remains an inherent property, although its function to removal of the cataract of one eye, while the unoperated
is eroded by the visual distortion produced by lens changes. eye still sees, are resolved. Since the IOL is placed near the
Removing the cataract surgically creates an unimpeded passage nodal point of the eye, there are no problems related to image
of light to the retina, but these light rays are influenced basically disparity. The IOL will focus light on the retina when the eyelid
by the cornea and are still somewhat defocused. is open, and the patient does not have to manipulate it because

To achieve a clear retinal image, the natural lens must be it resides securely within the eye. IOL implantation is at present
assisted or replaced by another focusing device. Eyeglasses, the accepted method for rehabilitating the aphakic eye,
contact lenses, and lOLs have all been used to rehabilitate
the aphakic (lensless) eye. Each of these devices is capable of
focusing light to create a clear retinal image. However, there
are particular optical and functional considerations that favor DEVELOPMENT AND TYPES Of lOLs
the use of the IOL as the prime method for aphakic rehabili-
tation. Figure 1 illustrates some of the more common types of lOLs

The cataract eyeglass is a convex, high-plus lens that also and identifies their components. The first IOL was implanted
magnifies an image about 25%. This means that, if a cataract in 1949 and was termed the "Ridley posterior chamber lens."
extraction is performed on one eye and the patient's other eye It was made of poly(methyl rnethacrylate) (PMMA) and de-
is unaffected, there will be a differential in the image size signed to resemble the characteristics of the human lens. It had
between the two eyes that exceeds the compensatory ability two dissimilar radii of curvature, was biconvex in its shape,
of the brain. The patient will typically complain of an inability and weighed about 112 mg in air, making it an extremely
to fuse the images between the two eyes, will have significant heavy lens. To benefit from the support of an intact posterior
discomfort, and will often abandon the use of the eyeglasses. capsule, the IOL was implanted after an extracapsular cataract

These high-plus lenses also produce optical aberrations that extraction (Ridley, 1951). Although this original Ridley poste-
are disconcerting. A spherical aberration is induced, so that rior chamber lens restored visual function, problems related
straight lines assume a curved orientation. This has been termed to the weight and size of the implant, as well as its displacement
the '"pincushion effect." For example, sides of a doorway tend into the vitreous body, limited its usefulness. The fact that the
to bow inward rather than maintain their straight vertical IOL produced reasonable results when complications did not
orientation. The visual field is also restricted, mainly because ensue stimulated ophthalmologists to design other types of
of the appearance of a ring scotoma, a ring-shaped blurred lOLs.
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Typically, the Ridley lens was placed behind the iris and in lenses—the Binkhorst, Worst, and Fyodorov lOLs—had
front of the intact posterior capsule. This area, known as the PMMA optics and haptics made variously of nylon 6, nylon 66,
posterior chamber, offers several optical and mechanical ad- and polypropylene (Binkhorst, 1959; Fyodorov, 1977; Worst,
vantages. Despite the fact that early posterior chamber IOL 1977). Evidence that nylon sutures degenerated within the eye
implantation was abandoned shortly after its inception, it cur- contributed to the demise of this material (Kronenthai, 1977).
rently is the most popular type of IOL implantation. Other Later, polyimide was used as a haptic material to support a
sites selected for IOL implantation were the anterior chamber glass optic pupil-supported IOL (Barasch and Poler (1979),
and the pupillary space. The anterior chamber IOL relies on For short periods, some manufacturers used platinum—iridium
support of the peripheral iris structure and the collagen fibers or titanium haptics. However, these metal-loop lenses were
of the scleral tissue in the anterior chamber angle. The first heavy and caused lacerations of the iris, anterior chamber
anterior chamber lenses were very heavy and generally had hemorrhages, and corneal decompensation (Shepard, 1977).
three or four thick footplates that rested in the peripheral Pupil-supported lenses popularized the concept of IOL im-
anterior chamber (Strampelli, 1961; Choyce, 1958). Contact plantation. Although they were more difficult to implant than
between the thick PMMA footplates and the cornea caused anterior chamber lOLs, there were no problems with sizing of
corneal decompensation because the endothelial cells of the these lenses, thereby reducing the need to maintain a large
peripheral cornea were damaged, thereby compromising their inventory of lOLs. With the passage of time, however, late
barrier and pump functions. As much a problem with the corneal decompensation occurred, often necessitating corneal
designs of these implants was the problem of properly sizing transplantation and IOL removal. In addition, problems related
the diameter of the IOL to fit the dimensions of a particular to erosion of the iris, especially at the pupil border, developed.
eye {Moses, 1984). If the anterior chamber IOL was too long, At times, this condition mimicked that observed with anterior
it produced erosion into the iris and ciliary body, as well as chamber lOLs. Perhaps the most significant concern was the
corneal damage. If the IOL was too short, it would fail to be reliance on the pupil for support that not infrequently caused
supported properly, causing a propelling effect in the anterior IOL dislocation, either partial or total, when the pupil dilated
chamber, often damaging the anterior surface of the iris and (Obstbaum, 1984). Thus, despite an acceptance of this generic-
the corneal endothelium. style IOL, the pupil-iris-supported lens was supplanted once

A number of anterior chamber lOLs were developed later, the posterior chamber IOL wasl introduced,
each with features designed to obviate the problems of their Pearce modified the Ridley tripodal anterior chamber IOL
predecessors. However, even these newer anterior chamber for use in the posterior chamber. This was a solid, one-piece
lOLs produced the type of tissue erosion, hemorrhage, in- PMMA IOL (Pearce, 1976). Once again, as with the Ridley
flarnmation, and corneal decompensation seen with earlier an- posterior chamber IOL, the presence of a posterior capsule
tertor chamber IOL designs (Ellingson, 1978). These lenses was essential for implanting this lens. The two lower haptics
used finely looped haptics that were associated with micro- were placed within the capsular bag, while the superior haptic
movement in the anterior chamber angle, breakdown of the was sutured through the posterior surface of the iris. This lens
blood—ocular barrier, adhesions around the haptic, iris chafing, enjoyed good success in the hands of relatively few surgeons
and inflammatory symptoms. Although the lens optics were but, more important, served as a reawakening to the benefits
made of PMMA, the edges were not adequately polished. The of posterior chamber implantation. Shortly after this, Shearing,
haptics were fabricated from the kind of polypropylene used modifying a Barraquer anterior chamber lens, announced a
for suture material, or extruded PMMA (Apple et #/., 1987). new era of IOL implantation (Shearing, 1979). This lens had a
Problems with these anterior chamber lenses resulted in similar PMMA optic and two J-shaped polypropylene haptics designed
clinical complications and prompted their withdrawal from for placement behind the iris in front of the posterior capsule.
the market. This concept of IOL implantation achieved such success that

The latest anterior chamber lens designs incorporate one- further modifications of the initial design followed and resulted
piece PMMA technology, open haptics to impart greater flexi- in manufacturing techniques to create one-piece PMMA lOLs
bility, vaulting to lessen the likelihood of contact between the with flexible haptics.
posterior surfaces of the IOL and the iris, discrete points of
contact between the ends of the haptics and angle structures,
and excellent polishing and finishing of the surfaces and edges
of the anterior chamber lenses. Attention to modification in COMPLICATIONS Of POSTERIOR CHAMBER lOLs
lens design and fabrication has made the present generation
of anterior chamber lOLs acceptable. In recent years, more than one million posterior chamber

Following early dissatisfaction with the Ridley posterior lOLs were implanted annually in the United States, These lOLs
chamber IOL and anterior chamber lOLs, several surgeons have been significantly modified from the style of the original
used lOLs that were implanted in the pupil. These pupil- or Shearing lens. The haptics of these lenses are no longer the
iris-supported lOLs could be implanted after intracapsular or conventional J-shape but have evolved to a C-shaped, sorter
extracapsular surgery, did not rely on the anterior chamber configuration. Optic sizes have also been modified to accomo-
angle for support, and were readily centered in the visual axis. date newer techniques for cataract removal, and drilled posi-
Among the earliest designs were the Epstein collar button and tioning holes in the optic have all but disappeared. The finish
Maltese cross, which was later modified as the Copeland lens of these one-piece PMMA lenses is excellent, Yet, despite the
(Epstein, 1959). However, the more popular style of these technological advances in IOL manufacture, clinical complica-
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tions still exist, as discussed in the next section. Although the bleeding into the anterior chamber, and inflammation (Liep-
magnitude of these problems is relatively small, our goal is for mann, 1982; Nicholson, 1982).
a higher degree of excellence in this procedure, and therefore The iris chafing that developed with anterior chamber lOLs
we should strive to overcome these problems. While several was termed the "UGH syndrome" because of the components
of these complications are related to the surgical procedure, of uveitis (inflammation), glaucoma (high intraocular pres-
others arise from fabrication of the IOL and its existence within sure), and hyphema (bleeding into the anterior chamber)
a biologic environment. (Ellingson, 1978). The greatest incidence of this complication

occurred when a roughened edge of an injection-molded ante-
rior chamber IOL chafed the anterior surface of the iris as the

Dislocations or Malpositions of lOLs pupil normally dilated and contracted in response to physio-
„,, , i - • /^i I mon\ • • -c L. logic stimuli (Keates and Ehrlich, 1978). The edge defect corres-This complication (Obstbaum, 1989) is significant because ° , , , . ,. , . , ; . . . , , ,r i - i . cno/ L • L - L ponded to the site of introduction of the plastic into the mold,

recent surveys suggest that in about 50% of cases in which L,, . . . .. . . .. , .r . , , .
i i t/-»r t j - i 'he condition was remedied by polishing the edges of these

a posterior chamber IOL must be removed postoperatively, . «» ,* ,» - i f T^I T r i. . . . , , T _ T , .- . ~, one-piece PMJV1A anterior chamber lOLs. However, several
improper positioning of the IOL plays a significant role. There , , . . . . , , „. . . c, t . i t T/-VT i • • i years later, when multipiece anterior chamber lOLs with fane
are several types of posterior chamber IOL malpositions. In L I U - • j j i LI j r L.

1 1 1 t i i i j - i tubular haptics were introduced, t h e problem reemerged. Sub-
some instances, the problem can be managed by purely medical , , ,„., ,*, , ,

, ., . , . . . . . . sequently, these lOLs were removed rrom the market.
means, while in other cases surgical intervention, either to A i r c • • i r i /• • t i

. . . . , . , , , Another form of ins chafing—loss of pigment from the
reposition t h e implant o r remove it, must b e undertaken. . , , , /• i • • i j i

—, ,- . i , ,̂ ., , . posterior or back surface of the ins—was observed with some
1 he most common cause of posterior chamber IOL malposi- /• u • • j i™ t i i j «. i • j

, r L i L • T-I • °f the ins-supported lOLs because the haptics rested behind,
tiomng is asymmetric placement of the lens haptics. This gener- „ . 5 , . . . „ , , , . , . ,
„ i , . . , j . , . , , , as well as in front of, the ins. Only rarely did these changes

ally occurs when o n e haptic is placed within t h e capsular bag, - 1 1 i i • i i
, ., , i • i j - J i_ i_ ii • i occur progressively enough to cause pathologic damage to the

while the other is placed outside the bag, generally in the /r> ,.. , .„, . iri;T-is x* -r • i
, , . j , . . ,vrl c, . r i i eye (Ballin and Weiss, 1982). More significant pigmentary uis-

region behind the iris, when fibrosis of the capsule occurs ' . , . , - i f T^i • u i
. . . r , , . . , . , , persion occurred with posterior chamber lOLs, especially those

postoperatively, it exerts a force on the haptic within the bag, r . 1 - 1 n j - i - i i - j i
, . , , , . - j i i j i i i implanted in t h e so-called ciliary sulcus, t h e area outside t h e

while the haptic outside the bag does not have an equal and r . . _. ., . . ,
, , . ~, , , -n i - r • capsular bag. These cases were manifest as pigment lost from

opposing force exerted upon it. The lens implant will shift in , . . . . . . i /• » i !
, , . . r i i /• f i • i the posterior iris, either over the ends of the polypropylene

the direction of the lesser force, frequently causing only a , r . . , . . . . . , , \ t \ •
, , . , • i • / -\ r\\. haptics or in the midperipheral ms from the edge of the optic,

portion of the optic to be within the pupil. Other consequences ™, c ,. , . r r . ° . r

f t . f t • • i • - i j - u Ihese f a n d m g s , which were exaggerated with posterior charn-of this type of malposition may result in an optical disturbance , , , . . . °P n , r ,
, l _ i • • j J - L u -i ber lenses that were planar in design, reflected contact between
because the lens optic is decentered with respect to the pupil. . . . . . «/,»,. T/-vT T - , j-

. , /- j - i - • • j - i • i iris tissue and the PMMA IOL. In some instances, these condi-
Another type of dislocation is associated with surgical . . . . , . . .„

, , . , . . / , , , tions were asymptomatic b u t demonstrated iris transillumma-
trauma that results in disruption of the zonular support of , , ;. r . . . . ,, , , ,
, I L T I . - i - • i i tlon defects (i.e., areas where hght reflected from the retinathe capsular bag. In this complication, zonular weakness or . .. . , . . . . . ,° , . T . , *nnA,
, j- ., , TJT , . , n j- i was visible through the iris detects) (Johnson et al.. 1984).

absence fails to support the IOL, which eventually dislocates „ , . °, , . T T ^ - r T i /
, , , , . , , ,^.T Other cases showed components of the UGH syndrome, only

into the vitreous so that only the superior aspect of the IOL . , . . . r . . . , r ' . ,,
. . . j - i -i -i-i • i u j i n in these instances with posterior iris chafing and, in a smalleroptic is observed in the pupil. This has been termed the sunset , , ,. . . ., . , „
, „ , r ,. , . , „ number of cases, a condition known as pigmentary glaucoma

syndrome and represents a type of dislocation that usually , . i ,» , i i r>o^ r i i vJ T. i • i ^ n o r \3 . • , • • ^Tu •* u u T^T developed Masket, 1986; Samples and Van Buskirk, 1985).requires surgical intervention. Other situations where the IOL « • • • ! / * • • -,- • I/^T
j. , • i • \ - i - L U - Posterior iris chafing remains a significant concern in IOLmay dislocate mfenorly or posteriorly occur with the mtraoper- . , „ r , . . . , ,

/• i • i u • L L implantation. Current implantation techniques favor capsularative rupture of the posterior capsule, which may not be recog- , r, -.. . . , , , . . . r ,
I bag IOL implantation that sequesters the lens within capsular

™, , r i • • • r • tissue to reduce the area of potential contact between the IOL
These are the major causes of malpositiomng of posterior i i • • T T i t

, , , ~, , , \_ r and the ins. However, even under this circumstance, a portionchamber lenses. There are other lesser causes that are often , , „. ,. .. ... . . . . . . JT.
, , i - , • • T,, or the PMMA will come into contact with the ins. There is

of more cosmetic concern than physiologic importance. Ihe , .., . „,„,,. ,- , ,
. r , j i • i r i L • a need to modify the PMMA surface or to develop newermajority of these are managed by either careful observation , . . . . ' . . . .. . *
,.' , , T i £ L • biomaterials that can lessen this complication.or medical therapy. In the past few years newer techniques to *

ensure IOL placement have reduced the incidence of these oc-
currences.

Inflammation

Ms Chafing Ocular surgical procedures produce inflammation (Obst-
baum, 1984). This is an acknowledged short-term complication

This complication has occurred with every type of IOL and of surgery and is related to disruption of the blood—ocular
reflects an undesirable interaction between plastic and ocular barrier. Inflammatory mediators are released at the time of
tissue. The iris- or pupil-supported lOLs caused erosion of surgery. Their actions are generally transitory and can be amel-
the pupil sphincter as the haptic rubbed against the pupillary iorated by steroidal and nonsteroidai anti-inflammatory agents,
margin. This clinical finding was often totally asymptomatic. After the early postoperative period of surgically induced in-
In other situations, the edge of the haptic chafed the anterior iris flarnmation, some eyes continue to demonstrate low-grade in-
surface, resulting in disturbances of the blood-ocular barrier, flammatory signs. Often, there is deposition of cellular material
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on the surface of the implanted IOL, and adhesions can develop capsular opacification will decrease, but so will the desired
between the iris and the IOL. The clinical importance of late stabilizing effect. We will then require lens designs that main-
inflammation is that it may lead to corneal and retinal compli- tain the IOL in its proper position independent of capsular fi-
cations (Obstbaum and Galin, 1979). Moreover, signs of in- brosis.
flammation indicate compromised biocompatability and dis-
turbed physiology. If their is a mechanical basis for this altered
relationship, such as previously described, correction of this
condition by mechanical or surgical means is indicated. In some KtttN I AIJV/%Nt.ti
cases, the cause is not readily identified, and IOL removal
might be required, One-Piece PMMA lOLs

Inflammation reflects an organism's response to noxious „. . . , • r ,»*»*A I^T
. . . . - .. ,~ , i™ • j i There is a growing trend to use one-piece PMMA lOLsstimuli in its environment. Although an IOL is composed of . . . ° . ° . , . . . r . , ,

, . • i L • j u • • • c rather than three-piece designs, which use optics made tromplastic material that is presumed to be inert, it is a foreign _. .. ,, . . . . f . . r ,
f i i i -a TT- *. c i~• PMMA and haptics made from either polypropylene or ex-bodv that evokes an inflammatory response. The extent of this . ,„,.,,, , ^.. ^ 1 1 • f , , , . ,

.,, , j. L - i r i j truded PMMA fibers. The haptic materials in three-piece de-reaction will vary, depending on mechanical factors related . . . , - , , , , , ,.ff , t \ t
, j - i • • r • a signs, although widely used, behave differently from those ofto the surgery and implantation, activation of inflammatory ^ '. , ° _ ' ' , . . } .
,. i • u • u .. • n . . u u - one-piece lenses, for example, surface cracking occurs on poly-mediators, and protective mechanisms that influence the bio- , . . „. - i t i i • i

, - , i f i . , , , ,T \. - i i ^ i i no -> \ propylene haptic fibers, especially when placed against uveallogic behavior of the implanted lens (Tuberville et al., 1982). r . ' , . , , . , , . • t « • •
^ „ i • i e i • ^ t T™ ,-u 4. tissue, which may represent biodegradation by hydrolysisOur concerns center on design and fabrication or lOLs that ,_ „„„„ , . , 1 1 . ,. , ,

, , . , i - . - , , . (Drews, 1983). Also, these haptics display a tendency to perma-reduce mechanical trauma and irritation, surgical techniques x . ' , ' . , / , \ . . / . \
. . . i Tr>.T nently deform owing to t he force o f t he tissues within t he eye,that minimize latrogenic trauma, ways to render lOLs more . . , ,, ,. , . T _ T .„ , T, .

, . . , , j L j * . ^ T/^T -4-u- u shortening the overall diameter of the IOL (Drews and Kremer,biocompatible, and methods to sequester the IOL within the ^n-^ -m • *• • i - • n i
1987). 1ms hnding is clinically relevant in the surgery for a
malpositioned IOL. In addition, because the haptics in three-
piece designs are inserted into drill hole sites in the optic, areas
are created that are potentially rough and irregular and require

Capsular Opacification greater attention to quality control and finishing. On the other
r: ^ , 4. 4.- «. • • ». 4. • hand, one-piece IOL fabrication offers the advantages of pre-Lxtracapswlar cataract extraction retains an intact posterior I T / - M T n c 111 i - i i f \

, r , • r j L i cisely made lOLs, excellent surfaces, highly polished lenses, andcapsule, a portion of the anterior capsule, and the lens equator. . . . . ' . . ' . ,„ , .„„„,
. • , i -i i iU • . r . i ,. , i, i haptics that resist permanent deformity (Hansen et at., 1988).As previously described, there is a region of epithelial cells that r r ' '

proliferate and migrate along the posterior capsule. When this
occurs to a significant extent, the visual axis is obscured and
results in reduced visual acuity (Obstbaum, 1988). Since some WSCOClastlC Agents

degree of capsular opacity frequently develops, this event is Viscoelastic agents are a class of materials that were initially
considered to be a consequence rather than a complication of used in anterior segment surgery to protect the corneal endothe-
extracapsular surgery. jmm ^en pupil-supported IOL implantation and intracapsu-

Several ways to reduce the incidence of capsular opacifica- lar surgery were perforrned. These agents are used to occupy
tion have achieved moderate success, but at best, they only spac^ coat and protect tissue5 move tissues Wlthin the ey£) and

retard the progression of opacification. Complete inhibition of prepare and expand the capsular bag for precise IOL place-
cellular metaplasia and migration, however, has not yet been ment Wkh the development of extracapsular surgery and pos-
accomphshed, although promising work using monoclonal an- terior chamber IOL implantation, viscoelastic materials have
tibodies directed against lens epithelial cells is being investi- became useful tools to facilitate delicate IOL surgical maneu-
gated. At present, it appears that placing PMMA firmly against vers (Obstbaum, 1987). New preparations of these agents are
the posterior capsule slows the rate of posterior capsule opaci- being formuiated in response to emerging demands,
fication related to epithelial proliferation but not that caused by
fibrosis (Lindstrom and Harris, 1980; Downing, 1986; Sterling
and Wood, 1986; Sellman and Lindstrom, 1988; Hansen et Surface MotHflfjrtion
al., 1988). IOL designs that accomplish this type of apposition
are those with biconvex and reverse optics. There is further Surface modification of lOLs offers an effective means to
evidence that angulated haptics that push the posterior surface alter biological interactions with a particular material and to
of the optic more tightly against the posterior capsule enhance produce a device that approaches biological inertness and com-
this effect (Downing, 1986). It has also been suggested that patibility. Studies have demonstrated that the interactions of
capsular bag implantation of the IOL retards capsular opacifi- corneal tissue and PMMA relative to surface adhesiveness and
cation, perhaps by contributing to the barrier effect. endothelial damage are considerably lessened by surface modi-

A benefit of fibrosis in the peripheral region of the capsular fication (Yalon et al., 1983). Other studies have shown that
bag is that it; keeps the IOL in position. Although fibrosis is surface-modified PMMA lOLs produce less iris tissue damage
associated with capsular opacification, an undesirable effect, and pigment dispersion, (Hofmeister, 1988; Burstein, 1988).
it also helps retain the stability of the IOL. If a method evolves Clinical studies to confirm the findings of laboratory investiga-
that completely removes the epithelial cells, the incidence of tions are continuing.
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Sma// Incision Surgery benefits afforded by the IOL. We believe that over time this
operation will become even safer and more effective, and the

Extracapsular cataract surgery, either by planned extracap- IOLs of the future will more dosejy match the origjnai physiol-
sular techniques or by phacoemulsification, achieves satisfac- ogy of the eye New designs, surface modifications, and newer
tory visual results. Over the past 7 years there has been a materials will all be seen. The challenges provided by these
progressive trend toward using phacoemulsification for cata- tasks should stimuiate exciting new advances in the field of bio-
ract removal, although planned extracapsular procedures are materials
still performed by many ophthalmologists. Phacoemulsification
permits cataract removal through an incision that is approxi-
mately 2/3 smaller than with conventional extracapsular sur-
gery. The benefits of small incision surgery include mechanical BlbllosrAohv
stability of the incision, rapid return to normal activities, and
rapid visual functional rehabilitation. With advances in the Apple, D. J., Brems, R. N., Park, R. B,, Norman, D. K. V., Hansen,
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stream from the heart. This problem stimulated development the hip joint, which has evolved from clinical experience with
of a better curing protocol for the silicone rubber materials, fractured stems in human implants to computer-aided design
which are still the material of choice for ball-in-cage heart and manufacturing techniques.
valves,

TESTING OF MATEWALS FABRICATION

Even if the materials are perfect for the application, and the
Another potential cause of failure could be that the m vitro ^ are appropriate and the design is adequate, the fabrication

or in vivo material evaluation tests which are carried out do not process can introduce defects or contaminants which can lead
adequately test for the actual end-use conditions. In addition, to failufe A famous example m ̂  cage is Ae wdd in Ae

certain tests may have been neglected or overlooked since the fijork-Shiley stent on the tilting disk carbon heart valve. The
problems encountered later were not anticipated. Furthermore, wdd Qn the mml st£nt faUed m SQme cases becaus£ of defects

there may be physiologic responses for which appropriate tests introduced during the weld fabrication process,
are not available and this could also eventually lead to failure
because of a lack of important information in screening and
selecting the materials. One example is the occurrence of stroke
with artificial heart patients, due to emboli thrown off by the STERILIZATION METHOD
artificial heart itself. It is difficult to design a meaningful test
for this event, whether in vitro or in vivo in an animal model. £ven if aU of these factors haye bem adequately controued
Another example is the (unanticipated) potential for a sigmfi- and are appropriate to the end u^ the method of Sterili2ation

cant immunogemc response, such as has been implicated m could introduce probiems from mcomplete sterilization or
some patients with a sihcone gel breast implant. damage of the material dunng steriHzation. There are a number

of serious limitations that certain materials place on steriliza-
tion conditions. For example, the intraocular lens cannot be

DESIGN irradiated since it introduces coloration in the lens, nor can it
be heat sterilized because the shape (and optics) of the rigid

The next issue which arises is the design of the device itself. poly(methyl methacrylate) (PMMA) lens would change above
There are a multitude of designs for heart valves, each one the §lass transition temperature of the PMMA. Ethylene oxide
supposedly having a specific advantage over the others. Clearly, also cannot be used in a number of cases because of solubility
the design of a heart valve is extremely important for the within and/or reactivity with the biomaterial These limitations
successful functioning of such an implant. In another example, are sometimes so severe that the sterilization protocol may
in the early days of vascular grafts, parachute materials were not adequately sterilize the device. Incomplete sterilization, of
sewn together longitudinally and implanted. The sewing course, can lead to infection and failure,
threads along the length of the implant acted as sites for throm-
bus formation and embolization. Clearly that early design was
inadequate. Another example is design of the femoral stem in -rrfm.!*- *>r mm * *»•

TESTING Or IMPLANT

After the device has been designed and fabricated and steri-
lized, a number of biologic tests are normally used to gain

TABLE 2 Potential Contributory Causes of more information for eventual regulatory approval and intro-
Implant or Device Failure duction of the device into the clinic. In this case there are a

number of in vitro and in vivo tests which are possible candi-
Materials dates for testing the finished device or implant. Once again,

In vitro and in vwo tests on materials as in the tests °n the matenais themselves, the in vitro and m
. vivo tests on the final device or implant (or in some cases, a

prototype model) could be poorly chosen, or key tests could
Fabrication be overlooked, or the animal model used may not be appro-
Sterilization method priate. In the case of the animal model, there have been continu-
ln vitro and in vivo tests on device or implant ing arguments over the past 20 years among biomaterials scien-
Manufacturing, packaging, shipping, and storage tists as to whether the dog is an appropriate animal model for
,,,. , , ... blood interactions, especially since dog platelets are so much
Clinical handling .. /• . ,- i i

more adherent to foreign surfaces than are human platelets.
Surgical procedure Nevertheless, the dog is still the major test animal of choice,
Patient mainly because of availability and cost. Sometimes an inappro-
' Abnormal" biological responses priate animal model may be used, or animal studies may be
. limited due to animal welfare issues.
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PACKAGING AND SHIPPING ABNORMAL RESPONSES

Then, even if all of the processes described have been ade- The previous example leads to the last item in Table 2, for
quate and appropriate, the device must be manufactured, pack- situations when there may be "abnormal" biological responses
aged, stored, shipped, and stored once again. As in the fabrica- due to events which were not observed previously (and which
tion of the test devices, contamination or degradation can be probably could not be tested for, in most cases). This cause
introduced during these steps. Transdermal drug delivery of implant or device failure is related to an "abnormal" or
patches have to be carefully protected so the drug does not "skewed" physiologic response in a large population of pa-
Seak out of the device. In all medical devices and implants, tients. Every device will have a certain "failure rate" based on
packaging and storage are very important, and contribute to normal population statistics, even if each implanted or inserted
a limited shelf life for many biomedical products. Packaging device is always exactly the same as every other device. Never-
and storage are also critical issues for the condom since most theless, such events can be very unfortunate for the rare patient
condoms are made from natural rubber, which is sensitive to who encounters such unexpected responses. Furthermore, the
oxygen and can degrade in the package during storage on legal consequences can be serious for any one (or all) of those
the shelf. who were involved in each step listed in Table 2, from the

materials manufacturer to the clinical user. Nevertheless, such
"abnormal" events can lead to useful changes in one or more
of the steps listed in Table 2, which can be useful (perhaps
even life-extending) for the majority of "normal-responding"

CLINICAL HANDLING AND SURGICAL PROCEDURE patients. Finally, it should be recognized that the "experimental
animal" in this last cause of failure is the human. This entire

The next critical issue, specifically for implants or devices ethical-legal issue is beyond the scope of this chapter, but it
used clinically, is handling by surgical assistants and how the cannot be 18nored b7 the biomatenals scientist or engineer.
device is brought into contact with the patient's organs or In summary, this short chapter is meant to indicate the wide
tissues (e.g., insertion, connection, or implantation). This is a range and diversity of things that can contribute to the failure
critical step, because even if the implant is made of the appro- of a medical device or ^plant. It is important to realize that
priate materials, which have been properly designed, fabn- the material is not always the cause of failure, but the materials
cated, sterilized, tested, manufactured, packaged, shipped and scientist or engineer can play a major role in ensuring the
stored, the "moment of truth" will be the moment the package success of a device or ""plant.
is opened and the device is handled and eventually implanted
in or contacted with the patient's organs or tissues. Thus han-
dling in the clinic up until the implantation and/or the connec-
tion of the device to a patient (e.g., for insertion of a catheter
or for extracorporeal blood treatment) can have a significant 9.7 CORRELATION OF MATERIAL SURFACE
impact on the eventual success or failure of that implant or PROPERTIES WITH BIOLOGICAL RESPONSES
device. The surgical procedure is similarly critical because of D j j r> » *
, .. ... &,. v , . ,. . . . . , Buddy D. Ratner

the possibility or introduction of bacteria during contact with
the patient, and eventual infection.

Physical or chemical measurements that can reliably predict
the in vivo biocompatibility of biomaterials have not yet been
identified. It would be ideal, when considering a new material
for medical applications, to use a spectroscopic technique to
measure the composition, and, from that physical measure-

•rur nATirKi-r ment, to predict how well the material will work in a particularlilt "AIItlNI ,. . . . , . . ,- - i i
application. Animal experiments are expensive, of questionable
value for predicting performance in humans and raise ethical

Another cause of failure is related to the patient. The patient issues (see chapter 5.5). Human clinical trials are very expen-
can abuse or misuse the implant, or can exhibit an unexpected sive and also raise ethica} issues Can we predkt or prescreen

"abnormal" physiologic response. One example of such abuse in vivo or in vitro performance from measurements of surface
could be a hip implant patient who physically exercises exces- and other pr0perties? This chapter examines this question and
sively before complete healing, which could cause a loosening offers SUggestions for future exploration,
of the implant. An example of misuse could be rough handling
of a condom which causes a rip or pinhole to form. In terms
of an "abnormal" physiologic response, one must remember
that, similar to drug responses, there will be a dose-response BIOCOMPATI1ILITY AND PERFORMANCE OF
type of curve for every implant or device. For example, a MEDICAL DEVICES
silicone breast implant may affect a very small fraction of the
population in an unexpected and undesirable way, relative to A reexamination of definitions is appropriate at this point.
the great majority of the women receiving the implant. The "biocompatibility" of a medical device can be defined
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FIG. I. The relationship between data and information.

in terms of the success of that device in fullfilling its intended These issues are addressed in working through important con-
function. Thus, the blood filtration module of a hemodialysis cepts in correlating material properties with bioreaction.
system might be defined by its ability to appropriately frac-
tionate soluble blood components, its robustness over its
intended lifetime, and its nondamaging interaction with the DATA, INFORMATION, AND STATISTICS
patient's blood. Alternatively, we can define a "blood compat-
ibility" for the membrane, a "blood compatibility" for the . . . . . ,
... , , , , « , , , .,.,. „ c' , , Laboratory experiments lead to the acquisition or data from

sihcone rubber header, a blood compatibility tor the tub- . . / , . ,, . , . , 1 , . ,\ c. ,
t m , , j r • - u - 1 - » r L the testing of the properties (biological and physical) onmplant

ing, and a blood and soft tissue compatibility tor the • , r \ \ - \ \ e0 , 1 1 1 materials. Frequently w e a r e presented with columns of num-
percutaneous connection between t h e apparatus a n d t h e . 1 ^ - 1 1 i • <• 1 1

• , 1 1 j c- -i i r u - • • u • bers or a plot. Staring at these numbers or plots is often unhelp-patients blood stream. Similarly, for a hip joint prosthesis, we /• , • j j- i . j IVTI n
,. i / • • r i j • • • tul in understanding the system under study. What we reallycan discuss the fatigue resistance of the device, its corrosion . . . , / • , . / - ,

, ,. ., . r r j , , desire is not data, but useful information, about our system,resistance, the distribution of stresses transferred to the bone . . . . . . . . . '. . '
, i j . . , . , , , .... .j j , , This idea is illustrated in rig. 1. Correlation is one way to
by the device, the solid angle of mobility provided and the . . . . . . . ° , . '

„ , , j . . . reduce data so that it yields information,
overall success of the device in restoring a patient to an '
ambulatory state. The performance of a hip joint prosthesis
might also be couched in terms of the tissue reaction to the Correlation
bone cement, to an uncemented titanium prosthesis stem,
and to the acetabular cup. In the first case, the performance Correlation is a tool in statistical methodology that is useful
of a whole system (device) is assessed, and in the second for analyzing data so as to appreciate its variation and its
case, the biological reaction to specific components of the significance. A general introduction to statistics is not pre-
device (biomaterials) is examined. The difference between sented here, but every student of biomaterials science should
the consideration of the whole device and the materials that be versed in these mathematical tools. A few useful, general
comprise it is a critically important point. In certain contexts, books on statistics as applied to scientific problems are
only the performance of the complete device is defined as Bevington (1969), Mosteller and Tukey (1977), and Anderson
biocompatibility. This definition can be inferred from the and Sclove (1986).
U.S. Food and Drug Administration policy that only complete A correlation is a dependence (i.e., a relationship) between
devices, and never materials, receive "approval." The perfor- two or more variables. It does not necessarily imply cause
mance of the individual materials is referred to sometimes and effect. For example, most people walking with open
as "biocompatibility" and sometimes as "bioreaction." This umbrellas will have wet feet. However, in this situation, it
is a book on biomaterials, so it is appropriate to focus on is obvious that umbrellas do not cause wet feet. We have a
the materials. "Bioreaction" is a much simpler word than high correlation, but it misses the controlling factor (causative
"biocompatible," and this term will largely be used here. factor) in this example—the rain. Thus, we can propose
Bioreaction is discussed here and defined by example. that A (the umbrella) causes B (wet feet), B causes A, they

Toxicology assays, often inappropriately referred to as "bio- cause each other, or they are both caused by C (the rain).
compatibility assessment," were presented in Chapter 5.2. We cannot prove causation, but it can be strongly suggested.
These assays deal with measurement of substances that leach Often, where correlations are observed, the causative factor
from materials, most of which will induce some cell or tissue is obscured, and so we have data but little useful information,
reaction. Such assays are discussed here because the published Where relationships are established between a dependent
correlations are clear, interpretable, and measurable. If we variable and an independent (or explanatory) variable, this
concentrate on bioreactions to implanted materials that do is referred to as regression analysis.
not intentionally leach substances (i.e., most biomaterials), the It may be more productive to look at this problem in terms
surface properties immediately assume a high profile as the of calibration and prediction. Calibration in a practical (e.g.,
prime candidate to control bioreaction. However, hardness, analytical) sense has been defined by Martens and Naes (1989)
porosity, shape, and specific implant site are also important. as the use of empirical data and prior knowledge for determin-
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TABLE 1 Some Bioreactions1*

Protein adsorption Macrophage adhesion

Protein retention Phagocytosis

Lipid absorption Macrophage release

Bacterial adhesion Neutrophil attachment

Platelet adhesion Biodegradation

Hemolysis Angiogenesis

Platelet activation Cell spreading

Expression of; new genes Fibrous encapsulation

aThese reactions are commonly observed with implant
materials. However, their relationship to "biocompatibility"
is not direct.

ing how to predict unknown quantitative information, Y, from
available measurements, X, via some mathematical transfer
function. This could be as simple as plotting Y versus X and
using a least-squares fit to deal with modest levels of random
noise, or as complex as a multivariate calibration model to
accommodate noisy data, interferents, multiple causes, nonlin-
earities, and outliers. Multivariate methods are elaborated
upon toward the end of this chapter.

Aspects of the Bioreaction to Biomaterials

Bioreaction, a process related to, but more general than,
"biocompatibility," can have many manifestations. Some of
these are listed in Table 1. A bioreaction is most simply defined
as response observed upon the interaction of a material with
a biological sysem or system containing biomolecules. Can
simple measured physical properties of materials be correlated
with bioreactions? There are many examples where this is
indeed the case. Table 2 lists some of the surface physical
measurements for materials that one might hypothesize as in-
fluencing bioreaction or biocompatibility.

TABLE 2 Physical Parameters of Biomaterial Surfaces That
Might Correlate with Bioreactivity

Wettability Subsurface features

Hydrophilic/ Distribution of functional
hydrophobic ratio (receptor sites)

Polar/dispersive character Modulus

Surface chemistry Hydrogel (swelling)
Specific functional groups character

Surface electrical Mobility
properties Adventitious contamination

Roughness/porosity Trace quantities of groups

Domains of chemistry

FIG. 2> A hypothesis for a minimum biointeraction for surfaces with critical
surface tensions around 22 dynes/cm.

THE CASE FOR CORRELATION—A BRIEF REVIEW OF
THE LITERATURE

An early and influential paper demonstrating that physical
measurements might be correlated with observed reactions to
biomaterials concerned data extractable from biomaterials
(Homsy, 1970). Many materials were examined in this
study. Each was extracted in a pseudoextracellular fluid. The
extract was examined by infrared (IR) absorbance spectroscopy
of hydrocarbon bands that are indicative of organic com-
pounds. A strong, positive correlation was observed between
the strength of the IR absorbances and the reaction of the
materials with a primary tissue culture of newborn mouse heart
cells. This paper was important in scientifically justifying in
vitro cell culture analysis for screening the toxicology of bioma-
teriais, and for reinforcing the principle that biomaterials
should not unintentionally leach substances.

In the early 1970s, Robert Baier and colleagues offered an
intriguing hypothesis concerning surface properties and biore-
action that continues to stimulate new experiments to this
day {Baier, 1972). This hypothesis is based upon interfacial
energetics of surfaces as measured by contact angles, and sug-
gests that materials with critical surface tensions (see Chapter
1.3) of approximately 22 dynes/cm will exhibit minimum bio-
reactivity (Fig. 2). Support for this hypothesis has been gener-
ated in a number of experiments spanning many different types
of biointeractions (Baier et al., 1985; Dexter, 1979). However,
in a larger number of cases, this minimum has not been ob-
served, raising questions about the generality of this concept
(Neumann, 1979; Yasuda etal, 1978; Mohandas etal., 1974;
Lyman, 1970; Chang et al, 1977).

Some of the clearest biointeraction correlations have been
observed in simple, nonproteinaceous media. Linear trends of
cell (mammalian and bacterial) adhesion versus various mea-
sures of surface energy have been noted (Chang et al, 1977;
Neumann et al, 1979; Yasuda et al, 1978; Mohandas et al,
1974). For example, Chang and co-workers (1977) found that
the adhesion of washed pig platelets to solid substrates in-
creased with increasing water contact angle, a parameter that
generally correlates well with solid surface tension. It is interest-
ing that these simple linear trends often vanish or diminish if
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FIG. 3. A correlation between baboon platelet consumption as measured in
an ex vivo shunt system and hydrogel water content (From Hanson et al,, 1980,
used with permission.)

protein is present in the attachment medium (Neumann et al.,
1979; Chang et al, 1977; van der Valk et al., 1983). More
complex surface energetic parameters have also been explored
to correlate bioreaction to surface properties (Kaelble and
Moacanin, 1977).

Correlations between material properties and long-term
events upon implantation are less frequently seen in the litera-
ture. However, some important examples have been published.
The baboon A-V shunt model of arterial thrombosis has yielded
a number of intriguing correlations (Marker and Hanson,
1979). Using an ex vivo femoral-femoral shunt, this model
measures a first-order rate constant of platelet destruction in-
duced by the shunt material (the units are platelets destroyed/
cm2 • day). The values for this surface reactivity parameter are
independent of flow rate (after the flow rate is sufficiently high
to ensure kinetically limited reaction), length of time that the
reaction is observed, blood platelet count, and surface area of
the material in contact with the blood. In one experiment, a
series of hydrogels grafted to the luminal surfaces of 0.25-
cm i.d. tubes was studied (Hanson et al., 1980). The platelet
consumption (see Chapter 5.4) was found to increase in a
simple, linear fashion with the equilibrium water content of the
hydrogels. This correlation, illustrated in Fig. 3, is particularly
intriguing because the hydrogel materials studied were amide-,
carboxylic acid-, and hydroxyl-based. The only clear, correlat-
ing parameter was equilibrium water content. In another study,
the platelet consumption of a series of polyurethanes was ob-
served to decrease in a linear fashion as the fraction of the
polyurethane Cls ESCA surface spectrum that was indicative
of hydrocarbon moieties increased (Hanson et al., 1982).

A material parameter that lends itself to correlation is rough-
ness or surface texture. Roughness is readily measured using
a scanning electron microscope, a profilometer, or an atomic
force microscope (see Chapter 1.3). Relationships between
roughness and blood hemolysis (Wielogorski et al., 1976) or
thrombogenicity (Hecker and Scandrett, 1985) have been re-
ported. Textures and roughness are also extremely important
to the fixation of materials into hard tissue and to the nature
of the foreign body response observed (Brauker et al., 1992;
Thomas and Cook, 1985; Schmidt and von Recum, 1991).

A complication in the use of roughness parameters is a dif-
ferentiation between porosity and roughness, and also an ap-
preciation of the difference between the average feature ampli-
tude (often called Ra) and the nature of the roughness (e.g.,
are rolling hills and jagged rocks of the same height also of
the same roughness? See Fig. 4).

Clinical results correlated with material properties are rare,
in part because materials used in clinical studies are generally
not fully characterized. However, a few such studies have been
published. For example, the wettability of rigid gas-permeable
contact lenses was correlated with the discomfort of subjects
and a predictive trend was noted (Bourassa and Benjamin,
1989). Catheters that are used in humans were evaluated in a
test system closely simulating clinical application (Wilner et al.,
1978). The catheters were classified into three groups related to
their probable success, but clear relationships with surface
properties were not discerned. The complications in performing
control studies, the difficulties in assembling a sufficiently large
experimental population, and the complexity of the materials
(devices) and the human biology make clinical correlation a
difficult problem.

ISSUES COMPLICATING SIMPLE CORRELATION

It should be clear by now that, although many correlations
have been noted, there is considerable contradictory evidence
about what the correlating factors are and the nature of the
correlations. Also, in many systems, no correlations have
been noted.

The most widely used correlating factor has been surface
energetics, possibly because contact angles can be readily mea-
sured in any laboratory. Surface energetic parameters all relate
back to the second law of thermodynamics and it is well estab-
lished that the interactions of simple colloidal particles can be
modeled using thermodynamic and electrostatic arguments. If
living cells are treated as simple colloid particles with fixed
mass, charge density, polar forces, and hydrophobic interac-
tions, thermodynamic (energetic) modeling may be appropriate
(Gerson and Scheer, 1980; Fletcher and Pringle, 1985). How-
ever, living cells most often cannot be viewed as "hard, charged
spheres." Living cells can change their surface characteristics
in response to surfaces and other stimuli. Also, specific (e.g.,
receptor) interactions do not lend themselves to this simple
thermodynamic modeling. For example, two surfaces, with
similar immobilized peptides (and hence essentially the same
surface energy) may interact very differently with cells, if one
of the peptides represents a minimal recognized sequence for
the cell-surface receptor. This was observed with fibroblast cell
attachment where an immobilized peptide containing an RGD
unit (arginine-glycine-aspartic acid) and a closely related immo-
bilized peptide containing an RGB segment (where the E indi-
cates glutamic acid) were compared (Massia and Hubbell,
1990). The RGD peptide was highly active in inducing cell
spreading while the RGE peptide was not. Finally, the nature
of the correlations may be multivariate rather than univariate.
This concept is discussed in the next section.
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MULTIVAR1ATE CORRELATION from 3 to 2. Similarly, a 4-D data set can be projected (by a
computer) into a 3-D space. Thus we have a data representation

We are trained throughout our science education to appreci- we can visualize in order to look for trends. This dimensionality
ate cause-and-effect correlations. For example, if the tempera- reduction is readily performed by computers using standard
ture of a solution is increased, the reaction rate of two reactants lmear algebraic methods The number of dimensions that the

in the solution will increase in some relatively simple manner. J^T* ̂  '*' ^^ PurPoses' un~
Unfortunately, many systems, particularly the multicomponent _, . . . . . , , , ,

£ e j • i • • i i s There are many multivanate statistical algorithms useful torsystems so often round in biomatenals science, have competing . . , _; . .. . , f. , .„ .
. i j j i_ L / u j analyzing data. I hey are sometimes divided into classificationreactions that are dependent upon each other (e.g., the product ,} , , . , 1 / 1 i • , j ^ j <- i

f . • a \. r L • \ methods (also called cluster analysis methods) and factor analy-
of one reaction may influence the rate or another reaction). . , , ,,. ,,. -,no-r\ Xi -c • i. j c j •_., , • i i • i - i i sis methods (Melhnger, 198 7). Classification methods nndsim-
Thus, we do not see a simple relationship, but rather, many . . . . . f, . , , ,. ,
. . . . . r , _ r .. . . ' ilanties in groups of data points and arrange them accordingly,

things changing simultaneously. Our eye cannot discriminate c , . •> j , j , ' r ^ •
, i i , , - i • t, ,, i- i • • i Factor analysis methods take data and transform them into

the key trend(s) in this stew of changing nurnenc values. ngw «factors» that are linear combinations o£thc original data.
Multivanate statistics is a class of statistical methods that looks fa ^ way ̂  dimensionality of the obkm is reduced> Factor

for trends, patterns, and relationships among many variables. ana}ysis methods that afe use£ul for mukivariate correlation
Also, where contemporary analytical instrumentation produces wkh data gets such as are acquired in biomaterials research

large amounts of complex (e.g., spectral) data, multivanate include principal component analysis (PCA) (Wold cf a/., 1987)
statistics can assist in examining the data for similarities, differ- and partial.least squares (PLS) regression (Geladi and Kowal-
ences, and trends. Where large amounts of data overload our ski? 1986) Two important points about these methods are that
ability to appreciate relationships by "eyeballing" them, multi- they do not require a hard model (rarely do we have such a
variate methods thrive on large amounts of data and, in fact, quantitative model) and that they make use of all the data (i.e.,
become more accurate and useful. This class of statistical meth- we do not have to choose which data we want to put into
ods has come into its own only with the introduction of power- the correlation model). Examples of the application of these
ful computers since the methods are computation-intensive. methods to biomaterials research are few (Perez-Luna et a/.,
Many general introductions to mukivariate statistics are avail- 1994; Wojciechowski and Brash, 1993), but, as the power of
able (Martens and Naes, 1989; Sharaf et a/., 1986; Brereton, these tools is recognized, these methods will become standard
1990; Massart et al.t 1988). Mukivariate statistics applied to data analysis tools. This is because they make efficient use of
problems involving chemistry is often referred to as "chemome- all data; they thrive on large amounts of data produced by
tries." modern instruments; they are objective in that we do not have

An important general principle in mukivariate analysis is to choose which data to use; and they reduce the influence of
dimensionality reduction. A plot of x versus y requires us to noise and irrelevant variables, thereby effectively increasing
think in two dimension. A 3-D plot of x, y, and z can still be the signal-to-noise ratio.
easily visualized. Where we have w, x, y, and z as the axes, Mukivariate statistical methods can be a great boon to data
we lose the ability to absorb the information in graphical form analysis, but they will not solve all our problems in biomaterials
and identify trends in the data. However, if we take our 3-D science. They should be considered as powerful hypothesis
example, we can visualize a projection (shadow) of the 3-D data generators. The correlations and trends noted using such analy-
cluster in two dimensions. We have reduced the dimensionality sis represent a new view of the significance of data that we

FIG. 4. Four surfaces with similar average roughnesses (Ra).
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could not appreciate staring at spectra or tables. New hypothe- Hanson, S. R., Harker, L. A., Ratner, B. D., and Hoffman, A, S.
ses about the importance of materials variables can now be (1980). In vivo evaluation of artificial surfaces with a nonhuman
formulated, and then must be tested. Multivariate statistical Pnmate model of artenal thrombosis,./, Lab. Clin. Med. 95(2):
methods also provide powerful tools for experimental design, r r „ T r . 4 „ , I T r, . _
, , j' j L. Hanson, S. R., Harker, L. A., Ratner, B, D., and Hoffman, A. S.
but these are not discussed here. ,moi> r * • L -c • \ L i L(1982). Evaluation or artificial surfaces using baboon arteriovenous

shunt model, in Biomaterials 1980, Advances in Biomaterials,
G. D. Winter, D. F. Gibbons, and H. Plenlc, jr., eds. Wiley, Chiches-

CONCLUSIONS ter' England' VoL 3> 519-530.
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Development of correlative and cause-and-effect relationships be-
tween material, design, mechanical, manufacturing, clinical, and
biological variables

9.8 IMPLANT RETRIEVAL AND EVALUATION statistical and muitivamnt analyses
James M. Anderson

Implant retrieval and evaluation offers the opportunity to
investigate and study the intended use of biomaterials. Implant composed of one or more biomaterials that are part of a specific
retrieval and evaluation programs, in general, are designed design for a specific application. For these purposes, implants
to determine the efficacy and safety or biocompatibility of are considered to be biomaterials, prostheses, medical devices,
biomaterials, prostheses, and medical devices. Appropriate or artificial organs,
programs include assessment of safety and/or biocompatibility.
The goal of safety testing is to determine if a biomaterial pre-
sents potential harm to the patient; it evaluates the interaction /-rfc*i c
of the biomaterial with the in vivo environment and determines wJ«t3
the effect of the host on the implant. Biocompatibility assess-
ment is the determination of the ability of a biomaterial to T^e general goals of such programs are presented in Table
perform with an appropriate host response in a specific applica- 1 • While many implant failures can be characterized as implant-
tion. In the in vivo environment, biocompatibility assessment or material-dependent or clinically or biologically dependent,
is considered to be a measure of the degree (magnitude) many modes and mechanisms of failure are interdependent,
and extent (duration) of adverse alteration(s) in homeostatic tnat is> theY are dependent on both implant and biological
mechamsm(s). The terms "safety assessment" and "biocom- factors. To appropriately appreciate the dynamics and tempo-
patibility assessment" may or may not be considered to ral variations of tissue-materials and blood-materials interac-
be synonomous. tions of implants, a fundamental understanding of these inter-

In this chapter, implant retrieval and evaluation are consid- actions is important. An implant retrieval and evaluation
ered from the perspective of human clinical use. Therefore, this program should provide for the appreciation of materials, de-
chapter draws upon many important perspectives presented sign> and biological factors and result in design criteria for
in chapters dealing with materials science and engineering, future development. Finally, implant retrieval and evaluation
biology, biochemistry, and medicine, host reactions and their programs should offer the opportunity to determine the ade-
evaluation, the testing of biomaterials, the degradation of mate- quacy and appropriateness of animal models used in preclinical
rials in the biological environment, the application of materials testing of implants and biomaterials. Thus, the strengths and
in medicine and dentistry, the surgical perspective of implanta- weaknesses as well as the advantages and disadvantages of
tion, and the correlation of material surface properties with animal models can be evaluated.
biological responses of biomaterials. While this chapter focuses Tnese programs may also serve as a teaching or research
on clinical implant retrieval and evaluation, many of the goals resource. They may be used to educate patients, their families,
and perspectives presented are important to preclinical evalua- physicians, residents, students, engineers, and materials scien-
tion programs. In this chapter, implants are considered to be tists, a» well as the general public. As a research resource, an

implant retrieval and evaluation program can be used to de-
velop and test hypotheses and to improve protocols and tech-
niques.

TABLE 1 General Goals of Implant Retrieval
and Evaluation

COMPONENTS Of AN IMPLANT RETRIEVAL AND
Determine modes and mechanisms of implant failure or success EVALUATION PROGRAM
Determine dynamics and temporal variations of tissue—materials

and blood-materials infractions An implant r£trieval and eva}uation program is an interdisci-

Develop design criteria for future implants plinary effort by scientists with expertise in materials science,
Determine adequacy and appropriateness of animal models materials engineering, biomechanics, biology, pathology, mi-

——— crobiology, radiology, medicine and surgery. Table 2 lists the
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TABLE 3 Retrieved Implants, Division of Surgical Pathology, Institute of Pathology, University Hospitals of Cleveland

Category 1979-1995 1994 1993 1992 1991 1990 1989 1988-1984 1983-1979

Hip 1030 62 72 102 130 114 79 311 119

Knee 476 29 32 45 71 65 37 108 69

Catheter 836 48 54 95 73 110 95 199 131
Graft 566 42 42 57 35 46 51 166 99

HID 154 7 11 5 10 11 18 60 27

General 686 42 42 40 47 49 65 284 89

Breast 334 47 67 61 23 30 19 42 11

Finger 8 7 3 4 5 6 1 8 3 4 2 4

Orthopedic 2174 189 179 180 140 143 154 683 416

Heart valve 214 7 7 13 14 10 9 96 56

Total 6557 476 510 603 549 579 535 1983 1041

important components of such a program. Given these compo- example, the clinical diagnosis and identification of infection
nents, the importance of an interdisciplinary or team perspec- is most helpful in determining techniques to be used in the
tive is apparent. evaluation. Gross examination and photography play an im-

The first component is the appropriate accessioning, cata- portant role and must be carried out before specific techniques
loging, and identification of retrieved implants. Patient ano- are used to evaluate implants.
nymity is required in any implant retrieval and evaluation The next step in the program is the development of a strategy
program and this can be achieved through appropriate acces- that will allow an optimum amount of information to be ob-
sioning and cataloging. In our program at University Hospitals tained using appropriate analytical protocols and techniques
of Cleveland/Case Western Reserve University, this is carried to assess host and implant responses. This strategy is directed
out through the Surgical Pathology Division of the Institute of toward developing correlative and cause-and-effect relation-
Pathology (see Table 3). (The Autopsy Division of the Institute ships among material, design, mechanical, manufacturing, clin-
of Pathology has a similar program for implant retrieval and ical, and biological variables. Finally, analytical protocols and
evaluation.) techniques should produce quantitative information that can

This program uses the general accessioning and cataloging be analyzed statistically. These analyses may also include clini-
scheme for surgical pathology specimens. Gross and micro- cal information,
scopic diagnoses in a standardized format are provided for
patients' charts, the appropriate clinicians and surgeons, and
for the database for Implant Retrieval and Evaluation Program.
The Department of Surgery provides specimens to the Division
of Surgical Pathology, with the patient's name and hospital
identification number, clinical diagnoses, and notes on the pa- TABU 4 Patient Conditions Influencing Implant
tient and/or implant history. Failure or Success

As can be seen from Table 3, the number of types of implants ^ , .. ,, .. ,
, . , j , , j. ,. , Orthopedic Cardiovascular

retrieved is large and covers the orthopedic, cardiovascular, _
gynecological, and soft tissue areas. Second, the number of D , ., • • A A , , .. , , , . Polyarthritis syndromes Atherosclerosis
retrieved implants of each type has increased over the past
i j c i r -LI r r • TO. • i j Connective tissue disorders Diabetesdecade. Several factors are responsible tor this. They include
increased recognition by surgeons of the importance of implant Osteoarthritis Infection
retrieval and evaluation as well as the increased numbers of im- Trauma Hypertension
plants. Infection Ventricular hypertrophy

An in-depth evaluation of retrieved implants requires a re- Metabolic disease
view of the patient's medical history and radiographs, where „ , . .._ . . . . , . . . . , . . . . tndocnne disease
pertinent. Fable 4 provides a partial list of conditions that may
influence the failure or success of orthopedic and cardiovascu- umor
lar implants. The identification of acute and chronic problems Primary joint disease
presented by the patient will provide guidance on how the Osteonecrosis
evaluation of a specific implant should be carried out. For -_____________________^^
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TABLE S Techniques for Implant Evaluation TABLE 6 Complications of Dental Implants

Implant Tissue Adverse foreign body reaction Loosening

, A • i • i Biocorrosion Metal allergy
Atomic absorption spectro- Atomic absorption spectropho-

photometry tometry Electrochemical galvanic coupling Pain

ATR-FT-IR Autoradiography Fatigue Particulate formation

Burst strength Biochemical analysis Fixation failure Sinus formation

Compliance studies Cell culture Fracture Surface fracture

Contact angle measure- Chemical analysis Infection Torsion
ments Interface separation Wear

Digestibility Enzyme histochemistry Loss of mechanical force transfer

EDAX Gel electrophoresis ' ' —

ESCA Histology

Extractability Immunocytochemistry

Fatigue studies Immunofluorescence
, . . . . . . nondestructive and destructive testing procedures. Only after

Fracture analvsis Immunohistochemistry . . . , . ° . . . . . . .
appropriate accessioning, cataloguing and identification, and

FT-}R Immunopcroxidase complete review of the patient's medical history and radiogra-
Gel permeation chromatog- In situ hybridization phy can the analytical protocols and techniques for implant

raP"y evaluation be specified.
Glass transition temperature Microbiologic cultures It should be noted that the techniques for implant evaluation
Hardness studies Morphometry are most commonly destructive techniques, that is, the implant
Light microscopy Radiographic analysis or Potions of the implant must be destroyed or altered to

. , . . . obtain the desired information on the properties of the implant
Macrophotography Scanning electron microscopy . , ~, ,, . ... , , , , .

or material. The availability of the implant and tissue specimens
Melt temperature Tissue culture will dktate the choke of technique.

Metallographic examination Transmission electron microscopy

Particulate analysis Ultrastructure studies
Polarized Sight microscopy Dentil Implants

Porosity analysis The complications of dental implants that lead to failure
Scanning electron mi- are presented in Table 6. These complications may be related

croscopy to the mechanical-biomechamcal aspects of force transfer, or
Shrink temperature the chemical-biochemical aspects of elements transferred
SIMS across biomaterial and tissue interfaces, or both. The complex

synergism which exists between tissue and biomaterial re-
Stereomicroscopy • •/- i n i • > -r fsponses presents a significant challenge in the identification or
Stress analyse t^e faijure mechanisms of dental implants. Lemons and others
1 ensile studies have provided appropriate perspectives to be taken in the evalu-
Transmission electron mi- ation of dental implants.

croscopy

Topography analysis

TABLE 7 Complications of Orthopedic Implants

ASSESSMENT Of HOST AND IMPLANT RESPONSES Bone resorption Loosening
Corrosion Mechanical mismatch

Simple evaluation of the implant with no attention to the Fatigue Metal allergy
tissue will produce an incomplete evaluation and no under- Fibrosis Pain
standing of the host response. Table 5 provides a partial list Flxation faUure Paniculate formation
of techniques for evaluating implants and tissues. The table is . , ,

, , , r • i i t • i f rracture Plastic deformation
incomplete because each type of implant and the materials of
which it is made will dictate further techniques to be used in Incomplete osseous integration Stress riser development
evaluating its success. Infection Stress-shielding

In general, analytical protocols and techniques for assessing Interface separation Surface wear
host and implant responses can be divided into two categories:
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TABLE 8 Complications of Cardiovascular Devices

Heart vaive prostheses Vascular grafts Cardiac devices

Paravalvular ieak Thrombosis Thrombosis
Infective endocarditis (PVE) Embolism Embolism

Thrombosis Infection Endocarditis

Embolism Perigraft erosion Extraluminal infection

Extrinsic dysfunction Perigraft seroma Component fracture

Mechanical valves False aneurysm Hemolysis
Cloth wear Anastomotic hyperplasia Calcification
Poppet wear
Cage wear Disintegration/degradation

Incomplete valve closure

Tissue valves
Cusp degeneration
Cusp tearing
Cusp calcification

Orthopedic Implants CONCLUSIONS

Wright et al. (1982; 1988) and Cook et al. (1985) have , « , . , , / • , , • , , , . , .
• j j • •/: • t • a. i • c .. • j While the locus or this chapter has been on retrieval andprovided significant information on the analysis or retrieved , . , . . . r ,

, j - - i T u t - ? r L r • evaluation or implants in humans, the perspectives, ap-orthopedic implants. Table 7 presents a list of complications , , . F . , , , , ,
, £ , . , . j _, ,. • , t • proaches, techniques, and methods may also apply to evalua-commonly round with retrieved orthopedic implants; or partic- \ ' . , ,. - , . , ,. .....

i . , n j • • u i\x • j tlon °* new material, preclimcal testing tor biocompattbihtyular interest are metal allergy and tissue ingrowth (Mernt and . . , . . , i • ~ . /• . -
D 1001 r^ i * ; I Q O O \ a°d premarket clinical evaluation. Each type or in vivo orBrown, 1981; Cook et al., 1988). .. . r . . . . . . , . . ,

clinical setting has its unique implant—host interactions and
therefore, requires the development of a unique strategy for

Cardiovascular Implants retrieval and evaluation.
Implant retrieval and evaluation must take bias into ac-

Cardiovascular implants commonly involve both blood and count. The findings from individual groups or hospitals on
soft tissue interactions with materials. The complications most specific implants may not necessarily represent the norm re-
comrnonly found with these implants, i.e., heart valve prosthe- garding the implant-host interactions for that implant. In par-
ses, vascular grafts, and cardiac devices, are listed in Table 8. ticular, the surgeon's experience, technique, and preference for
Schoen and others have provided useful information on the a specific type of implant must be considered. In addition, the
perspectives, approaches, and techniques for evaluating cardio- clinical failure of an implant versus failure of the implant itself
vascular implants. must also be considered.

Implant retrieval and evaluation should be viewed as a
continuous process that provides numerous clinical benefits.
Table 9 provides a partial list of such benefits and highlights
the interdisciplinary nature of this process.

TABLE 9 Implant Retrieval and Evaluation:
Clinical Benefits
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16
New Products and Standards

STANLEY A. BROWN, JACK E. LEMONS, AND NANCY B. MATEO

101 INTRODUCTION are to be tested> and how tne data are to ^e analyzed. Many
r , p r specimens are validated by "round robin testing," meaning

that several laboratories have followed the method and their
. . . . . . - i j i results agree t o a specified degree o f precision. Once a test

A very dynamic situation continues to exist related to the i i r i j j- j - i i • L
, , , . , . c • i • i . j • method has been standardized, it can be used in any otherdevelopment and introduction or new surgical implant devices. ' ..

This, in part, relates to product and business competition. laboratory; the details are sufficient to ensure that different
Significant amounts of proprietary research and development facihties wl11 obtam similar results for the same samP!es' StatmS
is conducted annually throughout the industrial sector, often that a test was "conducted in accordance with .. .", ensures
first seen in product-related literature or within regulatory sub- that the results can be duplicated. Some representative test
missions that become public domain. methods are listed in Table 1.

Surgical implant standards within the United States are A material standard describes the chemical and physical
based on consensus organizations with the American Society properties of the material. Any test method standards cited
for Testing and Materials Committee F-4 (ASTM F-4) repre- are to be used to ensure that a significant sample meets the
senting most implant devices. These standards are published requirements of the standard. Some representative material
annually in Volume 13.10 from the ASTM. Those interested standards are listed in Table 2.
in biomaterials and surgical implant devices should refer to the For implant materials, there is also a requirement that the
various national and international sources of product literature materials meet general biocompatibility test criteria. There are
and standards as a key source of information. The section two formats for the biocompatibility language in the material
components of Chapter 10 will provide related references and standards of the American Society for Testing and Materials
sources for obtaining the industrial and standard related liter- (ASTM). For materials that can be well characterized by chemi-
ature- cal and physical tests, and have demonstrated a well-character-

ized biological response, reference to the published biological
testing data is sufficient. For materials which are not well
characterized, for example, epoxy resins, biological test meth-
ods are cited, and each particular formulation must be
tested independently.

A device standard describes the device and its laboratory-
based performance. General design aspects, dimensions, and

10.Z VOLUNTARY (CONSENSUS STANDARDS dimensional tolerances are given using schematic drawings.
Stanley A. Brown The materials to be used are described by reference to materials

standards. Methods for testing the device are also cited. Since
WHAT ARE STANDARDS? test methods only describe how to do a test, it is in the device

standards that performance is addressed. For example, the

Consensus standards are documents which have been devel- fati£ue life requirements or biocompatibility requirements of
oped by committees to represent a consensus opinion on test the devlce and its materials would be stated in a device
methods, materials, devices, or procedures. Most standards standard. Some representative device standards are listed in
organizations review their documents every 5 years to ensure Table 3.
that they are up to date. The mechanisms by which they are A procedure standard describes how to do something which
developed are described in subsequent sections. would not be considered a test. Examples include standards for

A test method standard describes the test specimen to be surface preparation and standardized procedures for sterilizing
used, the conditions under which it is to be tested, how many implants. Table 4 lists some typical procedure standards.

Biomateriats Science
- _ _ Copyright © 1996 by Academic Press, Inc.

^tO / A!l rights of reproduction in any form reserved.
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TABLE I Some Representative ASTM Standard TABLE 3 Some Representative AAMI and ASTM
Test Methods Device Standards

A. Mechanical testing standards AAMI CVP3 Cardiac valve prostheses
ASTM D412 Test methods for rubber properties in tension AAMI VP20 Vascular graft prostheses
ASTM D638M Test method for tensile properties of plastics ,

, . , AAMI RD17 Hemodia yzer blood tubing(metric) 7 b

ASTM D695M Test method for compressive properties of rigid AAMI ST8 Hospital steam sterilizers
plastics (metric) E667 Clinical thermometers (maximum self-registering, mercury-

ASTM D790M Test methods for flexural properties of unrein- in-glass)
forced and reinforced plastics and electrical insulating materials *.CT\* ns^* u i j i • L u • i tASiM r367M Holes and slots with spherical contour tor metric
(metric) . , , , . ,cortical bone screws (metric)

B. Metallosraphic methods A C T X * r->n-> i i LI i i, „_. , Jl „ . , „ , . . ASTM F703 Implantable breast prostheses
AS IM E3 Preparation of metallographic specimens
ASTM E7 Terminology relating to metallography ASTM F623 Foley catheters
ASTM E45 Determining the inclusion content of steel
ASTM El 12 Determining the average grain size

C. Corrosion testing
ASTM G3 Conventions applicable to electrochemical measure-

ments in corrosion testing , . . . . , . . • »* <• i
. c_, . ~c D , u j <: i * • »• j and testing their materials and devices. Manufacturers also citeASTM G5 Reference test method tor making potentiostatic and • « • , , • • f , -i •

potentiodynamic anodic polarization measurements standards in their sales literature as a concise way of describing
ASTM G59 Conducting potentiodynamic polarization resistance tneir product. Stating that a device is made from cast cobalt-

measurements chromium—molybdenum alloy in accordance with ASTM F75
ASTM F746 Pitting and crevice corrosion of surgical alloys tells the user precisely what the material is. For example, after
ASTM F897 Fretting corrosion of osteosynthesis plates and screws purchasing a piece of plastic pipe at the hardware store labeled

D. Polymer testing with. "ASTM D1784," one could go to ASTM Volume 8.02
D 2238 Test methods form absorbance of polyethylene due to and find that this is a specification for rigid poiy(vinyl chloride)

methyl groups at 1378 cmf14 compounds. If you have "DIN" stamped on the bottom of
D 3124 Test method for vinylidene unsaturation in polyethylene your ski boots, you know they conform to the standards of

by infrared spectrophotometry tne Deutsches Institut fur Normung, and the ski shop will have
— standards for adjusting your bindings.

As an example of why one would use device standards,
consider screws for fixing bone fractures. There are device
standards for bone screws, plates, taps, and screwdrivers. One

WHO USES STANDARDS? can purchase a screw and a screwdriver, and be confident that
the components will fit as intended. A surgeon about to remove

The term "voluntary standards" implies that the documents a Plate implanted at another hospital can evaluate radiographs
are not mandatory; anyone can use them. Standards are used by and see that the device has 4.5-mm bone screws of a specific
manufacturers, users, test laboratories, and, in some instances, desiS^- Knowing this, a standard 4.5-mm screwdriver can be
college professors and their students. One's use or compliance used to remove the screws-
with a standard is voluntary. Using them is often to every-
one's advantage.

Manufacturers often use standards as guidelines in making

TABLE 4 Some Representative AAMI (1) and ASTM (4)
Procedure Standards

TABLE 2 Some Typical ASTM Materials Standards (4) AAMI ROH-1986 Reuse of hemodialyzers
———-—-—--————————-------——————-———--———-———— AAMI ST19 Biological indicators for saturated steam sterilization
ASTM F75 Cast cobalt-chromium-molybdenurn alloy for surgical processes in health care facilities

implant applications AAMIST21 Biologicai indicators for ethylene oxide sterilization pro-
ASTM F139 stainless steel sheet and strip for surgical implants (spe- cesses in health care facilities

cm i^ua ity, ASTM F86 Surface preparation and marking of metallic surgical im-
ASTM F451 Acrylic bone cements plants

ASTM F603 High-purity dense aluminium oxide for surgical im- ASTM F561 Analysis of retrieved metallic orthopaedic implants
plant applications ASTM F565 Care and handiing of orthopaedic implants and instru-

ASTM F604 Silicone elastomers used in medical applications ments

ASTM F641 Implantable epoxy electronic encapsulants ASTMF983 Permanent marking of orthopaedic implant components
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Standardized test methods should simplify life. For example, ensure that the voting on each standard is not dominated by
the author used to teach two laboratory sessions as part of any one faction. Consensus means that documents must be
an undergraduate biomedical engineering course. One was on approved by a majority vote at each level of the committee,
mechanical testing, the other on metallography and implant All negative votes must be discussed. Overriding a negative
analysis. In the mechanical testing laboratory, several ASTM requires a two-thirds vote by each committee level,
standard test methods for mechanical testing, such as D790m, There are more than 160 committees within ASTM. The
"Flexural properties of plastics and electrical insulating materi- letter designation indicates the type of product: "A" commit-
als (metric)," were used. This method describes the samples, tees develop standards on steels and test methods for steels;
test apparatus, test speeds, and equations used to calculate Bs are for nonferrous alloys; Ds are plastics; and Fs are for
the results. The students were requested to follow the test consumer products.
directions. In writing the methods section of their reports, Committee F4 was organized in 1971 by orthopedics manu-
al! they had to write is that "the test was done according facturers and orthopedic surgeons in response to a need to
to D790m." standardize the materials and devices being used. Surgeons

perceived a need for standards on materials and such things
as screws, drills and screwdrivers, rods and plates, so they

uftm iimiTcc CT A Kin A one? could be confident that their instruments would fit any manu-
WrHO WKITtS STANDARDS* ,- , . -^i ^ r/i L i_ j j .0.racturer s device. The scope or F4 has been expanded over the

years to include cardiovascular, neurosurgical, maxillofacial,
In the United States, voluntary consensus standards are plastk and reconstructive surgical devices, and surgical instru-

developed by a number of organizations. In the medical elec- ments
tronics, sterilization, vascular prostheses, and cardiac valve Within the F4 main committee, there are several divisions:
areas, most standards are developed by committees within the l on resources; n on orthopedic devices; IV on medical/surgical
Association for the Advancement of Medical Instrumentation devices; V on administration. Within each division there are
(AAMI). In the implant materials and implants area, most subcommittees. The biomaterials and biocompatibility stan-
standards are set by ASTM Committee F-4 on medical and dards are under the jurisaiction of the subcommittee of the
surgical materials and devices. These documents may then be resources division. Subcommittee ¥04.11 is on polymeric mate-
reviewed and accepted by the American National Standards ria{S) F04 12 is on metallic materials, F04.13 is on ceramics,
Institute (ANSI). ANSI is the official U.S. organization which F04 16 is on biocompatibility, etc. Within each subcommittee
interacts with other national organizations in developing inter- there are task forces (TFs) which inkiate the documents. The
national standards within the International Standards Orgam- TF documents are then voted on at each level, starting at the
zation (ISO). subcommittee and main committee. At each level, the negatives

Dental material standards are written by the American Den- must be addressed> as described previously,
tal Association (ADA). Similar committees exist in other coun-
tries: the Canadian Standards Association (CSA), the British
Standards Institute (BSI), the Association Francaise de Normal-
isation (AFNOR) in France, and the Deutsches Institut fur BIOCOMPATIBILITY STANDARDS
Normung (DIN) in Germany, which is a voluntary organi-

zation. There is a wide range of tests that may be used to determine
the biological response to materials. Short-term uses require

. ... .„.,... m only short-term tests. Long-term uses require tests applicable
Performance Standards within ASTMF.4 to the particular device and tissue ̂  Since not all tests

Committee F-4 on medical implants includes MD users of are necessary for all applications, national and international
devices. These groups have been leading the development of standards organizations have developed matrix documents
voluntary consensus standards on the clinical performance of which indicate what methods are appropriate for specific appli-
certain types of implant systems. These groups which operate cations-These documents can be used as guidelines in preparing
within the arthroplasty section provide a specialized extension a submission to the U.S. Food and Drug Administration (FDA)
of normal ASTM standards. ^or aPProval of a new material or device. Similar matrix docu-

ments have been standardized by the CSA, BSI, and ISO. Test
method documents have also been developed by the National
Institutes of Health (NIH), the U.S. Pharmacopeia (USP), and

THE ASTM SYSTEM other national organizations such as the Health Industry Manu-
facturers Association (HIMA). Guidelines for dental materials

The following discussion uses the development of ASTM have also been developed by the ADA and ISO.
standards as an example of the process in general. The term Much of the standards activity is now associated with the
"voluntary standard" also implies that those developing the International Standards Organization (ISO) with biological
standard are volunteers. The ASTM committees are composed evaluation of medical devices under the consideration of TC
of "producers" (manufacturers and suppliers), "users" (physi- 194 and presented in the developing documents of ISO 10993.
cians, dentists, etc.), and "general interest" representatives There are various parts to this document. Part 1 is definitions
(professors, consumer advocates, etc.). The society regulations and the guidance on selection of evaluation test categories that
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should be done. The other parts of 10993 give more discussion This method is essentially the first stage of animal testing
and detail on the selection of individual tests that should be of solid pieces of the implant material,
done for a particular biological interaction or biological effect
(e.g., contact with blood, systemic toxicity, genotoxicity). In There are additional in vitro tests which have not yet been
general, details of test methods are not given in the ISO docu- standardized by ASTM:
ments and reference is made to other documents such as ASTM Thrombogenicity. Tests for the propensity for materials to
and USP standards for procedures and methodology. cause blood coagulation have not been standardized. Guide-

In the following section we review some of the steps taken lines for such tests have been developed by the NIH Heart
to establish the biocompatibility of a new material for a specific Lung and Blood Institute.
application, in this case a long-term orthopedic implant. We Mutagenicity. There are a number of in vitro tests to deter-
use ASTM standard F748 "Practice for selecting generic biolog- mine if chemicals cause cell mutations. While not specifically
ical test methods for materials and devices" as a guideline. The developed for implants, guidelines do exist as part of the OECD
standard test methods described are those used within ASTM. guidelines for testing of chemicals, and within ASTM, e.g., E

1262, guide for the performance of the Chinese hamster ovary
cell/hypoxanthine guanine phosphoribosyl transferase gene

In Vitro Tests mutation assay; E1280, guide for performing the mouse lymph-
„ , ._ n . f • r j- i i • A i j oma assay for mammalian cell mutagenicity; E 1397, practices
F619. Practice for extraction of medical plastics. A method , , . . . T ^ X T A jr tin-,

, . , i - i i • • i - • i i i i j tor the m vitro rat hepatocyte DNA repair assay; and Jb 1397,
tor extraction of medical plastics in liquids that simulate body , , , . . , r \v r* •
n . i -n • 1 - 1 - 1 j r i - i i • practices to r the in vivo r a t hepatocyte DNA repair assay,
fluids. The extraction vehicle is then used tor chemical or bio- _, . . . , . , , , „,
, . , „ • n - j • i i i - LI -i Pyrogemcity. A pyrogen is a chemical that causes fever. 1 he
logical tests. Extraction fluids include: saline, vegetable oil Tirri ,?. • j i • • ^ , f, i \ j USP rabbit test is a standard m vivo test. One can also test tor
(sesame or cottonseed), and water. . . . , . . . . , . , . ,

T-O,,,. _ . , j. 11 i i • e bacterial endotoxins, which are pyroeenic, using the Limulus
F813. Practice for direct contact cell culture evaluation of , , T A T % -n • n

. , e «• i . • A 11 i • \-r^^ amebocyte lysate (LAL) test. The oxygen-carrying cell
materials tor medical devices. A cell culture test using ATCC . , . , , , , , ,. , , , ,
T n~>r> • • n (amebocyte) of the horseshoe crab, Limulus Polyphemus, lyses
L929 mouse connective tissue cells. , , , .

~, . i j i • r n i i j i j when exposed to endotoxm.
I his method or this type ot cell culture method can be used

as the first stage of biological testing. It is also used for quality
control in a production setting. There are other ASTM standard
cell culture methods, and others not standardized by ASTM Long-Term Testing In Vivo
which could also be used. _, . . ...

r--s * £i. i • c • i A Ihere are two aspects to the long-term testing issue. One
F756. Assessment of hemolytic properties of materials. An . , , . r , . f . . . ,

, L L i • • c. - i is the response of tissue to the material; the other is the response
m vitro test to evaluate the hemolytic properties of materials , , • , ,, i • • i •

, , , . • i i i j T. j A • or the material (degradation) to implantation,
intended tor use in contact with blood. Procedure A is static, ™n* r> • e e -i -i- /• i •

j „ . j j j j F981. Practice for assessment of compatibility of biomateri-
procedure B is done under dynamic conditions. . . . , . , . , f , f, fals (nonporous) for surgical implants with respect to effects of

materials on muscle and bone. Long term implantation of test
Short-Term In Vivo Testing materials in the muscle and bone of rats, rabbits and dogs.

Two species are recommended. For rabbit muscle implants:
F719. Testing biomaterials in rabbits for primary skin irrita- the standard calls for 4 rabbits per sacrifice period, with one

tion. A procedure to assess the irritancy of a biomaterial in control and two test materials placed in the paravertebral mus-
contact with intact or abraded skin. This test would be indi- cles on each side of the spine. For bone implants in rabbits:
cated for surgical glove material, or skin dressings. the standard calls for 3 implants per femur.

F720. Practice for testing guinea pigs for contact allergens: A general necropsy is performed at the time of sacrifice.
guinea pig maximization test. A two-stage induction procedure Muscle and bone implant sites are removed at sacrifice and the
employing Freund's complete adjuvant and sodium lauryl sul- implants left in situ until the tissue has been fixed in formalin,
fate, followed two weeks later by a challenge with the extract Implants may be removed prior to embedding and sectioning,
material. Ten animals per test material. The ASTM has not established any long-term standardized

F749. Practice for evaluating material extracts by intracuta- tests for devices. However, for a device intended for a particular
neous injection in the rabbit. Extraction vehicles (as per F619) application, it is essential to conduct a functional device test,
of saline and vegetable oil are injected intracutaneously and For a fracture fixation plate, it could be proposed to use plates
the skin reaction graded for erythema, edema and necrosis. to fix femoral osteotomies in dogs. This study would consider
Two rabbits per extraction vehicle. the effects of the implant on the tissues, as well as the effect

F750. Practice for evaluating material extracts by systemic of implantation on the properties of the device, i.e., material
injection in the mouse. Intravenous injection of saline extracts degradation.
and intraperitoneal injection of oil extracts. Animals are ob- The methodology for long-term carcinogenicity testing of
served for evidence of toxicity. Five mice per extract and five implants also has not yet been standardized by the ASTM,
mice per extract vehicle controls. although F1439 (standard guide for performance of lifetime

F563. Practice for short-term screening of implant materials. bioassay for the tumorigenic potential of implant materials)
This method provides for several implant types and sites for does provide guidelines for test selection. This is normally a
short term screening in vivo. life survival and tumor production test, typically in rats.
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SUMMARY uniqueness. Developing a product hand-in-hand with the regu-
latory and marketing functions of a company helps to ensure

Standard test methods allow results to be reproduced or that the appropriate approach is taken, that necessary nondini-
verified by other researchers, In the biomaterials field, stan- cal testmg is performed, and that critical clinical questions' i i j
dards can be used for physical, mechanical, chemical, and are aaaressea-
biological testmg of materials. By using materials that conform Each countI7 has its own regulations concerning the market-
to standards, a manufacturer can tell the user what is in the in§ of medical devices- Devices manufactured in the United
material and what to expect from it in terms of properties. States must meet FDA requirements and the requirements of

the country to which the device is exported. In this chapter,
only U.S. regulatory issues are discussed.
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1976 Medical Device Amendments

In 1976, the Medical Device Amendments to the 1938 Act
103 PRODUCT DEVELOPMENT were passed, which offered a clear definition of a medical device

-^ (see Table 1) and gave the FDA the authority to regulate devices
M fkffh mmm*f+itmm JL'V*V4*%|kI
/\INU lUfeULAllvsni during their development, testing, production, distribution,

Nancy B. Mateo and use_ Under these amendments, approximately 1700 types
of medical devices, ranging from bandages to hemodialysis

Preparing a new medical device for the market requires machines, require regulation and approval by the FDA (Parr
more than good research and development. Medical devices and Barcome, 1989). The amendments created three regulatory
are regulated in the United States by the Food and Drug Admin- classes (Table 2) based on the extent of control necessary to
istration (FDA) to ensure that they are safe and effective and, ensure that devices are safe and effective: Class I, which is the
where applicable, that their clinical utility has been sufficiently least regulated class; Class II; and Class III, which is the most
demonstrated. Because the success of a product often depends regulated. The type of regulation required for each class was
on the timeliness of its introduction into the market, regulatory specified, and existing devices were assigned classifications,
requirements must be considered early in the product's develop- The purpose of these classes was to create a system for the
ment to avoid delays in the approval process later on. FDA to evaluate and categorize devices intended for human

The approach to FDA approval differs from device to device, use, and for manufacturers and importers to identify the con-
depending on the classification of the specific device and its trols that apply to their devices.
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TABLE 1 What Is a Medical Device? Device Classification

As defined in the 1976 Medical Device Amendments, a medical de-
vi£e 's: Class I is the least stringent classification. Devices in this

. . . any instrument, apparatus, implement, machine, contrivance, im- category are subject only to general controls to ensure safety
plant, in vitro reagent, or other similar or related article, including and effectiveness (21 CFR 860.3).* General controls, the basic
any component, part, or accessory requirements that apply to all medical devices, include regula-
• which is recognized in the official National Formulary, or the tions regarding adulteration, misbranding, banned devices, and

U.S. Pharmacopeia, or any supplement to them restricted devices. General controls also require manufacturers
• which is intended for use in the diagnosis of disease or other to follow good manufacturing practices and to maintain rec-

conditions, or in the cure, mitigation, treatment, or prevention of ords and reports to show that their devices are not adulterated
disease, in man or other animals; or intended to affect the structure or misbranded. Also, manufacturers must list their commer-
or any function of the body of man or other animals cially distributed devices and annually register their facilities.

• which does not achieve any of its principal intended purposes
through chemical action within or on the body of man or other animals i-Iass II
and whjch is not dependent upon being metabolized for the achieve- Although the 1976 Amendments required Class II devices
mcnt of any of its principal intended purposes. to meet performance standards that ensure their safety and

"~ effectiveness (21 CFR 860.3), until the SMDA was passed, no
real regulatory distinction existed between Classes I and II. In
fact, when the 1976 amendments were passed, no standards
for Class II devices were created and the only regulations that
applied to these devices were the general controls. The SMDA

Safe Medical Devices Act of 1990 introduced special controls for Class II devices, including post-
-ru c r \* j- IT-* • A /c \* r*A\ *ioor> • -c \ market surveillance, patient registries, and the developmentThe Safe Medical Devices Act (SMDA) of 1990 significantly ( . , ,. j lu « • ' *• "-u * *u cr>Ai . i ™ - v » , i I i - i i • • of guidelines and other appropriate actions that the rDA

expanded the FDA s authority to regulate medical devices in j j „ c j « • T J J -, . . i • TT i i r^j-rx* deemed necessary to ensure safety and effectiveness. In addi-
the premarketing and postmarketmg stages. Under the SMDA, . . , c\xr\\ j *L u- j • i A t, T-,̂  . , f o o 5 tlon smce the SMDA removed the hindering safeguards for
the FDA has greater enforcement powers, controls on certain L I - U - r J J L C T - N / I in, . . . . , ' . , establishing performance standards, the FDA can now follow
types of devices are increased, and premarket approval and • i i i • j » ^ j j - j j/r' . . . . • -f \ //- i , T T i simple rule-making procedures to create and amend standards,
notification submissions are significantly affected (Holstem,
1991, 1992; Kahan et al, 1991). Some of the requirements Class III
for each of the three classes created under the 1976 Medical _, TrT . . . , , . . . .
„ . . j ,.£. j i , c\*r\\ Class III devices are those devices for which there is notDevice Amendments were modified by the SMDA. . . . . , , . . . ..

enough information to show that general controls and perfor-
mance standards would ensure their safety and effectiveness
(21 CFR 860.3). In general, they are defined as devices that
are implanted in the body, are life-sustaining or life-supporting,

DOMESTIC DEVICE APPROVAL or present unreasonable risk of injury or illness. Class III devices
cannot be marketed without premarket approval from the

The requirements for approval and the extent of regulatory FDA.
control are determined by the classification of the device. The
following discussion briefly outlines the three FDA classifica- Panel Reviews
tions and the approval processes involved. Table 2 lists exam- Panels of experts serve as advisory committees to the FDA
pies of FDA-classified medical devices. in recommending device classifications. To determine whether

a device is safe and effective, the panel reviewers consider who
the users are, the conditions of use, the benefit-to-risk ratio,
and the reliability of the device. After receiving the panel's
recommendation, the FDA decides on the device classification.

TABLE 2 Examples of Class I, II, and III Devices Depending on the classification granted, the device manufac-
turer can then follow the appropriate regulatory path to mar-

Class I Class II Class III keting a safe and effective product.

Root canal post Oxygen mask Intraocular lens ApOFOVAl PrOCCSSCS
Dental floss Blood pressure cuff Heart valve
Enema kit Powered wheelchair Infant radiant warmer Regardless of the type of medical device, a manufacturer
„ j c i n i w - i u j must submit a premarket notification to the FDA a t least 90longue depressor Skull clamp Ventricular bypass device r

Surgeon's glove Obstetric ultrasonic Automated blood cell
imager separator

_____.____________________________^__________^______ 'CFR is the abbreviation for the Code of Federal Regulations.
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days prior to commercially distributing a new or substantially final deliberation by the FDA. After the filing review, which
modified device (21 CFR 807, SubpartE). This type of notifica- is an administrative and limited scientific review, the FDA
tion is usually referred to as a "510(k)" submission because officially files the application if it is considered complete. A
it is mandated in Section 510(k) of the 1976 amendments. The 180-day review period then begins, during which the FDA
premarket notification system enables the FDA to identify the approves or disapproves the application.
proper classification and to determine whether the device is
substantially equivalent in terms of safety and effectiveness to Investlgational Device Exemptions
another device that is or has been marketed. n\f\ \- • j nrwi \ *.-£. _• tPMA applications and some 510(k) notifications tor new

According to the 1976 amendments, "substantial equiva- ^.^ ^ submission of dinkal data that establish devke

lence refers to equivalence to a device already on the market saf effectivenesS5 and climcal utilltv. To conduct clinkal

in the United States prior to the 1976 amendments, to a device . t - • ., T T - ,C4. . ••, ' j j •, , , , h , , , , i 1 1 - t i studies in the United States with a nonapproved device, a manu-
marketed after that date that has been deemed substantially ^^^ must obtam ̂  investl tional devke exemption {!DE)

equivalent, or to a device that has been reclassified as Class I for ^ deyke fo[ SQme di tk devices and custom devkeS)

or II. However, the SMDA allows the 510(k) submission to ID£s are not ired (n CFR gl4)

be based on an equivalence determination of a legally marketed Before afi ID£ ̂  ̂  obtained) a device must first be catego-
device. This change removes the need to find a pre-1976 predi- ^ ̂  presenting either a nonsignificant or significant risk.
cate device. If the FDA determines that a device is substantially A si ifkant nsk device is defined as a devke that presents the

equivalent, then it can be marketed I it is nonequiyalent, the ^ for ̂ ^ fisk fo a human subject and ̂  fcdk

device ,s automatically classified as a Class III device. To change ^ ong of three orks: (1) 1S an • ^ (2) is used m

a classification, the manufacturer can submit a second 510(k) • . • • \-t ,-,,. • • ' * * • *•, , ,, i f - i i supporting o r sustaining life; o r ( 3 ) is important in preventing
with new data, file a reclassmcation petition (to change the i - - r u i u - j - • • ^' . . F 1 1 the impairment o f health o r in diagnosing, curing, o r treating
device ciass to 1 or II), or submit a premarket approval j- XT • -c • i j • j c j *. 11, r FF disease. Nonsignificant risk devices are denned as not usually
(PMA) application. „• • • i ^ u u - *x * r presenting a serious risk to human subjects,

If the device is classified as a nonsignificant risk, an IDE
510(k) Submissions application is not required. However, for a significant risk

A 510(k) submission must include a description of the device device, an application must contain all manufacturing and
and an explanation of the similarities and differences between quality control procedures, complete reports of nonclinical and
the new device and comparable devices already on the market prior clinical studies, a full investigational plan for the clinical
(21 CFR 807, Subpart E). According to the SMDA, companies study, and lists of the investigational review boards (commit-
claiming substantial equivalence to Class III preamendment tees designated by a university or an institution to review bio-
devices must provide the FDA with a summary of and citation medical research with human subjects) involved in the study,
to all adverse safety and effectiveness data. Also, submission Within 30 days of the receipt of the application, the FDA
of clinical data concerning both the predicate device and the approves, with conditions, or disapproves the application.
new device is becoming more common for 510(k) submissions.

To learn about the specific FDA requirements for a particu-
lar type of device, a manufacturer can obtain copies of 510(k) iyti/iri: Ttcriwr
submissions for competitive products and check with the FDA IJtVH-t ILMINIj
for any guidance documents that may be available.

Testing requirements differ from device to device. Both non-
PMA Applications clinical and clinical testing schemes must be well planned to

answer questions about safety and effectiveness.
Until the passage of the SMDA, an approved PMA applica-

tion was essentially a private license granted to the manufac-
turer for marketing a particular medical device. However, ac- Nonclinical Testine
cording to the SMDA, information contained in a PMA
application that concerns the safety and effectiveness of the The nonclinical studies required for a PMA are described
device should be made public 1 year after the approval of four in 21 CFR 814 as "including microbiological, lexicological,
devices of a kind. These data are used by the FDA to establish immunological, biocompatibility, stress, wear, shelf life, and
performance standards and to approve other devices. other laboratory or animal tests as appropriate." Although

A PMA application must contain full reports of investiga- there is no legal requirement to conduct a particular profile
tions, both nonclinical and clinical, that show whether the of tests, the FDA does expect adherence to their guidance
device is safe and effecitve (21 CFR 814). In addition, the document, Tripartite Agreement for Biocompatibility Testing
components of the device and the principle of operation must of Devices. This generic document and other FDA guidance
be described in detail. Manufacturing and quality control pro- documents specific to particular types of devices suggest the
cedures, proposed labeling, and actual samples of the device types of physical, chemical, and biological testing to be done.
(or the location of where one can be examined) are also re- However, it is left to the manufacturer to design a profile of
quired. PMA applications undergo an extensive review process: tests suited to the specific device and its intended use.
a filing review, an in-depth scientific and regulatory review, a A number of organizations participate in defining standards
pane! review by the appropriate advisory committee, and a and testing methods. Among them are the International Stan-
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dards Organization (ISO), the Health Industry Manufacturers SUMMARY
Association (HIMA), the American Association of Medical

Instrumentation (AAMI), the American Society for Testing and The marmfacturer is responsible for demonstrating the
Materials (ASTM), and the U.S. Pharmacopoeia (USP). As a safety5 effectiveness, and clinical utility of a medical device. If
guideline developed to combine and harmonize testing require- these aspects are considered carefully during the developmental
ments of the European community, ISO Standard 10993-1: stages? the regulatory issues involved in getting that device to
Biological Evaluation of Medical Devices gives suggestions for market are greatly simplified
developing a testing plan for different categories of devices.
Other publications also describe testing profiles and methods
(Henry, 1985; Williams, 1981; Von Recum, 1986).
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Perspectives and Possibilities in

Biomaterials Science
BUDDY D. RATNER

The field of biomaterials is a young one, with perhaps 40 molecular level, the phenomenon called biocompatibility?
years of formal history. We have come from an earlier era in There is mounting evidence that it is closely associated with
which research and development in biomaterials was driven cellular activation driven both by geometry and chemistry,
by surgeon-visionary-entrepreneurs (the "surgeon hero"), to and also is closely linked to chemical communication be-
the 1990s where these development activities have largely been tween cells.
transferred to university and industrial laboratories. We are Biomimetics Can we mimic the superb combinations of
entering an era of exciting discoveries in molecular biology, strength, toughness, and flexibility found in sea urchin spines
cell biology, and materials science. The old-style, empirical or spider silk? Can the phase changes, lubricity, and water
research driven by the urgency to address immediate patient retentiveness of mucus be applied to the design of biomaterials?
needs (i.e., construct a device and get it into clinical use as These questions suggest new approaches to designing biomate-
quickly as possible) is now, more and more, being replaced by rials by observing how nature does its work,
systematic, hypothesis-driven investigation by teams of engi- Cbemometrics The application of multivariate statistics to
neers, basic scientists, and physicians. This approach leads to problems in biomaterials science can break us free from the
better science and better engineering, and ultimately, better trap of univariate correlation. Chemometrics permits us to
medicine and patient satisfaction. Such an approach also offers design better experiments, make efficient use of the large
the possibility to incorporate new, scientific ideas into the devel- amounts of data generated by contemporary analytical instru-
opment of biomaterials. mentation, and to generate new hypotheses that were not obvi-

This brief epilogue offers those interested in the future of ous from a simple "eyeballing" of a data set.
biomaterials a list of new ideas that have the potential to Composite materials Composite materials combine the de-
revolutionize the field. This chapter is intended to stimulate sirecj mechanical properties of each of two phases into one
vision, dreaming, and planning. The ideas here are largely materials system. New records for mechanical performance are
predicated upon (1) molecular engineering (engineering from now being set using nanocomposites.
the molecules up rather than the bulk properties down), and Computational chemistry In the past, our ideas for new
(2) the rigorous application of principles derived from physics, biomaterials came from implantation in animals, observation,
chemistry, materials science, and biology. Many of these basic anj optimization of responses. Now we have the possibility
ideas have been expanded upon elsewhere (Drexler, 1992; Of designing materials on a computer to perform specific func-
Lehn, 1988; McGee, 1991; Prime and Whitesides, 1991; tions or to resemble natural macromolecules. By planning ma-
Ratner, 1993; Tirrell et al, 1991; Ulman, 1991). Here are teriais on the computer, synthesizing them, and then studying
some areas of contemporary exploration (in alphabetical order) their interactions with biological systems, we can efficiently
that have the potential to replace empirical biomaterials science explore hypotheses about the mechanisms of bioreactions and
with precision design and engineering. use this information to continue the optimization on the com-

puter screen.
Assembly The spontaneous, facile fabrication of molecu- Cytokines The chemical messengers between cells, also

larly self-assembled perfect organic and inorganic surfaces is called growth factors or interleukins, will help us to understand
now a reality. The order provided by these systems can assist healing, growth and cell function. Can we use them (via con-
us in engineering recognition surfaces and making templates trolled release from synthetic materials or cells) to engineer a
for assembling other systems. Organized assemblies of mole- new generation of biomaterials that performs exactly as de-
cules and molecular templates are so widely used in nature signed?
that it is surprising we have not exploited them in our syn- Drug delivery This field is an offshoot from biomaterials
thetic biomaterials. that is expanding by leaps and bounds. Important ideas that

Biocompatibility When will we finally understand, at a are central to drug release are stabilization of the biological

Biomaterials Science
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function of the molecules being released, degradable polymers, reactions that would not occur in homogeneous solution
swellable polymers, intelligent materials and, of course, bio- phases. New, more powerful methods to characterize the order
compatibility. and composition of minute amounts of material at interfaces

Extracellular matrix components This former sleepy back- are continually being developed.
water of biology is now a hot area of research as new molecules Josephson tunnel junction These structures on a chip, and
and functions are discovered daily for the glue that holds the other developments in microelectronics, will lead to steady
cells together. In healing responses that are engineered into increases in the speed of computers. Increases in computer
biomaterials, the formation of a new extracellular matrix must power are important to molecular design, pattern recognition,
be considered. Also, can we learn from the composite structure and improved instrumentation.
of the extracellular matrix some new molecular architecture Km The Michaelis-Menten constant assists us in under-
tricks that can be used to design improved biomaterials? standing the kinetics and specificity of enzyme reactions. There

Fullerenes A whole new field of chemistry has appeared in are many examples of immobilized enzymes used in biomaterial
a five-year period based on the unique reactivity and structure devices, Still, the high reactivity and specificity of enzymes
of this C60 form of carbon and related shell, tube, and sheet encourage further development. Can we also use catalytic anti-
forms. Biomaterials scientists have long used carbon in implant bodies?
materials. What can we do with these structures? Life The phenomenon called life might be thought of as a

Genetic engineering Site-specific mutagenesis in Escher- modestly clever chemical system that, among other things,
ichia colt can make unique proteins to order. One can imagine provides biomechanistic inspiration for bioengineers. We must
designing a new protein variant on a computer, expressing it always look to living systems to understand how, over evolu-
in bacteria, isolating it, and self-assembling it into a new class tionary history, nature has optimized functionality, efficiency,
of designed materials. and performance. Also, improving the quality of life through

Heparin This polysaccharide molecule has functions and improved therapies is a goal of biomaterials designers,
pharmacologic actions far more diverse than once imagined. Microscopy The field of microscopy is undergoing a revolu-
Synthetic heparinoid structures, natural heparin fractions, and tion. Optical techniques in the visible range such as laser confo-
related polysaccharides will provide researchers with a varied cal and near field are significantly improving depth of field and
palette from which to choose new components (structural and resolution. Fluorescence microscope methods give us quantita-
bioactive) to be used in biomaterials. tion and specificity. Scanning electron microscopy (SEM) meth-

Human genome The effort to sequence the human genome ods (low voltage and environmental) permit hydrated systems
can lead to a direct understanding of disease, aging, individual to be studied and minimize electron damage. Surface analytical
variation, healing mechanisms, and human potential. The im- imaging (TOF-SIMS and scanning Auger microprobe) will gen-
pact of this knowledge on the design of biomaterials is unclear, erate compositional maps with resolutions finer than 0.1 ftm.
but it will certainly be profound. In the short term, those The scanning probe microscopies (scanning tunneling micro-
working on gene sequencing exploit the principles governing scope (STM), atomic force microscope (AFM), and other tech-
the interaction of biological materials with synthetic materials. niques) offer unprecedented resolution of surface conductivity,
For this reason, biomaterial scientists are appropriate as team friction, topography, and electrochemistry. AFM images of
players in the exciting gene sequencing project. living cells show remarkable detail, such as subsurface features.

Hybrid artificial organs Composite systems composed of Mobility Surface molecular mobility has long been postu-
living cells or tissues and synthetic biomaterials can provide a lated to play a role in biointeraction. Analytical methods in-
degree of functionality for our materials that we could not eluding SIMS, electron paramagnetic resonance, nuclear mag-
imagine without the living component, namely responsive bio- netic resonance, fluorescence measurements, and contact angles
chemical factories called cells. Liver, pancreas, skin, and nerve permit us to directly measure or infer information about surface
prostheses are all possible with hybrid systems. The challenges mobility and correlate it with biological response,
here include stabilization of the phenotype of the cell, cell Nanofabrication Proposed by Richard Feynman in 1959
viability, inhibition of fouling, metabolite delivery rate, and and just now becoming an exploitable reality, nanofabrication
biocompatibility. offers the possibility of constructing systems and devices on a

Intelligent materials A word frequently used in biomaterials scale of sizes between cells and proteins. Nanomachines that
science to describe materials that interact minimally with the are the size of red blood cells might ream out occluded arterioles
body has been "passive." More recently, we have come to or operate nanovalves to control peptide delivery. Patterning
realize that there are no passive materials, and furthermore, of surfaces on the submicron scale (a technology that is, at
that materials can be designed to be active. This activity can this time, approachable) might control protein adsorption and
be manifested in surface processes, or it can relate to changes cell function.
in the bulk of the materials. Systems that rapidly shrink, swell, Orientation Most of the biomaterials now synthesized are
or change their optical or electrical properties in response to random and amorphous at the molecular level. Yet, biology
their environment have been developed. Such systems have elegantly exploits molecular order and orientation. Self-assem-
potential for new drug delivery devices, bioseparations, biore- bly and electrical fields might be used to create ordered surfaces
actors, and artificial muscles. that mimic biological systems.

Interfaces The majority of bioreactions occur at interfaces, Polymer synthesis Synthetic polymer chemists now have
yet the formal study of interfaces is just developing in biomate- techniques to make novel polymers with greater control than
rials. Interfaces can concentrate components and trigger new ever before. Methods such as metathesis polymerization, carbo-
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cationic polymerization, anionic polymerization, and group metals? What is the nature of the oxide layer that may drive
transfer polymerization can produce polymers with narrow these interactions? What is the biological significance of the
molecular weight distributions and few side reactions. Chemis- peroxide-induced surface gel that forms on titanium?
tries mimicking aspects of natural proteins [e.g., pseudopoly PolyUrethanes This older class of polymers is still the pri-
(amino acids) ] and polynucleotides are being explored. Peptidic mary contender for the artificial heart, if we can engineer blood
polymers synthesized by genetic manipulation of bacteria are compatibility and biostability. Polyurethanes have superb me-
composed of only one molecular weight and can be engineered chanical properties and offer many options for synthesizing
for desired mechanical and surface properties. Template poly- new structures.
merization and dentridic polymerization provide new options Vitronectin and the other molecules in the class called adhes-
for controlling structure. This combination of versatility and ins (fibronectin, laminin, etc.) continue to amaze researchers
control makes polymer synthesis an important tool in the de- as their ubiquity, functionality, and potency are explored. We
sign and development of new biomaterials. will certainly use these molecules, and minimal peptide se-

Polymerase chain reaction (PCR) PCR permits the analysis quences from them, in the design of new biomaterial surfaces,
of trace levels of nucieotides, and also offers the possibility of Also, learning to control the adsorption of these molecules,
scaling up the synthesis of genetic material. PCR will have and their conformations once adsorbed, remains a frontier
application in measuring cell up- and downregulation via worthy of exploration.
raRNA, and in manufacturing antisense DNA that might be Water Since 98 mole% of living systems is water, we do
useful in diagnostics and biosensors. ourselves a disservice by considering water merely a solvent

Porosity and texture Evidence is accumulating that archi- instead of engineering with it.
lecture (porosity and texture) at the micron scale can dramati- Wear New insights are developing on wear from computer
cally influence the nature of cellular reactions to materials. simulations and studies with the atomic force microscope and
What are the rules governing this process, and how can we surface force apparatus. Understanding and reducing wear may
use them to make improved prostheses? How can we best be critical for improving the longevity of hip and knee pros-
fabricate controlled pore structures and surface nanotextures? theses.

Quantum tunneling This technique provides us with a star- X-rays National synchrotron sources provide X-rays that
tling new perspective on the molecular world via the scanning are tunable, bright, and polarized. These new sources offer the
tunneling microscope. Polycrystalline gold with large facets possibility of probing matter for orientation, composition, and
of (111) crystals can be an excellent substrate for observing phase separation. New characterization methods, such as those
adsorption and assembly at the molecular scale. The STM can being developed with the availability of these photon sources,
also be used to manipulate individual molecules and thin films enhance our ability to understand materials and to engineer
to create interesting nanostructures. improved materials.

Receptors and recognition Biomaterials as we know them Yeast Recornbinant gene technology using yeasts permits
today are largely nonspecific in their interactions with biologi- the large-scale synthesis of proteins that are glycosylated. Thus,
cal systems. This is in contrast to nature, which performs most many human proteins and variants of those proteins are now
of its function by a high specificity, receptor-recognition route. accessible, and potentially manufacturable in large quantities.
Receptor biology has revolutionized our mechanistic under- Consider, for example, the engineering possibilities for large
standing of cellular processes. The specificity of receptor sites quantities of proteins such as fibrinogen that are free of vi-
on cell surfaces (often, they are proteins called integrins), and ral contamination.
the close relationship of those sites with the internal machinery Zeolites Zeolites can be thought of as inorganic molecular
of the cell, offers a route to control of cell function. Also, the recognition systems. Just as efforts are under way to develop
research on disintegrins, proteins that strongly interact with organic-based synthetic recognition systems, why can we not
the integrin molecules, has provided insights into cell control. exploit this specificity in our bioceramics?
We can use disintegrins, minimal peptide sequences derived
from disintegrins, or synthetic models of the binding comple- This list is hardly complete. There are many other new ideas,
ment to integrins, to direct cell processes. In the future, such paradigms, and algorithms that can be equally influential. The
cell-recognized molecules (synthetic or natural) will be built important point is that biomaterial science can freely use many
onto our biomaterials, or released from them, to cleanly and ideas—we passed beyond single academic disciplines long ago,
precisely control cell function and hence biocompatibility. and we now concentrate on solving problems relating to human

Sensors Biosensors are a growing, vital technology that very health and the interactions of biological systems with materials,
much takes advantages of biomaterials ideas, recognition con- Perhaps the final frontier in biomaterials science will be in
cepts, and new technologies. There are myriad opportunities the areas of ethics. Ethical questions are frequently raised and
for in vitro and in vivo diagnostic and monitoring biosensors. stimulate us to think about such issues as control and shaping
Solutions to fouling problems and biocompatibility issues are of our own bodies; life and death; relationships among patient,
critical for a robustly designed in vivo biosensor. doctor, and attorney; relationships with federal regulatory

Sol-gel The sol-gel process is a synthetically flexible route agencies; relationships between academic scientists and entre-
to new ceramics. Such materials can be processed at low tern- preneurs; the cost of health care; and the use of animals in
peratures and have excellent purity. These are clearly desirable research. The ubiquity of these ethical issues in our continuing
characteristics for biomaterials systems. effort highlights a special strength and excitement in the field

Titanium Are the biointeractions of titanium unique to all of biomaterials science: we have a direct impact on people.
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The editors and authors of this volume hope that you become McGee, H. A., Jr. (1991). Molecular Engineering. McGraw Hill,
as excited about biomaterials—its intellectual challenges, hu- New York.
manitarian aspects and rewards—as we are. Prime' K- L-> and Whitesides, G. M. (1991). Self-assembled organic

monolayers: model systems for studying adsorption of proteins at
surfaces. Science 252: 1164-1167.
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Properties of Biological Fluids
STEVEN M. SLACK

The physicochemical properties of several human biological Otherwise, the amount of protein migrating with a given mobil-
fluids have been measured by numerous investigators and the ity (a, ft, y), as determined from electrophoretic studies, is
results are shown in Table Al. Where possible, ranges of values given. Table A3 shows the concentrations of the major electro-
are given, but the reader should realize that significant varia- lytes in several human biological fluids, and Table A4 lists
tions are possible, particularly in states of disease. Values for concentrations of various organic compounds in the same flu-
cerebrospinal fluid (CSF) refer to the lumbar region and values ids. The lymph is that obtained from the thoracic duct. Finally,
for synovial fluid refer to the knee joint, unless otherwise spec- Table A5 lists the major proteins in plasma and gives their
ified. concentration, molecular weight, isoelectric point, sedimenta-

Next to water, proteins comprise the bulk of most biological tion constant, diffusivity, extinction coefficient at 280 nm,
fluids, and the concentrations of various protein fractions in electrophoretic mobility, and carbohydrate content. Additional
several human biological fluids are shown in Table A2. The information regarding the composition of human biological
concentrations of specific proteins are listed where possible. fluids can be found in the references.

TABLE Al Physicochemical Properties of Several Biological Fluids

Whole Plasma Cerebrospinal Synovial Tear
Property blood (serum) fluid fluid Saliva fluid

Freezing-point depression" 0.557-0.577 0.512-0.568 0.540-0.603 — 0.07-0,34 0.551

Osmolality* — 281-297 306 — — —

pHc 7.39-7.46 7.35-7.43 7.35-7.70 7.29-7.45 5.6-7.6 7.3-7.7

Refractive index^ 16.2-18.5 1.3485-1.3513 1.3345-1.3351 — — 1.3361-1.3379

Relative viscosity" 2.18-3.59 1.18-1.59 1.020-1.027 >300 — —

Specific conductivity'' — 0.0117-0.0123 0.0119 _ _ _ _ _ _

Specific gravity* 1.052-1.060 1.024-1.027 1.006-1.008 1.008-1.015 1.002-1.012 —

Specific heat* 0.92 0.94 — — —

Surface tension' 55.5-61.2 56.2 60.0-63.0 — 15.2-20.6 —

flUnits are CC.
^Units are mosm/kg H2O. Calculated from freezing-point depression.
cpH measured from arterial blood and plasma, and from cisternal portion of CSF.
^Measured at 20°C.
**Measured in vitro at 37°C for whole blood, plasma, and synovial fluid, and at 38°C for CSF. The viscosity of serum is slightly less than

plasma owing to the absence of fibrinogen.
'Units are S/cm. Measured at 25°C for plasma, 18°C for CSF.
^Relative to water at 20°C.
''Units are cal/g °C.
'Units are dyne/cm. Measured at 20°C.
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TABLE A2 Protein Concentrations (mg/100 ml) in Several Biological Fluids

Plasma Cerebrospinal Synovial Tear
Protein (serum) fluid fluid Saliva fluid Lymph

Total 6500-8000 20-40 500-1800 156-630 136-592 2910-7330

Albumin 4000-4800 11-22 315-1130 — 20-100 1500-2670
Amylase — — 38 — —
a,-Globulins 380-870 1.1-2.2 35-130 —• — 260
«2-Globulins 570-940 1.3-2.8 35-130 — 16-70 250
^-Globulins 730-1380 2.4-4.8 45-160 — 37-160 400
•y-Globulins 590-1450 2.2-4.4 70-250 — 42-185 780
Transferrin — — 48-77 — — —
Ceruloplasmin — — 4.3—6.2 — — —
a2-Macroglobulin — — 7.3-12.5 — — —
IgA - - — 19 - -

{gG - _ _ 1.4 — -

IgM — — 2.3-8.6 0.2 — —
Fibrinogen 200-400 — _ _ _ _ _ _ _ _

Lysozyme — — — <150 18-80 —

TABLE A3 Concentrations of Major Electrolytes (mEq/1) in Various Biological Fluids

Whole Plasma Cerebrospinal Synovial Tear
Electrolyte blood (serum) fluid fluid Saliva fluid Lymph

Bicarbonate 19-23 24-30 21.3-25.9 — 3.5-10.7 26 —
Calcium 4.8 4.0-5.5 2.0-2.60 2.3-4.7 2.3-5.5 — 3.4-5.6
Chloride 77-86 100-110 100-129 87-138 15.1-31.6 118-138 87-103
Magnesium 3.0-3.8 1.6-2.2 0.45-4.0 — 0.16-1.06 — —

Phosphate 0.76-1.1 1.6-2.7 — Same as serum — — 2.0-3.6
Potassium 40-60 4.0-5.6 2.06-3.86 3.5-4.5 14-41 7.7-22.1 3.9-5.6
Sodium 79-91 130-155 129-153 133-139 5.2-24.4 126-166 118-132
Sulfate 0.1—0.2 0.7—1.5 — Same as serum — — —

TABLE A4 Concentrations of Various Organic Compounds (mg/100 ml) in Several Biological Fluids

Whole Plasma Cerebrospinal Synovial Tear
Species blood (serum) fluid fluid Saliva fluid Lymph

Amino acids 38-53 35-65 1.0-1.5 — — 7,6 —
Bilirubin 0.2-1.4 0.2-1.4 <0.1 — — — 0.8
Cholesterol 115-225 120-200 0.16-0.77 5-14 2.5-50 — 34-106
Creatine 2.9-4.9 2.5-3.0 0.46-1.9 — _ _ _ _ _

Creatinine 1-2 0.6-1.2 0.6-1.4 — 0.5-2 — 0.8-8.9
Fat, neutral 85-235 25-260 0-0.9 — __ __ _
Fatty acids 250-390 150-500 — — — _ —
Glucose 80-100 60-130 50-80 — 10-30 10 140
Hyaluromc acid — — — 250-365 — — —
Lipids, total 445-610 285-675 0.77-1.7 — _ _ _

Nonprotem N 25-50 19-30 11-20 22-43 7-35 — 13.4-139
Phosphoiipid 225-285 150-250 0.2-0.8 13-15 — — —
Urea 20-40 20-30 13.8-36.4 — 14-75 20-30 —
Uric acid 0.6-4.9 2.0-6.0 0.5-2.6 7-8 0.5-2.9 — 1.7-10.8
Water 81-86 g 93-95 g 94-96 g 97-99 g 99.4 g 98.2 g 81-86 g
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TABLE A5 Physicochemical Properties of the Major Plasma Proteins

Plasma Molecular
concentration weight

Species (tug/ml) (daltons) pi S" D!> E280
C V,/ Mobility CH2O

e

Prealbumin 10-40 54,980 4.7 4.2 — 13.2 — « 0

Albumin 35-45 66,500 4.9 4.6 6.1 5.8 0.733 a 0

arSeromucoid 0.5-1,5 44,000 2.7 3.1 5.3 8.9 0.675 a^ 41.4

orAntitrypsin 2,0-4.0 54,000 4.0 3.5 5.2 5.3 0.646 a, 12.2

arMacroglobulin 1.5-4.5 725,000 5.4 19.6 2.4 8.1 0.735 a2 8.4

«2"Haptoglobin
Type 1.1 1.0-2.2 100,000 4.1 4.4 4.7 12.0 0.766 «2 19.3
Type 2.1 1.6-3.0 200,000 4.1 4.3-6.5 — 12.2 —- —
Type 2.2 1.2-2.6 400,000 — 7.5 — — — --

cx2-Ceruloplasmin 0.15-.60 160,000 4.4 7.08 3.76 14.9 0.713 a2 8

Transform 2.0-3.2 76,500 5.9 5.5 5.0 11.2 0.758 ft 5.9

Lipoproteins (Sf)
LDL (p < 1.019) 1.5-2.3 5-20 x 10* — >12 5.4 — — /3
LDL (p = 1.019-1.063) 2.8-4.4 3,200,000 — 0-12 — —- — a, —
HDL2 (p = 1.093) .37-1.17 435,000 — 4-8 — — — a\ —
HDL., (p = 1.149) 2.17-2.70 195,000 — 2-4 — — — a}

IgA (monomer) 1.4-4.2 162,000 — 7 3.4 13.4 0.725 y 7.5

IgG 6-17 150,000 6.3-7.3 6.5-7.0 4.0 13.8 0.739 y 2.9

IgM 0.5-1.9 950,000 — 18-20 2.6 13.3 0.724 y 12

Clq .J-.25 400,000 — 11.] — 6.82 yx 8.5

C3 1.5-1.7 180,000 6.1-6.8 9.55 4.5 — 0.736 ft 1.5

C4 0.2-0.5 206,000 — 10.1 — — — ft 6.9

Fibrinogen 2.0-4.0 340,000 5.5 7.6 1.97 13.6 0.723 ft 2.5

d Sedimentation constant in water at 20°C, expressed in Svedberg units, i.e., 10~13 cm s"1 dyne""1. For the lipoproteins, the flotation constant
(Sf) in a medium of relative density 1.063 at 26°C is listed (Svedberg units).

^Diffusion coefficient in water at 20°C, expressed in 10~7 cm2/s.
'Extinction coefficient for light of wavelength 280 nm traveling 1 cm through a 10 mg/ml protein solution.
'^Partial specific volume of the protein at 20°C, expressed as ml g"1.
^Carbohydrate content of the protein, expressed as the percentage by mass.
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A Alginates, 120 Aramid (aromatic polyamide fiber), 96
Absorbable materials, see Bioerodable Alloys, see also specific ASTM numbers Association for the Advancement of

materials cobalt-based, 41—46 Medical Instrumentation, 240, 459
Activated-partial thromboplastin time galvanic corrosion, 262 ASTM, see American Society for Test-

assay, 298—299 stainless steel, 41 ing and Materials
Adhesion, see Adhesives and sealants; titanium-based, 46—50 ASTM F67 (titanium), 46, 47

Bacterial adhesion; Cell adhesion; Alternative pathway, 177-178 ASTM F75 (cobalt), 41-45
Platelet adhesion Alumina (A12O3) ASTM F90 (cobalt), 45

Adhesions, prevention of, 65 degradation in vivo, 266 ASTM F136 (titanium), 47-50
Adhesives and sealants in dental implants, 76—78, 313 ASTM F138 (stainless steel), 41

hard tissue adhesives in hip replacement, 76-77 ASTM F.139 (stainless steel), 41
composite polymer-ceramic resins, in joint replacements, 343 ASTM F562 (cobalt), 46

325-327 properties, 76-78 ASTM F799 (cobalt), 45
glass ionomer cements, 325 American Dental Association, 459 ASTM grain size, 41
methyl methacrylate, 324 American National Standards Institute, Atactic polymers, 52
resin cements, 325 459 Atomic force microscopy, 32—33
zinc phosphate, 325 American Society for Testing and Mate- Atomic structure
zinc polycarboxylate, 325 rials, 18, 215, 217, 457 carbon, 11—12, 12—13

mechanisms American Type Tissue Culture Collec- ceramics, 12
adsorption, 320—322 tion, 216 inorganic glasses, 13-14
diffusion, 322 Amorphous state, defined, 14 metals, 12
electronic transfer, 322 Animal models polymers, 14
mechanical interlocking, 320 AAAS resolution on use of animals, Atrophy, stress protection, 101, 102—

ophthalmologic applications, 240-241 104,222-223
333—334 laws and regulations, 238-239 Austenite phase, 41

overview, 319—320 species considerations, 239—240 Autoclaving, 417
research directions, 327 standards, 459-460 Autologous saphenous vein, 287
soft tissue adhesives Animal and Plant Health Inspection A-W glass-ceramic (A-WGC), in bone

bioadhesives, 323—324 Service, 239 bonding, 79
cyanoacrylate esters, 323 Animal Welfare Act, 239
fibrin sealants, 323 Anisotropy, defined, 16—17
gelatin-resorcinol-formaldehyde Annealing B

glue, 323 metals, 21 Bacterial adhesion
Adsorption, protein polymers, 271 and biomaterial corrosion, 211

and leukocyte localization, 168, 179 Antibiotic resistance, in biomaterial-cen- and matrix proteins, 210
mechanisms, 136-140 tered infections, 212 mechanisms, 209-210

Agar diffusion test methodology, 218 Antigenicity, see Immunogenicity microzones, 211
Albumin Apheresis, 404-410 research results, 205-206

and bacterial adherence, 210 APHIS, see Animal and Plant Health In- species differences, 208
surface hydrophilicity modification, spection Service Barriers, temporary, 65

298 Apoptosis, defined, 157 BCC, see Body-centered cubic structure

473
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B cells, structure and functions, 187 iridium, 373—374 Blood-material interactions
Bend testing, 18 iridium oxide, 374 blood compatibility, 229—232
Bioabsorption, see Bioerodable mate- nerve cell stimulation, 371 classifications, 283—284

rials nerve regeneration, 371 testing
Bioactive fixation, defined, 74 platinum, 373 anticoagulants, 233
Bioadhesives, 323-324 silver, 373 blood flow effects, 233-234
Biobrane, 366 stainless steel, 374 blood handling, 233
Bioceramics, see also Ceramics stimulation waveforms, 372—373 donor species considerations, 232,

alumina, 76-78, 343 tantalum, 374 239-240
applications, 82f Bioerodable materials interaction time, 234-235
bioerodable, 74—75, 83 applications, 64—65, 353 in vitro, 235
degradation in vivo, 265—267 bioerodable composites, 101—102 in vivo, 235—237
microstructure, 75—76 ceramics, 82, 83 overview, 228-229
processing methods, 75—76 composites, 96, 97, 101 — 102 thrombogenicity, 229—231, 297—298
tissue attachment, 73—75, 343 defined, 65—66 Blood pumps
zirconia, 77 mechanisms of bioerosion, 69—70 calcification, 273

Biocompatibility, 2, 11, 445-447 natural polymers, 84-94 titanium microsphere lining, 294
blood compatibility, 228—229 rate of bioerosion, 70—72 Blood substitutes, 295
cytotoxicity, 215—216 synthetic polymers, 66—69, 96, 97 Body-centered cubic structure, 12
systemic toxicity Biofilms Bonds, interatomic

immune response, 180, 191-192 and biomaterial-centered infections, covalent, 11-12
nonimmune, 189 208 hydrogen, 12

thrombogenicity, 229—231 defined, 210—211 in adsorption bonding theory, 320
Biocompatibility testing detachment, 211-212 in hydrogels, 60

application-specific tests, 219 Biofix bone pins, 69 in polymers, 14
blood-material interactions, 228— Bioglass, 75, 79 ionic, 11

238, 298-299 Biological fixation, 74, 78 metallic, 12
hierarchy, 240 Biomedical sensors, see also Biosensors van der Waals, 12
in vitro tests blood gas sensors, 384 in adsorption bonding theory, 320

activated-partial thromboplastin consuming vs. nonconsuming, in hydrogels, 60
times assay, 298—299 376-377 in polymers, 14

agar diffusion test, 218 electrochemically active sensors, Bone bonding
direct contact test, 217 383—384 bioactive ceramics, 78—81, 343
elution test, 218 ion-selective electrodes, 383 dental implants, 311-312, 317
safety factors, 216 optical pH sensors, 382-383 hydroxyapatite implants, 83
thrombin and ATIII adsorption optical thermometers, 380—381 porous polymer coatings, 342

test, 299 overview, 376-379 synthetic hydroxyapatite, 96, 343
thrombin chromogenic assay, 299 pH potentiometers, 382 Bone cement disease, 268—269

in vivo tests, see also Animal models pressure transducers, 381 Bone remodeling
controls, 225 resonance temperature detectors, 380 and dental implants, 311—312
criteria, 228 thermistors, 380 and implant stiffness, 102—104,
histology and histochemistry, thermocouples, 380 222—223

225-226 Biomer Brittle fracture, 18
immunohistochemistry, 226 degradation, 270 Bulk erosion, defined, 70
mechanical testing, 227 and heparin immobilization, Burn dressings
percutaneous injection, 224 303-304 amnion temporary dressing, 365
scanning electron microscopy, 227 Bioresorbable materials, see Bioeroda- burn classifications, 360
selecting implant sites, 222-224 ble materials; Degradable implants natural skin grafts, 361—362, 365
surgical protocols, 224—225 Biosensors relevant properties of skin substitutes
transmission electron microscopy, acoustic/mechanical, 386—387 biodegradation rate, 363

226-227 biomembrane-based, 387 dimensions and pore size,
standards, 459-460 defined, 384-385 362-363
thrombogenicity, 229-231,298—299 electrochemical, 386 macrostructure, 364

Biodegradable implants, see Degrad- immobilization of biochemistry, 385 minimal antigenicity, 363—364
able implants optical waveguide, 386 porosity, 362

Bioelectrodes potential-based, 386 strength, 363
applications, 371 research directions, 387-388 wetting and adherence, 362
capacitor electrodes, 374 thermal and phase transition, 387 synthetic graft materials
charge transfer mechanisms, 372 Blood gas sensors, 384 culture grafts, 367—368
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multilaminar dressings, 366-367, Catheters, 289-290, 424-425 ASTM F90, 45
368-369 catheter-related thrombosis, 290 ASTM F562, 46

single laminar polymer dressings, Celgard, in oxygenator membranes, ASTM F799, 45
365-366 285 in dental implants, 313, 314, 316

n-Butyl cyanoacrylate, in soft tissue ad- Cell adhesion in joint replacements, 340
hesives, 323 adhesive proteins, 141, 149 Collagen

adhesive sites, 142-143 in artificial skin, 364-365, 366
cell-cell contact sites, 142-143, 149 biodegradable implants, 88-91
cell-substratum contact sites, 143 bovine, as composite matrix, 97

C critical surface tension, 146 calcification, 279
Calcification integrin receptors, 141 chemical modifications, 88-91

assessment techniques, 275—276 kinetics, 143-144 m extracellular matrix analogs,
bioprosthetic heart valves, 272-273, overview, 209 92-94

278-279 porosity,'145 immunogenicity, 91
blood pumps, 273, 278 spreading mechanisms, 144-146 native structure, 85-87
contraceptive intrauterine devices, ancj surface contact angle, 33 physical structural modifications,

2-'^ surface roughness, 145 8/~os
homografts, 273 thermodynamics, 145 porosity, 88
overview, 272 and wettability, 145 ryPe *> n> 1U»IV' 85"87' 150-153
pathophysiology, 277-279 Cell differentiation, 149-150 W V> 153

prevention, 279-280 Cell regeneratjon5 155 Collagen-glycosammoglycan copoly-
implant pretreatment, 279 CeU structure ' mers, 88, 92-94
mhibitors, 279-280 compartmentalization, 148-149 Complement system

soft contact lenses, 274-275, 279 cytoskeleton 141 activation during
urinary prosthesis encrustation, 275 < 141147 cardiopulmonary bypass, 285

Calcitite, 75 ^ \\ \ \ ' . • • j u r hemodialysis, 180—183' , i TT i Cellular adaptations, in wound healing , ; ,'. . ,
Calcium phosphate, see also Hydroxy- , 17~ adsorption to biomatenais, 168

apatite; 6-Tricalcium phosphate ^ .. '.,, - , , . alternative pathway, 177-178. ,r . „ . „-, Cements, see Adhesives and sealants . . . . . '_~ .„,,
in biocerarmcs, 81-83 . . _. . cellular activation, 179—180
, . . . . oo -»^ Ceramics, see also Biocerarmcs . . . , '
bioerosion mechanisms, 83, 266 , .~ classical pathway, 173—177

n^ atomic structure, 12 _, .
in composites, 96 , . i i i • 0 < o-» Composites

^ ,s ~>c-> calcium phosphate-based, 81-83 , . , , , 0, n_Capronor, 66, 353 . ,,. . . . . bioerodable, 96, 97
~ , . , , ... as cladding on metal joint prosthe- , .c nrCarbide phase, 41 ° r classification, 951

ses 343Carbon, atomic structure, 12—13 . ' 1 - 1 -, -, continuous f iber , 98—100
r. i ci j *• as coatings on dental implants, 313 t i - - Q-, Q0Carbon fiber, production process, & r fabrication, 97—98

95-96 m comP°s^ 96 isotropic? 10Q

Carbonization, 96 porous, 78 matrix systems, 96-97, 102-104
Cardiopulmonary bypass systems, Ceravital, 75, 79 bioerodable, 101-102

284-285 CG copolymers, see Collagen-glycos- mcchanical properties, 98-101
Cardiovascular applications, see also ammoglycan copolymers overview, 94-95

Hearts, total artificial; Thrombo- Chemotaxis, and leukocyte emigration, paniculate, 95
genicity reinforcing materials

blood-material interactions, Chitosans, 120 carbon fiber, 95-96
283-284 Chondroitin 6-phosphate, 365 ceramics, 96

blood pumps, 294 Chondroitin 6-sulfate, 366-367 glass fiberS) 96

blood substitutes, 295 Chromium polymer fibers, 96
cardiopulmonary bypass systems, all°ys with cobalt, 41-46 short-fiber, 100-101

284-285 corrosion and passivation, 263 Compression molding, 98
catheters, 289-290, 424-425 Classical pathway, 173-177 Compression testing, 17-18
heart valves, 285-286, 422-424 Closed-mold processes, 97-98 Connective tissue
inferior vena cava filters, 292 Coagulation jn vjvo biomaterial assessment,
intra-aortic balloon pumps, 292-293 control, 197-198 222-223
pacemakers, 269-270,290-291 mechanisms, 196-197 structure and function, 154
stents, 289 overview, 195-196 Contact angle measurement, 23
vascular grafts, 287-288, 420-422 Coatings, on metallic implants, 40, 74, correlation with biological reactivity,
ventricular assist devices, 293-295 342 33, 447

Casting, investment, 39—40 Cobalt techniques, 26?
Cataract, 436-437 alloys, 41-46 Contact lenses
Catgut, see Poly(glycolic acid) ASTM F75, 41-45 flexible fluoropolymer, 330
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Contact lenses (continued) definitions, 65—66 membrane-controlled, 348
rigid, 330 fracture fixation, 101-102 monolithic, 347-348
soft hydrogel, 274—275, 329—330 sterilization, 72; see also Sterilization overview, 346—347

Continuous pultrusion, 98 of implants regulated
Contraceptive implants, 66, 349, 353, storage stability, 72 externally regulated, 288—289,

354 Degradation, unintended 354-355
Contraceptive intrauterine devices, 274 ceramics, 265-267 glucose concentration-modulated
Copolyroers, 51-52, 54 corrosion, metallic, 101 (insulin delivery), 355

properties, 59—60 corrosion and bacterial infection, morphine-triggered (naltrexone),
Corals, and porous ceramics, 78 211 355
Corneal implants, 331 metals, 261-265 sustained-release products, 347
Corrosion polymers, 243-258 transdermal, 349

crevice, 264 hydrolytic, 244-249 water penetration controlled
fretting, 264 leaching, 269 applications, 351
galvanic, 262, 265 oxidative, 249-258 osmotically controlled, 349-350
intergranular, 265 stress crazing5 269 swelling-controlled, 63-64, 350
m vivo swelling, 269 Ductility, 18

and dynamic stress, 266, 267 systemic toxicity, 189 Durapatite, 75
overview, 260 Denaturation, protein, 136 Dynamic mechanical analysis, 55—56
protein influences, 263 Dental implants
stress corrosion cracking, 265, 266 dinical environment5 310

surface passivation, 262, 263 designs? 308_310 E

tissue reactions, 101, 268 endosteal implants, 312-315, EDXA, see Energy-dispersive X-ray
microbiological, 267-268 431-432 analysis
pitting, 264 fibre-osteal integration, 317 Elasticity, 15, 16
surface passivation 115 w 426_429 of ̂  337.338

CP titanium, see ASTM r67 • . T , ii/- ->\-> • 10_ , ,, ' . _ mtraoral prostheses, 316-317 testing, 18
Creep, denned, 19 t . , -1*~. ,-,, . Q-, ^ n„ . . , , , „_. materials, 312if Elastin, 92, 153
Critical stress intensity factor, 20 . • -> 11 -> 1 -i T ^ -? r-i r L • i„ . , , , . ~,, osteomtegration, 311—312, 317 Electron spectroscopy tor chemical
Critical surface tension, 23 , . , . „.,- .-,, , . ,-, a5, „ ., . „ ' . ._ packaging and preparation, 432-434 analysis, 23-28

a n d cell adhesion, 146, 4 4 7 v 1 1 1 - , ^ - , • • j • -,-,
j ,, j - ~ tAA IAS removable dentures, 317 contamination detection, 33and cell spreading, 144-146 . . . . ' _ _ , 0 . . . . , . . . ' .

,-, ,,• i c-i research directions, 317-318 correlation with biological reactivity,
Crystalline polymers, 52 . . . . . ,,r -,., ^~.
r ' a ij i f_ ,c subpenosteal implants, 315-316, 33
Vjryatdiiiics, u Atn A-H i i - i i • • i-»
Crystal structures, 12-13 ^ 429~4{l , , , ̂  c,

and ^colored titanium 33
^, i Denture prostheses, removable, 317 Electrostatic spinning, 121

Ubiocompnatibility reactions, 180-183 Dermagraft, 368 ELI alloy, see ASTM F136
"first use syndrome" in cardiopulmo- Desmosomes, structure and function, Elution test methodology, 218

narv bvoass 285 ^^' ^^'' ^^ Endosteal implants, see Dental im-

Cyanoacrylate surg'icaUdhesives, 323 Dexon sutures' 69 Plants

ophthalmologic applications, Dextran, 120 Energy, surface, 23; see also Contact
333—334 Diabetes, see Insulin delivery implants angle measurement

Cytokines 183—186 Dialysis, see Hemodialysis; Organs, ar- and cell spreading, 144—146
Cytoskeleton, and cell adhesion, 141 tificial immunoglobulin G adsorption corre-
Cytosol, defined, 148/", 149 Differential scanning calorimetry, 56 lation, 33
Cytotoxicity Direct contact test methodology, 217 Energy-dispersive X-ray analysis, 31

assay methods, 217-220 Di-para-xylylene, in parylene coatings, calcification assessment, 276
defined, 215 115-116 Epikeratophakia (corneal transplant),

DLVO theory, 143-144 331
DPX, see Di-/?#ra-xylylene Epithelium

£) Drug delivery systems in vivo biomaterial assessment,
Dacron, see Polyethylene tere- chemically controlled 223-224

phthalate) applications, 353-354 structure and function, 153—154
Daughter cells, defined, 156 bioerodable core, 353 ePTFE, see Expanded poly(tetrafluoro-
Degradable implants bioerodable matrix, 67-68, ethylene)

applications, 64-65 353-354 ESCA, see Electron spectroscopy for
bioerodable composites, 101—102, covalently attached to polymer chemical analysis

346 backbone, 352-353 Ethical concerns, It
bone plates, 345—346 diffusion-controlled Ethylene oxide sterilization, 72,
collagen-based, 88-91 applications, 348-349 417-418
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Exocytosis, and oxidation of polymer Foreign body reaction observing, 15
implants, 251-252 fibrosis, 171-172 and yield stress, 41

Expanded poly(tetrafluoroethylene) form and topography of implant sur- Grain structure, 15
in mechanical heart valves, 286 face, 171, 204 Granulation tissue, 170-171
in struts of bioprosthetic heart and host defense impairment, 212 Granulomas, defined, 170—171

valves, 286 overview, 171
in vascular prosthesis, 121—122, 288 progression to neoplasia, 204

Extracellular matrix, see also Collagen simulating neoplasms, 201 H
constituents and functions, 141— 45S5 glass, properties, 78 HA, see Hydroxyapatite

142, 150—153 Fourier transform infrared spectrome- Hall-Petch relationship, 41
synthetic analogs ter, 31 Haynes-Stellite 21, see ASTM F75

nerve regeneration template, 94 Fracture fixation devices Haynes-Stellite 25, see ASTM F90
skin regeneration template, 92—94 bioerodable, 96 HCP, see Hexagonal close-packed

Eye, see Ophthalmologic applications bioerodable composites, 101—102 structure
bone plates, 345-346 Heartmate Ventricular Assist System,
corrosion and allogenic responses, 294

F 101 Hearts, total artificial, see also Ventric-
Fabrication process factors degradable polymers, 65 ular assist devices

annealing, 21, 271 Fracture stress, 18 clinical use, 398—399
and material strength, 20—21 Fracture toughness, 20; see also history, 293, 389—390
metal implants, 39-40 Toughness Jarvik-7, 390, 393

Fabrics FTIR spectrometer, see Fourier trans- natural heart physiology, 391
alginates, 120 form infrared spectrometer Utah total artificial heart
cellulose fibers, 118 design and function, 392—395
characterization, 122 hemolysis, 397-398
chitosans, 120 G immunosuppression, 396
construction, 120—122 GAGs, see Glycosaminoglycans infection problems, 396

electrostatic spinning, 121 Gap junctions (cell-cell contact), 142, mechanical valve failure, 397
fiber bonding, 120-121 148f, 149 monitoring, 395-396
melt-blowing, 121 Gelatin-resorcinol-formaldehyde glue, postoperative hemorrhaging, 396
solution-blowing, 121 323 suture line leakage, 396—397

dextran, 120 Gel permeation chromatography, 54 Heart valves
external applications, 122 Genotype, defined, 150 bioprosthetic, 286, 423—424
internal applications, 122-123 Glass, see also Bioceramics calcification, 272—273
overview, 118 atomic structure, 13—14 failure by swelling, 269
simulated in vitro testing, 122 bioactive, 78-81 mechanical, 285-286,424

Face-centered cubic structure, 12 glass-ceramics, 76 overview, 422—423
Fatigue, defined, 20 processing method, 75 HEMA, see 2-hydroxyethyl methac-
FCC, see Face-centered cubic structure Glass fibers, in composites, 96 rylate
FDA, see U.S. Food and Drug Adminis- Glass ionomer cements, 325 Hematopoiesis, 183

tration Glass transition temperature, 75 Hemidesmosomes, defined, 142
FEP, see Fluorinated ethylene pro- for polymers, 52 Hemodialysis

pylene Glaucoma, 332 and activation of complement,
Ferrite phase, 41 Glow discharge deposition, see Radio- 180—183
Fibrinogen frequency glow discharge plasma methods, 400-403

coagulation mechanisms, 197 deposition Hemofiltration, 403—404
in soft tissue adhesives, 323 Glues, see Adhesives and sealants Hemoperfusion, 404

Fibrinolytic system, 198 Glycosaminoglycans Heparin-contaimng surfaces
Fibrin sealants, 323 in artificial skin, 365 heparin-grafted polymer coatings,
Fibronectins in extracellular matrix, 153 305—306

and bacterial adherence, 210 properties, 92—93 heparin immobilization, 128,
in extracellular matrix, 153 Golgi complex, structure and function, 302—304

Fibrosis, mechanisms, 171-173, 222 148/, 149 heparin-releasing systems, 300—302
Pick's first law, 348 Gore-Tex, 59 testing methods, 298-299
Filament-winding process, 97 GPC, see Gel permeation chromatog- Hexagonal close-packed structure, 12
Fixation (histology), 158-160 raphy Higuchi equation, 348
Fluorinated ethylene propylene, 59 Grain size Hip replacement, see also Orthopedic
Fluosol, 295 ASTM number, 41 applications
Focal adhesion, defined, 143 and fabrication history, 41 alumina, 76-77
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Hip replacement (continued) formation on calcium phosphate ce- Intraocular lens implants
bone bonding, 343 ramies, 82 capsular ©pacification, 441
bone remodeling, 102-104 2-Hydroxyethyl methacrylate dislocations, 440
ceramics, 343 calcification, 274-275 history, 437-439
composites, 344-345 properties, 63 inflammation, 440—441
metals, 340-342 in soft contact lenses, 57 iris chafing, 440
polymers, 342 Hypersensitivity reactions, 191-192 one-piece, 441

Histology overview, 332—333
artifacts, 162 oxidative degradation, 257
in vitro biomaterial assessment, I small incision lenses, 442

225-226 Immobilization surface modification, 441—442
techniques, 157-162 heparin, on blood-contacting sur- Ion beam implantation, 111-112

dehydration and embedding, 160 faces 298 Iridium, in bioeiectrodes, 373—374
fixation, 158-160 methods, 110, 125—128 Iridium oxide, in bioeiectrodes, 374
interpretation, 162 polyethylene oxide), on blood-con- Islet cel1 transplantation, 410-411
sectioning, 160-162 tacting surfaces, 298 ^O, see International Standards Orga-
staining, 158f, 162 support designs, U4t nization

Homografts therapeutic applications, 125* Isobutyl cyanoacrylate, in soft tissue ad-
calcification, 273 to transducers in biosensors, 385 hesives, 323
defined, 273 Immunogenicity Isotactic polymers, 52
heart valves, 273, 286 of biomaterials 177 Isotropic composites, 100
venous, 287 of biomaterial ^ear products, 191 Isotropy, defined, 16

Homopolymers of collagen.based implants, 88, 91 IUD' see Contraceptive mtrautenne de-
dasses' 58f Immunoglobulins vlces

properties, 57-59 adsorption to biomaterials, 168
Hooke'slaw, 15 16 structure and function, 186

and composite laminae, 99—100 T u - u • ^ TT^ I. -.a AC Immunohistochemistry, 226 J

Hot isostatic pressing, 39,45 T , 1-7-. -100 Jarvik-7 total artificial heart, 390, 393. r , »' ' Immunology, 173-188 J
T . . _ . ' . ' ..

Humane ammal care and use, see Am- , , . \ *?* ACA Joint replacement, see Orthopedic appli-, , , Implant retrieval, 451-454 J r ' r rr
mai models T , ./, cations

. T . . , rt_ Implants, see specific types
Hyaluronic acid, properties, 92 T f . . . , -,
.,, . . ;-- Industrial involvement, 7Hydration ratio, 62 . , . . . . . .
T T , , » r» i Infection, biomatenal-centered ^Hydrogels, see also Polymers ... . K.

calcification, 274—275,279 . . ' Kelvin-Voight rheological model, 340
, •£• • sn m artmcial organs, 212 v , . .,, . ,classification, 60 . . & ' _ _ . _ n Kevlar, see Aramid (aromatic polyarn-

i - , - j • /-> bacterial pathogens, 207—208 - j r\ \cross-linking density, 63 . ide fiber)
drug delivery systems, 63-64 ™ture strategies' 212-213 K^ sgg Critical stress intensity factor

heparin-releasing. systems, 301-302 host defense imPairment mecha- Ki(jney agsist devic^ 400_404

molecular weight between cross- nisms, 212
links 62-63 microbiological sampling, 208

overview,'60 overview, 205-206 L

preparation, 62 and Polymer degradation, 246 L_929 cdl Unej 217

soft contact lenses, 329-330 Inferior vena cava filters, 292 Lablk cells> defined) 156

structure, 60-62, 62-63 Inflammation Langhans' cells, and paniculate bioma-
swelling behavior, 62 acute' mechanisms, 167-168 terialSi 171

Hydrogen bonds, 12 chronic, mechanisms, 168-170 Langmuir-Blodgett deposition, 112
adsorption bonding theory, 320 cytokine factors, 185-186 Lens, artificial, see Intraocular lens im-
m polymers, 14 ys- foreign body tumorigenesis, 204 p}ants

Hydrolysis (polymer implants) overview, 166—167 Leukocytes, see also Lymphocytes;
clinical experience, 247-249 and polymer degradation, 246 Macrophages; Monocytes; Neutro-
kinetics, 245-246 Infrared spectroscopy, 31, 55 phils
mechanisms, 70, 244-246 Injection molding, 98 in acute inflammation, 168

Hydron, 366 Insulin delivery implants, 355 in chronic inflammation, 168-170
Hydroxyapatite Integrin receptors, and cell adhesion, varieties and functions, 186-188

as anticorrosive coating, 74 141 Liver assist devices, 410
applications, 83 Interleukins, 185-186 Load-deflection testing, 17
calcification, 276 International Standards Organization, Loads, dynamic, 20
in composites, 96 215, 217, 459-460 Lost wax process, see Casting, in-
crystalline structure in bone, 335 Intra-aortic balloon pumps, 292—293 vestment
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Lucite, see Poly (methyl methacrylate) Methyl methacrylate, 63 Neutrophils
Lung assist devices, 410 Methyl methacrylate cements, 324 in acute inflammation, 166, 168
Lymphocytes Microporosity, and tensile strength, 83 complement receptors, 179, 180

in chronic inflammation, 169 Microscopy and cytokines, 183
varieties and functions, 149, calcification assessment, 275 functions, 149

187-188 tissue analysis, 157-162 hematopoiesis, 183
Lysosomes, structure and function, Microstructure oxidation of polymer implants,

148f, 149 bioceramics, 75-76 249-252
cobalt-based alloys, 41—46 structure and functions, 186—187
and fabrication history, 20—21, Nexus, 142

M 75-76 Nitinol, 289
MAA, see Methacrylic acid overview, 14-15 Nitriding, defined, 40
MAC, see Membrane attack complex stainless steels, 41 NMR, see Nuclear magnetic resonance
Macrophages titanium-based alloys, 47—50 Norplant, 349

in acute inflammation, 168 Microzones, defined, 211 NRT, see Nerve regeneration template
in chronic inflammation, 166, Mitochondria, structure and function, Nuclear magnetic resonance, 55

169-170 148/", 149 Nucleus, structure and function, 148/i
complement receptors, 180 MMA, see Methyl methacrylate 149
and cytokines, 185 Modulation (cell), 150 Number average molecular weight, 51
in foreign body reaction, 171 Molding techniques, 97—98 Nylon
functions, 149 Molecular weight between cross-links degradation, 247—249
in granulation tissue, 170 (hydrogel), 62—63 properties, 59
hematopoiesis, 183 Molecular weight (polymer), 51
oxidation of polymer implants, determination, 54—55

249—252 Monoclonal antibodies, 191
structure and functions, 187 Monocytes O

Macula adherens, 142 in chronic inflammation, 166, 169 Ocusert, 349
Maleic anhydride, 63 complement receptors, 180 0.2% Offset yield strength, 18, 19
Malleability, see Ductility oxidation of polymer implants, OHAp, see Hydroxyapatite
Matrix systems (composites), 95, 249-252 Open-mold processes, 97

96-97 structure and functions, 187 Ophthalmologic applications
Maxillofacial prostheses Monomers, defined, 50 anatomy, 435—436

materials, 315 Mononuclear phagocytic system, 169 artificial endothelium, 332
oxidative degradation, 257 Morphological fixation, defined, 74 cataract surgery, 436—437

Maxwell rheological model, 340 MP35N alloy, see ASTM F562 contact lenses
Medical devices Mucosal implants, 316 flexible fluoropolymer, 330

development progression, 6f Multiphase materials, defined, 15 overview, 328—329
FDA approval process, 462—463 Muscle tissue rigid, 330
FDA classifications, 462 in vivo biomaterial assessment, 223 soft hydrogel, 329-330
regulations, 461—464 structure and function, 154 corneal implants, 331
required testing, 463—464 Mutagenicity, testing, 460 glaucoma, 332
standards, 457-460 drug delivery system, 349

Melt-blowing, 121 pressure relief implants, 332
Membrane attack complex, 178—179 N intracorneal implants, 332
Membrane osmometry, 54—55 National Institutes of Health, 215, 239 intraocular lens implants
Memory metal, see Nitinol Natural materials, see Collagen; Elas- capsular ©pacification, 441
Metallic implants tin; Glycosaminoglycans dislocations, 440

corrosion, 101 Nearnst equation, 261 history, 437—439
corrosion and bacterial infection, Necrosis, defined, 157 inflammation, 440-441

211 Neoplastic growth, distinguishing char- iris chafing, 440
Metals, see also specific metals and ap- acteristics, 200 one-piece, 441

plications Nerve regeneration template, 94 overview, 332—333
alloys, 41—50 Nerve tissue small incision lenses, 442
atomic structure, 12 in vivo biomaterial assessment, 224 surface modification, 441—442
fabrication, 37—40 regeneration, and bioelectrodes, 371 retinal detachment surgery, 333
microstructure, 15 structure and function, 154 Oppenheimer effect, defined, 202

Methacrylic acid, 63 Neutropenia Opsonins
Methyl cyanoacrylate, in soft tissue ad- during cardiopulmonary bypass, 285 and acute inflammation, 168

hesives, 323 during hemodialysis, 181 complement receptors, 179—180
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Organelles, structure and function, Oxidation, polymer implants, 249-258 consumption
148/1 149 device-mediated, 255—257 and implant surface analysis, 33

Organs environmentally induced, 257-258 and thrombogenicity, 195
compact vs. tubular, 155 host-induced, 249—252 release reaction, 195
organization, 155-156 metal ion-induced, 255-257 structure and functions, 193-195

Organs, artificial, see also Hearts, total stress cracking, 252-255 thrombus formation, 233
artificial Oxygenators, 410 Platinum, in bioelectrodes, 373

apheresis Oxygen permeability coefficient, 329 Plexiglas, see Poly (methyl methac-
centrifugal plasma separation, rylate)

405-406 PMMA, see Poly(methyl methacrylate)
cytapheresis, 409-410 P PNVP, see Poly(N-vinyl-2-pyrrolidone)
membrane plasma filtration, Pacemakers, 269-270, 290-291 Polyacrylamides, 63

408-409 Palavital, 75 Polyacrylonitrile
membrane plasma separation, PAN, see Polyacrylonitrile in carbon fiber production, 95—96

406-407 Pancreatic assist devices, 410-411 in cardiopulmonary bypass systems,
plasma exchange, 404-405 Parenchyma, 155-156 285
plasma treatment, 407-408 Parylene coatings, 115-116 Poly(allylamine), 302
sorption plasma fractionation, 409 Pascal, defined, 16 Polyamides, 247-249

biomaterial-centered infection, 212 PDMS, see Poly(dimethyl siloxane) Poly(amino acids), 68—69
kidney assist PDS, see Polydioxanone Polyanhydrides

hemodialysis, 400-403 PE, see Polyethylene in drug delivery, 65, 68, 353-354
hemofiltration, 403-404 PEO, see Polyethylene oxide) properties, 67-68
hemoperfusion, 404 Peritoneal dialysis, 403 surface erosion, 70
peritoneal dialysis, 403 Permanent cells, defined, 156 Polycaproamide, 247-249

liver assist, 410 PET, see Poly(ethylene terephthalate) Polycaprolactone
lung assist PGA, see Poly(glycolic acid) degradation, 247

bubble-type oxygenators, 410 PGL, see Poly(glycolide lactide) enzymatic surface erosion, 70
membrane oxygenators, 410 Phagocytosis properties, 66—67
ventilators, 410 and biomaterials, 168, 249—252 Polycarbonate, 59

pancreatic assist, 410—411 impairment by Staphylococcus epider- Polycyanoacrylates
Oros, 351 midis, 212 degradation, 249
Orthopedic applications mechanisms, 168 properties, 69

bone plates, 345-346 Pharmaceutical applications, see Drug Poly(dimethyl siloxane), 59
ceramics and glasses, 76—77, delivery systems Polydioxanone, 65

342-343 PHB, see Poly(hydroxybutyrate) Polydispersity index, 51
composite implants, 343-346 PHEMA, see Poly(hydroxyethyl methac- Polyesters, 246—247

and bone remodeling, 102—104 rylate) Polyester urethanes, 247
elasticity of bone, 337-338 Phenotype, defined, 150 Polyether urethanes
hip replacement Photografting, 108—109 metal-ion induced oxidation in vivo,

bone bonding, 343 PHV, see Poly(hydroxyvalerate) 255—257
bone remodeling, 102-104 PLA, see Poly (lactic acid) in pacemaker lead connectors, 290
ceramics, 343 Plasma deposition, mechanisms, 110 stress cracking in vivo, 252—255,
composites, 344—345 Plasmalemma, structure and function, 269—270
metals, 340-342 148f, 149 Polyethylene, 57
polymers, 342 Plasmapheresis, 404 Poly(ethylene oxide)

ligament and tendon replacement, Plasma spraying, 40 in coatings on blood-contacting sur-
346 Plasmic reticulum, structure and func- faces, 305-306

rheoiogical models, 340 tion, 148/, 149 hydrogels, 63
stress protection osteoporosis, 101, Plastic deformation, 18—19 immobilization on blood-contacting

102-104 strengthening effect, 21 surfaces, 298, 304
structure of bone, 335-337 Plastic strain, 18-19 surface hydrophilicity modification,
viscoelasticity of bone, 338-340 Platelet adhesion 298
wear debris and blood flow, 233 Poly(ethylene terephthalate)

and immune response, 191 mechanisms, 194 degradation, 246—247
and osteolysis, 268-269 and protein adsorption, 140 in synthetic vascular grafts, 288

Osmet, 351 Platelets Poly(glycolic acid)
Osteointegration, see Bone bonding adhesion mechanisms, 140, 194 composite fracture fixation devices,
Osteoporosis, stress protection, 101, aggregation, 194—195 101, 346

102-104 coagulant activity, 195 as composite matrix, 97
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controlling degradation rate of poly- Poly(methyl methacrylate) elastic behavior, 15, 16
(lactic acid), 101-102, 346 antibiotic resistance of adherent bac- fabrication process, 20-21

in dermal replacement membrane, teria, 212 fatigue strength, 20
368 bacterial adherence, 208 isotropy, 16-17

in drug delivery systems, 353, 354 in cardiopulmonary bypass systems, shear, 16
properties, 69 285 stress and strain, 15
in sutures, 65 intraocular lens implants, 333, 437, tension and compression, 16

Poly(glycolide lactide), 59 439 testing, 17-20
Poly(hexamethylene adipamide), 247 in joint replacement, 340, 342 toughness, 20
Poly(hydroxybutyrate), 66 properties, 57 viscous flow, 19-20
Poly(hydroxyethyl methacrylate) in rigid contact lenses, 330 microstructure, 14-15

in burn dressings, 366 surface analysis example, 26-28 surface, 21-34
in heparin-release devices, 300 Polymorphonuclear leukocytes, see analysis methods, 251
properties, 63 Neutrophils characterization, 21-22
in soft contact tenses, 329-330 Poly(ortho esters) sample preparation, 22

Poly(hydroxyvalerate), 66 in drug delivery, 68, 353 Proteins
Poiy(lactic acid) properties, 68 adsorption behavior, 136-140

as composite matrix, 97 surface erosion, 70 ce" adhesion, 139-140
in drug delivery systems, 353, 354 Polyphosphazenes, 69 concentration in surface phase,
in fracture fixation devices, 65, 101— Polypropylene 136— 13o

102,346 in cardiopulmonary bypass systems, conformational change, 139-140
in ligament and tendon replacement, 285 enthalpy, 140

346 in oxygenator membranes, 285 kinetics, 140
properties, 69 properties, 57-59 platelet adhesion, 140
in sutures, 65 Polysulfone thermodynamics, 140

Polymer fiber, 96 carbon fiber-polysulfone composites, P«ly electrolyte behavior, 136
T, i • • ' u • im mA structure, 134-136Polymerization techniques 102—104 .

addition polymerization, 51—52 in cardiopulmonary bypass systems, , ^ i n^, i • • n ci T O T defined, 92condensation polymerization, 51—52 285 . . . . • «r->, j- i i • • r 1 i • - - i-m IT* m extracellular matrix, 153free radical polymerization, 51 stress cracking in vivo, 270-271 n , . . . . .
„ . . r. i / n i i \ / T- rseuaomonas aeruyinosa, biomatenal-
Polymers Poly(tetratluoroethylene), see also Ex- A ' f 707

annealing, 271 panded poly(tetrafluoroethylene) „„ , „ , , . ' . , . ^n. w , „ -r • rr> Pseudo -poly(ammo acids), 69
atomic structure, 14, 35 properties, 59 rrriri? n i / a a. i \, . . . . _ , ' _. , , PirE, see Poly(tetrafluoroethylene)
bioerodabie, 96, 97 Polyurethanes D ,, . ' . Q0T7i TTA o^c i ' C s T77 Pultrusion, continuous, 98calcification, 273, 274—275 calcification, 273 m/r< « i / • i ui • j \'. ' . . . ' „_ ^_0 PVC, see Poly (vinyl chloride)
characterization, 54-57 degradation, 247, 270 Pyrogenicity, 460
crystallinity, 52 and heparin immobilization,
degradable, 64-72, 351-354 303-304
degradation, unintended, 243-258, in heparin-releasing catheters, 300

269-271 in intra-aortic balloon pumps, j^
fatigue, 52 292-293 Radiation grafting, 108-109
hydrolysis, 244-249 in pacemaker lead sheaths, 291 Radiation sterilization, 419-420
molecular weight, 50-51, 54-55 properties, 60 Radiofrequency glow discharge plasma
natural, 84—94 in "skin button" of vascular access deposition 109—110

collagen, 85-91 device, 288 Radiofrequency glow discharge treat-
elastin, 92 Poly (vinyl alcohol), 63 rnent 107—108
glycosarainoglycans, 92, 93-94 Poly(vinyl chloride) Rayleigh's ratio, 55

oxidation, 249-258 plasticizer leaching, 269 Regulations, 461—464
surface analysis, 56-57 properties, 59 Reinforcing materials (composite)
synthesis, 51-52 Poly(N-vinyl-2-pyrrolidone), 63 carbon fiber, 95-96
tacticity, 52 Powder metallurgy, 45 ceramics, 96
tensile strength, 52, 55-56 PP, see Polypropylene classification, 9St
thermal properties, 52-54, 56 Prepreg, 97, 98 defined, 94-95
thermoplastic, defined, 14 Pressure transducers, 381 glass fibers, 96
thermosetting, defined, 14 Properties, material polymer fibers, 96
toughness, 52 atomic structure, 11-14 Renal failure, see Organs, artificial
viscoelasticity, 53-54 mechanical, 15-21 Replamineform process, 78
wear rates in vivo, 268—269 ductility, 18 Research directions, 464—467
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Resin cements, 325 bacterial adherence, 208 correlation with biological reactions,
Resorbable materials, see Bioerodable in bioelectrodes, 374 445-450

materials corrosion in vivo, 264-265 methods, 25?
Reticuloendothelial system, 169 in dental implants, 316 atomic force microscopy, 32-33
RFGD plasma deposition, see Radiofre- in inferior vena cava filters, 292 contact angle measurement, 23

quency glow discharge plasma de- in joint replacements, 340 electron spectroscopy for chemical
position microstructure, 41 analysis, 23—28

Rheological models, 340 Standards infrared spectroscopy, 31
ASTM system, 459 scanning electron microscopy,
biocompatibility testing, 459-461 29-31

S devices, 457 scanning tunneling microscopy,
Safe Medical Devices Act of 1990, 462 materials, 457 31-33
SAXS, see Small-angle X-ray scattering procedural, 457 secondary ion mass spectrometry,
Scaffold implants, temporary, 65 Staphylococcus aureus 28-29
Scanning electron microscopy antibiotic sensitivity and biomateri- sample preparation, 22

calcification assessment, 275—276 als, 212 Surface erosion, defined, 70
description and applications, 29—31 biomaterial-centered infections, 207, Surface modification, see also Surface
in vivo biomaterial assessment, 227 208 analysis
in tissue analysis, 160 protein receptors, 210 additives, 113—114

Scanning tunneling microscopy, 31-33 Staphylococcus epidermidis biomolecule immobilization, 128,
Scar synthesis, blocking, 93-94 adhesion to polymers vs. metals, 210 298, 302
Sealants, see Adhesives and sealants antibiotic sensitivity and biomateri- delamination resistance, 106
Secondary ion mass spectrometry, als, 212 methods

28-29 biomaterial-centered infections, 207, chemical reactions, 107-108
and discolored titanium, 33 208 conversion coatings, 115

Sectioning (histology), 160—162 phagocytosis impairment mecha- ion beam implantation, 111—112
Self-assembled rnonolayers, 112—113 nism, 212 Langmuir-Biodgett deposition, 112
SEM, see Scanning electron microscopy protein receptors, 210 lasers, 116
Sepsis, implant-associated, 206—207 Stem cells, defined, 156 parylene coatings, 115—116
Shear, 16 Stents, 65, 289 photografting, 108-109
Shear modulus, 16 Stereology, and implant pore structure, radiation grafting, 108-109
Shear strain, 16 88 radiofrequency glow discharge
Shear stress, 16 Sterilization of implants plasma deposition, 109-110
Silanes, in surface silanization, degradable materials, 72 radiofrequency glow discharge

110-111 ethylene oxide sterilization, 72, treatment, 107—108
Silver, in bioelectrodes, 373 417-418 self-assembled monolayers,
SIMS, see Secondary ion mass spec- implant and packaging compatibil- 112—113

trometry ity, 416-417 silanization, 110-111
Sintering, ceramic radiation sterilization surface-modifying additives,

liquid-phase, 75-76 60Co radiation, 419 113-114
solid-state, 76 electron beam, 419-420 reversal, 106

Sintering, metal, 40 steam sterilization (autoclaving), 417 thickness, 106
Skin regeneration template, 93-94 sterility assurance level, 415-416 Surface reactions, bioactive glass im-
Skin replacement, 65, 360—370 STM, see Scanning tunneling mi- plants, 78-81
Small-angle X-ray scattering, 55 croscopy Sutures, 59, 65, 356—359
Society for Biomaterials, 1 Strain, 15 Swelling (hydrogels), 62
Solids Stress, 15 Syndiotactic polymers, 52

atomic structure, 11—14 cyclic, 20 Systemic toxicity
microstructure, 14-15 Stress protection atrophy, 101, 102- due to immune response, 191-192

Solutions, solid, 15 104,222-223 nonimmune, 189
SRT, see Skin regeneration template Stress relaxation, defined, 19
Stable cells, defined, 156 Stress relief, in polymeric devices, 271
Staining (histology), 158?, 162 Stroma, 155, 156
Stainless steel Subperiosteal implants, see Dental im- T

antibiotic resistance of adherent bac- plants Tacticity, defined, 52
teria, 212 Surface analysis Tantalum, in bioelectrodes, 374

ASTM F138, 41 characterization, 21-22 T cells, structure and functions, 187
ASTM F139, 41 contamination detection, 33 TCP, see /3-Tricalcium phosphate
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Tecoflex, 288 nerve tissue antibiotic resistance of adherent bac-
Teflon, see Poiy(tetrafluoroethylene) in vivo biomaterial assessment, teria, 212
TEM, see Transmission electron mi- 224 bacterial adherence, 208

croscopy structure and function, 154 in joint prostheses, 96, 342
Tensile modulus, defined, 16 Titanium Unit cells, 12
Tensile strain, 16 ASTM F67, 46, 47 Urinary prosthesis, encrustation, 275
Tensile strength ASTM F136 alloy, 47-50 U.S. Food and Drug Administration,

defined, 19 m joint replacements, 340 66, 215, 2.40
and microporosity, 83 ASTM Grade 1 alloy authority under law, 461—462

Tensile stress 16 m cardiac pacemaker casings, 290 medical device approval, 462—463
Testing, mechanical properties, 17-20 in implantable drug pumps, 288 medical device testing, 463-464
Texture (in grain structure), defined, properties, 46 U.S. Pharmacopeia! Convention, Inc.,

41 ASTM Grade 2 alloy 217
Therapeutic index 346 m cardiac pacemaker connector Utah total artificial heart, 392—399
Thermistors 380 blocks, 290 UTS, see Ultimate tensile stress
Thermocouples, 380 properties, 46
Thin films, 106, 108-116; see also Sur- corrosion and passivation, 263

face modification in dental implants, 313, 315, 316
316L stainless steel, see Stainless steel discoloration due to oxide growth, V
Thrombin ^ Vacuum bag-autoclave process, 97

coagulation mechanisms, 195, microsphere lining in blood pumps, van der Waals bonds, 12
196-197 "^^ adsorption bonding theory, 320
c. .- JL TT-J mining and extraction, 38 in polymers, 14in soft tissue adhesives, 323 , , , , -,

T-U t • i • TOO Torsional load testing, 18 Vascular access, 288I hrombm chromogenic assay, 299 _, , , ^ , , , , f ^
Thrombogenicitv Toughness, defined, 20 Vascular grafts, 420-422

defined, 229-231 Toxicity biologic, 287-288
, ' . ' . . c assay methods, 217-220 synthetic, 288
heparin-contamtng surfaces, 1 ^ 1 - , ^ */ -, A , n

299-307 defined, 216 Ventilators, 410
Vn-r -.on delivered dose, 216 Ventricular assist devices, 293—295

overview, 297—298 j T.^ i_- ->oa aan, , , ir.r exposure dose, 216 history, 389-390and platelet consumption, 195 . , ^,A .,. .
, , . . .... . _r tn Toxicology, 215-220 Vicryl sutures, 65

and surface hydropnihcity, 298 ~ , , , , , . \r w i -> i - j s~>
-r- x * i **r 11 » r-m ,rt ~>, * ransdermal drug delivery systems, N-Vmyl-2-pyrrolidone, 63
H-6A1-4V alloy, see ASTM H36 Q/1Q

 to ' \r \ + • \. M A~, 349 Viscoelastic materials
Tight junctions (cell-cell contact), 143, T - . r ^ • • ci CAb ' Iransmission electron microscopy polymers, 53—54

'' . calcification assessment, 276 testing methods, 19—20
Tissue analysis techniques in vivQ biomaterial assessment, Viscous flow, defined, 19-20

electron microscopy, 162 226-227 Vitreous implants, 333
light microscopy, 157-162 in flssue analysis? 160 Vitrification, see Sintering, ceramic

Tissue attachment /3-Tricalcium phosphate
bioacdve fixation, 74, 78-81 bioerodable ceramics, 82, 266
biological fixation, 74, 78 in composites, 96

ceramic implants, 73-75 Tumorigenesis W
morphological fixation, 74 association with implants, 200-202 WAXS, see Wide-angle X-ray scat-

Tissue engineering, 296 orthopedic, 200-201 tering
Tissue regeneration, 88, 92-94 vascular grafts, 201 Wear debris, artificial joints and osteo-
Tissues, basic anc} foreign body reaction, 201,204 lysis, 268-269

connective tissue VS- inflammatory response, 204 Weight average molecular weight, 51
in vivo biomaterial assessment, neoplastic growth, 200 Wettability, see also Contact angle mea-

222—223 overview, 200 surement
structure and function, 154 pathogenesis, 202-204 and adhesive joining, 320

epithelium and cell adhesion, 145
in vivo biomaterial assessment, and surface energy, 23

223-224 U White cells, see Leukocytes
structure and function, 153-154 UHMW polyethylene, see Ultra-high- Whitlockite, see 0-Tricalcium phos-

muscle tissue molecular-weight polyethylene phate
in vivo biomaterial assessment, Ultimate tensile stress, defined, 19 Wide-angle X-ray scattering, 55

223 Ultra-high-molecular-weight polyeth- Wound healing, 170—173
structure and function, 154 ylene cellular adaptations, 172
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Wound healing (continued) X-ray photoelectron spectroscopy, 57; Z
granulation tissue, 170-171 see also Electron spectroscopy for Zinc phosphate cements, 325
and surgical trauma, 224 chemical analysis Zinc polycarboxylate cements, 325

tozra-Xylylene, see Parylene coatings ^- • 1-7 r\ \ • \,- i^ ! ' } & Zircoma (ZrO2), in hip replacement,
77

Xenografts
arterial 287 Zisman method, 23; see also Critical

heart valves, 286 Y surface tension
skin, 365 Young's modulus, see Tensile modulus Zonula occludens, defined, 143
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