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PREFACE

Biomaterials science, the study of the application of materi-
als to problems in biology and medicine, is a field characterized
by medical needs, basic research, advanced technological devel-
opment, ethical considerations, industrial involvement, and
federal regutation. It encompasses an unusually broad spectrum
of ideas, sciences, and technologies, which contributes to its
intellectual excitement. At the same time, it serves important
humanitarian needs. This book is intended to provide an over-
view of the theory and practice of biomaterials science.

The need for a balanced book on the subject of biomaterials
science has been escalating for some time. Those of us who
teach biomaterials science have been forced to offer our classes
compromises for background written material: textbooks by
single authors that too strongly emphasize their areas of exper-
tise and pay too little attention to other important subjects;
articles from the literature that are difficult to weave into a
cohesive curriculum; our own handout materials, often graphi-
cally crude, and again, slanted to the specific interests of each
professor. In Biomaterials Science: An Introduction to Materi-
als in Medicine, by combining the experience of many leaders
in the biomaterials field, we endeavor to present a balanced
perspective on an evolving field.

Over 50 biomaterials professionals from academia, indus-
try, and government have contributed to this work. Certainly,
such a distinguished group of authors provides the needed
balance and perspective. However, including many authors
can also lead to particular complexities in a project of this
type. Do the various writing styles clash? Does the presentation
of material, particularly controversial material, result in one
chapter contradicting another? Even with so many authors, all
subjects relevant to biomaterials cannot be addressed—which
subjects should be included and which left out? How should
such a project be refereed to ensure scientific quality, pedagogi-
cal effectiveness, and the balance we strive for? These are some
of the problems the editors grappled with over the years from
conception to publication. Compromises have often been
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

Xi

development of the biomaterials field. An educational tool
directed toward starting those new to biomaterials on a path
to appreciating the scope, complexity, basic principles, and
importance of this enterprise has been synthesized.

A few acknowledgments and thanks are in order. First, let
me address the Society For Biomaterials that served as sponsor
and inspiration for this book. The Society For Biomaterials
is a model of “scientific cultural diversity” with engineers,
physicians, scientists, veterinarians, industrialists, inventors,
regulators, attorneys, educators, and ethicists all participating
in an endeavor that is intellectually exciting, humanitarian,
and profitable. So, too, this book attempts. to bring together
in one tutorial volume these many influences, stances, and
ideas. Royalties from this volume are being returned to the
Society For Biomaterials to further education and professional
advancement related to biomaterials. For further information
on the Society For Biomaterials, call the US telephone number
612-927-8108.

Next, a special thanks to those who invested time and effort
in the compilation of the material that became this book. The
many authors who contributed their expertise and perspectives
are clearly the backbone of this work and they deserve the
lion’s share of the commendation. My fellow editors, Allan
Hoffman, Jack Lemons, and Fred Schoen also deserve tremen-
dous credit and accolades for their hard work, insights, advice,
and leadership.

Finally, a number of individuals at the University of Wash-
ington have contributed to the assembly and production aspects
of this work. I offer my special thanks to Thomas Menduni,
Mady Lund, and Nancy Mateo for their assistance and special
effort on this important component of the project.

The biomaterials field has always been wide open with
opportunities, stimulation, compassion, and intellectual ideas.
I, and my fellow editors and authors, hope the overview you
now approach will stimulate in you as much excitement and
satisfaction as it has in us.

Buddy D. Ratner
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Biomaterials Science:
An Interdisciplinary Endeavor

Buppy D. RATNER

A VERY SHORT HISTORY OF BIOMATERIALS

The modern field we call biomaterials is too new for a formal
history to have been compiled. However, a few comments are
appropriate to place both anecient history and rapidly moving
contemporary history in perspective. The Romans, Chinese,
and Aztec used gold in dentistry more than 2000 years ago.
Through much of recorded history, glass eyes and wooden
teeth have been in common use. At the turn of this century,
synthetic plastics became available. Their ease of fabrication
led to many implantation experiments, most of them, in light
of our contemporary understanding of biomaterials toxicology,
doomed to failure. Poly(methyl methacrylate) (PMMA) was
introduced in dentistry in 1937, During World War II, shards
of PMMA from shattered gunnery turrets, unintentionally im-
planted in the eyes of aviators, suggested that some materials
might evoke only a mild foreign body reaction. Just after World
War I, 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
might visit their local draper’s shop and purchase Dacron fabric
that could be cut with pinking shears to fabricate an arterial
prosthesis; In the early 1960s Charnley used PMMA, ultrahigh-
molecular-weight polyethylene, and stainless steel for total hip
replacement. While these applications for synthetic materials
in medicine spanned much of written history, the term ‘“‘bioma-
terial” was not invoked.

It is difficult to pinpoint the precise origins of the term
“biomaterial.”” However, it is probable that the field we recog-
nize today was solidified through the early Clemson University
biomaterials symposia in the late 1960s and early 1970s. The
scientific success of these symposia led to the formation of the
Society For Biomaterials in 1975. The individual physician-
visionaries who implanted miscellaneous materials to find a
solution to pressing, often life-threatening, medical problems

were, with these Clemson symposia, no longer the dominant
force. We had researchers and engineers designing materials
to meet specific criteria, and scientists exploring the nature
of biocompatibility. Around this term “biomaterial” a unique
scientific discipline evolved. The evolution of this field and
the Society For Biomaterials were intimately connected. From
biomaterials ideas, many of which originated at society
meetings, other fields evolved. Drug delivery, biosensors, and
bioseparations owe much to biomaterials, Now we have
academic departments of biomaterials, many biomaterials
programs, and research institutes devoted to education and
exploration in biomaterials science and engineering (Society
For Biomaterials. Educational Directory, 1992). Paralleling
the research and educational effort, hundreds of companies
that incorporate biomaterials into devices have developed.
This textbook looks at a now well-established biomaterials
field, circa the 1990s.

BIOMATERIALS SCIENCE

Although biomaterials are primarily used for medical appli-
cations, which will be the focus of this text, they are also used
to grow cells in culture, in apparatus for handling proteins
in the laboratory, in devices to regulate fertility in cattle, in
the aquaculture of oysters, and possibly in the near future they
will be used in a cell-silicon “biochip”’ that would be integrated
into computers. How do we reconcile these diverse uses of
materials into one field? The common thread is the interaction
between biological systems and synthetic (or modified natu-
ral) materials.

In medical applications, biomaterials are rarely used as
simple materials and are more commonly integrated into
devices. Although this is a text on materials, it will quickly
become apparent that the subject cannot be explored without

Biomaterials Science
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also considering biomedical devices. In fact, a biomaterial
mtust alwavs be considered in the context of its final fabri-
cated, sterilized form. For example, when a polyurethane
elastomer is cast from a solvent onto a mold to form a
heart assist device, it can elicit different blood—material
interactions than when injection molding is used to form
the same device. A hemodialysis system serving as an artificial
kidney requires materials that must function in contact with
a patient’s blood and exhibit appropriate membrane perme-
ability and mass transport characteristics. It also must employ
mechanical and electronic systems to pump blood and control
flow rates.

Unfortunately, many aspects of the design of devices are
beyond the scope of this book. Consider the example of the
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
systems and monitoring electronics.

A few definitions and descriptions are in order and will be
expanded upon in this and subsequent chapters.

Many definitions have been proposed for the term “bioma-
terial.”” One definition, endorsed by a consensus of experts in
the field, is:

A biomaterial 1s a nonviable material used in 2 medical device,
intended to interact with biological systems. (Williams, 1987)

If the word “medical” is removed, this definition becomes
broader and can encompass the wide range of applications
suggested above.

A complementary definition essential for understanding the
goal of biomaterials science, is that of ““biocompatibility.”

Biocompatibility is the ability of a material to perform with an
appropriate host response in a specific application. (Williams,
1987)

Thus, we are introduced to considerations that set a biomaterial
apart fronl most materials explored in materials science. Table
1 lists a few applications for synthetic materials in the body.
It includes many materials that are often classified as “biomate-
rials.” Note that metals, ceramics, polymers, glasses, carbons,
and composite materials are listed. Table 2 presents estimates
of the numbers of medical devices containing biomaterials that
are implanted in humans each year and the size of the commer-
cial market for biomaterials and medical devices.

Four examples of applications of biomaterials are given
here to illustrate important ideas. The specific devices dis-
cussed were chosen because they are widely used in humans,
largely with good success. However, key problems with these
biomaterial devices are also highlighted. Each of these exam-
ples is discussed in detail in later chapters.

EXAMPLES OF BIOMATERIALS APPLICATIONS

Substitute Heart Valves

Degeneration and other diseases of heart valves often make
surgical repair or replacement necessary. Heart valve prosthe-

ses are fabricated from carbons, metals, elastomers, fabrics,
and natural (e.g., pig) valves and other tissues chemically pre-
treated to reduce their immunologic reactivity and to enhance
durability. More than 45,000 replacement valves are implanted
each year in the United States because of acquired damage to
the natural valve and congenital heart anomalies. Figure 1
shows a bileaflet tilting disk heart valve, the most widely used
design. Generally, almost as soon as the valve is implanted,
cardiac function is restored to near normal levels and the pa-
tient shows rapid improvement. In spite of the good overali
success seen with replacement heart vaives, there are problems
with different types of valves; they include degeneration ot
tissue, mechanical failure, postoperative infection, and induc-
tion of blood clots.

Artificial Hip Joints

The human hip joint is subjected to high mechanical stresses
and undergoes considerable abuse. It is not surprising that
because of 50 years or more of cyclic mechanical stress, or
because of degenerative or theumatological disease, the natural
joint wears out, leading to considerable loss of mobility and,
often, confinement to a wheelchair. Hip joints are fabricated
from titanium, specific high-strength alloys, ceramics, compos-
ites, and ultrahigh molecular weight polyethylene. Replace-
ment hip joints (Fig. 2) are implanted in more than 90,000
humans each year in the United States alone. With some types
of replacement hip joints and surgical procedures, ambulatory
function is restored within days after surgery. For other types,
a healing-in period is required for attachment between bone
and the implant before the joint can bear the full weight of
the body. In most cases, good function is restored, and even
athletic activities are possible, although they are generally not
advised. After 1015 years, the implant may loosen, necessitat-
ing another operation.

Dental Implants

The widespread introduction of titanium implants (Fig. 3)
has revolutionized dental implantology. These devices, which
form an artificial tooth root on which a crown is affixed, are
implanted in approximately 275,000 people each vear, with
some individuals receiving more than 12 implants. A special
requirement of a material in this application is the ability
to form a tight seal against bacterial invasion where the
implant traverses the gingiva (gum). One of the primary
advantages originally - cited for the titanjum implant was
bonding with the bone of the jaw. In recent years, however,
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.

Intraocular Lenses

Intraocular lenses (IOLs) made of poly(methyl methacry-
late}, silicone etastomer, or other materials are used to replace
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TABLE |

Some Applications of Synthetic Materials and

Modified Natural Materials in Medicine

Application

Types of materials

Skeletal system
Joint replacements (hip, knee)
Rone plate for fracture fixation
Bone cement
Bony defect repair
Artificial tendon and ligament
Dental implant for tooth fixation
Cardiovascular system
Blood vessel prosthesis
Heart valve
Catheter
Organs
Artificial heart
Skin repair template
Artificial kidney (hemodialyzer)
Heart—Lung machine
Senses
Cochlear replacement
Intraocular lens
Contact lens
Corneal bandage

Titanium, Ti-Al-V alloy, stainless steel, polyethylene
Stainless steel, cobalt—chromium alloy

Poly(methyl methacrylate)

Hydroxylapatite

Teflon, Dacron

Titanium, alumina, calcium phosphate

Dacron, Teflon, polyurethane
Reprocessed tissue, stainless steel, carbon
Silicone rubber, Teflon, polyurethane

Polyurethane
Silicone—collagen composite
Cellulose, polyacrylonitrile
Silicone rubber

Platinum electrodes

Poly{methyl methacrylate), silicone rubbet, hydrogel
Silicone~acrylate, hydrogel

Collagen, hydrogel

a natural lens when it becomes cloudy and cataractous (Fig.
4). By the age of 75, more than 50% of the population suffers
from cataracts severe enough to warrant IOL implantation.
This translates to over 1.4 million implantations in the United
States alone each year, and double that number worldwide.
Good vision is generally restored almost immediately after
the lens is inserted and the success rate with this device
is high. TOL surgical procedures are well developed and
implantation is often performed on an outpatient basis.
Recent observations of implanted lenses using a biomicro-
scope show that inflammatory cells migrate to the surface
of the lenses after periods of implantation. Thus, the conven-
tional healing pathway is seen with these devices, as is
observed with materials implanted in other sites in the body.

Many themes are illustrated by these four vignettes, Wide-
spread application with good success is generally noted. A
broad range of synthetic materials varying in chemical, physi-
cal, and mechanical properties are used in the body. Many
anatomical sites are involved. The mechanisms by which the
body responds to foreign bodies and heals wounds are observed
in each case: Problems, concerns, or unexplained observations
are noted for each device. Companies are manufacturing each
of the devices and making a profit. Regulatory agencies are
carefully looking at device performance and making policy
inténded to control the industry and protect the patient. Are
there ethical or social issues that should be addressed? To set
the stage for the formal introduction of biomaterials science,
we will return to the four examples just discussed to examine
the issues implicit to each case.

CHARACTERISTICS OF BIOMATERIALS SCIENCE

Interdisciplinary

More than any other field of contemporary technology,
biomaterials science brings together researchers with diverse
academic backgrounds who must communicate clearly. Figure
S lists some of the disciplines that are encountered in the pro-
gression from identifying the need for a -biomaterial or device
to the manufacture, sale, and implantation of it.

Many Materials

The biomaterials scientist will have an appreciation of ma-
terials science. This may range from:an impressive command
of the theory and practice of the field demonstrated by the
materials scientist, to a general understanding of the properties
of materials that might be demonstrated by the physician bio-
materials scientist.

A wide range of materials is routinely used (Table 1) and
no one researcher will be comfortable synthesizing and design-
ing with all these materials. Thus, specialization is the rule.
However, a broad appreciation of the properties and applica-
tions of these materials, the palette from which the biomaterials
scientist chooses, is a hallmark of professionals in the field.

There is a tendency to group the materials (and the research-
ers) into the *‘hard tissue replacement biomaterials” camp (e.g.,
metals, ceramics), typically repesented by those involved in
orthopedic and dental materials, and the “soft tissue replace-
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TABLE 2 The Biomaterials and Healthcare Market—Facts and Figures {per vear)

Total U.S. health care expenditures (1990)
Total U.S. health research and development (1990)

Number of employees in the medical device industry (1988)
Registered .S, medical device manutacturers (1991}

Total medical device sales:
Surgical appliances
Surgical instruments
tlectromedical devices
ULS. market for biomaterials {1992)
Individual medical device sales:
Catheters, (1.5, market (1991)
Angioplasty catheters (market by mid 1990s)
Orthopedic, U.S. market (1990)
Wound care products {1988 estimate)
Biomedical sensor market (1991)

$666,200,000,000
$22, 600,000,000
194,250
19,300

$8.414,000,000
$6,444,000,000
$3,564,000,000

$402,0006,000

$1,400,000,000
$1,000,000,000
,200,000,600
$4.000,000,000

$365,000.000

Artificial pancreas (if one existed, and was used by 10% of the U.S.

insulin-dependent diabetics; 1985 estimate)
Numbers of devices:
[ntraocular lenses
Contacrt lenses:
Extended wear soft lens users
Daily wear soft lens users
Rigid gas-permeable users
Vascular grafts
Heart valves
Pacemakers
Blood bags
Breast prostheses
Catheters
Oxygenators
Renal dialyzers
Orthopedic tknee, hip)
Knee
Hip

$2, 300,000,000

1.400.0007

4.000.000¢
9,000,000
2,600,000
230,0007
45,0007
460,000
30,000,000°
344.,0007
200,000,000°
500,000
16,000,000°
560,0007
816,000°
$21,0007

=

#1990 estimate for Unired Srates.
»198t estimate for western countries aud Japan.

ment biomaterials” camp (e.g., polymers), which is often asso-
ciated with cardiovascular and general plastic surgery materi-
als. In practice, this division does not hold up well—a heart
valve may be fabricated from polymers, metals, and carbons,
while a hip joint will also be composed of metals and polymers
and will be interfaced to the body via a polymeric bone cement.
There is a need for a general understanding of all classes of
materials, and this book will provide this background.

Development of Blomaterials Devices

Figure 5 illustrates interdisciplinary interactions in biomate-
rials and shows the usual progression in the devleopment of a
biomaterial or device. It provides a perspective on how different
disciplines work together, starting from the identification of a
need for a biomaterial through development, manufacture,
implantation, and removal from the patient.

Magnitude of the Field

Magnitude expresses both a magnitude of need and magni-
tude of a commercial market. Needless to say, a conflict of
interest can arise with pressures from both the commercial
quarter and from ethical considerations. Consider three com-
monly used biomaterial devices: a contact lens, a hip joint,
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
otherwise be confined to a bed or wheelchair. The heart valve
offers life. The contact lens may sell for $100, and the hip
joint and heart valve may sell for up to $3000 each. There will
be 20 million contact lenses purchased each year, but only
perhaps 100,000 heart valves {(worldwide) and 500,000 total
artificial hip prostheses. Here are the issues for consideration:
a large number of devices, differing magnitudes of need, and
differing (but large) commercial potential. Thete is no simple
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FIG, 1. & ceplacement hearr valve, (Phatograph courtesy of St Jude Med-
L

answet to how these components are integrated in this field
we call “biomaterials science.” As vou work your way through
this volume, view each of the ideas and devices presented in
the context of these consideranions.

Along with these characteristics of biomaterials science—
the wnterdisaiplinary flavor, the magnitude of the need, and
the sophisticated materials science—there are certain, often
unique, subjects that occupy particularly prominent positions
m our feld. Let us review a few of these.

SUBJECTS INTEGRAL TO BIOMATERIALS SCIENCE

Toxicology

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 nontoxic requirement is the norm, toxicology for
biomatenals has evolved into a sophisticated science. It deals
with the substances that migrare out of biomaterials, For exam-

FIG. 2, 2 svachetic hip foint. [Photograph courtesy of Zimmer, Inc.)

FIG. 3. A riranium denral implant. (Phatograph courtesy of Lr. A Norman
Cranm, Brovkdale Hospital Medical Center, Brooklvn, NY

ple, for polymers, many low-molecular-weight “leachables”
exhibit some level of physiologic activity and cell roxicity. It
is reasonable to say that a biomaterial should not give off
anything from its mass unless it is specifically designed 1o do
so, Toxicology also deals with methods to evaluate how well

FIG. 4. An intraocular lens, iPhoragraph courtesy of Aleon Laboratories,
Ine.)
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FIG. 5. Disaplines involved in biomaterials science and the path from a need
o a manutactured medical device,

this design criterion is met when a new biomaterial 15 under
development. Chapter 5.2 provides an overview of methods
in biomaterials toxicology. The implications of toxicity are
addressed in Chapters 4.2 and 4.4

Blocompatibility

The understanding and measurement of biocomparibility is
umique to biomaterials science. Unfortunately, we do not have
precise dehinitions or accurate measurements of biocompatibil-
ity. More often than not, it 1s defined in terms of pertormance
ot success at a specific task. Thus, for a patient who is alive
and doing well, with a vascular prosthesis that is unoccluded,
few would argue that this prosthesis is, in this case, not “*bio-
compatible.” However, this operational definition offers us
little to use in designing new or improved vascular prostheses,
[t is probable that biocompatibility may have to be specifically
defined for apphcatons v soft ussue, hard tissue, and the
cardiovascular svstem (blood compatibility). In fact, biocom-

patibility may have to be uniquely defined for each application.
The problems and meanings of biccompatbility will be ex-
plored and expanded upon throughout this textbook, in partic-
nlar, see Chapters 4 and 3.

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 implanr) is involved, the reacnon se-
quence 1s referred to as the “toreign body reaction™ (Chapter
4.2). The normal response of the body will be modulated be-
cause of the solid implant. Furthermore, this reaction will ditfer
m intensity and duration depending upon the anatomical site
invelved. An understanding of how a toreign 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 ymplant 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 arficulating joint space. A heart valve will be sutured nto
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 biorcaction. Chapter 3.4 introduces these ideas.

Mechanical and Performance Requirements

Each biomaterial and device has imposed upon it mechani-
cal and performance requirements that originare from the phys-
ical (bulk) properties of the material. These requirements can
be divided into three categories: mechanical performance,
mechanical durability, and physical properties. First, consider
mechanical performance. A hip prosthests 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
must be strong and flexible, but nor elastomeric, An articular
cartilage substitute must be soft and elastomeric. Then, we
must address mechanical durabiliry. A catheter may only have
to perform tor 3 days. A bone plate may fulfill its function in
6 months or longer. A leafler in a bearr valve must flex 60
times per minute without tearing for the lifetime of the patient
(it ts hoped, for 10 or more years). A hip jomt must not fail
under heavy loads for more than 14 vears. Finally, the bulk
physical properties will address performance. The dialysis
membrane has a specified permeability, the articular cup ot
the hip joint has a lubricity, and the intraocular lens has a
clarity and refraction requirement. To meet these requirements,
design principles are borrowed from mechanical engineering,
chemical engineering, and materials science.

Industrial Involvement

At the same time as a significant basic research eftort 1
under way to understand how bromaterals tunction and how
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to optimize them, companies are producing millions of im-
plants for use in humans and earning billions of dollars on the
sale of medical devices. Thus, although we are now only learn-
ing about the fundamentals of biointeraction, we manufacture
and implant materials and devices. How is this dichotomy
explained? Basically, as a result of considerable experience,
rrial and error, inspired guesses, and just plain luck, we now
have a set of materials that performs satisfactorily in the body.
The medical practitioner can use them with reasonable confi-
dence, and the performance in the patient is largely acceptable.
In essence, the complications of the devices are less than the
complicatons of the original diseases. Companies make impres-
sive profits on these devices. Yet, in some respects, the patient
is trading one disease for another, and there is much evidence
that better materials and devices can be made through basic
science and engineering exploration. So, in the field of biomate-
rials, we always see two sides of the coin—a basic science and
engineering effort, and a commercial sector.

The balance between the desire to alleviate loss of life and
suffering, and the corporate imperative to turn a profit forces us
to look further afield for guidance. Obviously, ethical concerns
enter into the picture. Companies have large investments in
the manufacture, quality control, clinical testing, regulatory
clearance, and distribution of medical devices. How much of
an advantage will be realized in introducing an improved de-
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
cutin 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
of withholding an improved device from people who need it,
the market share advantages of having a better product, and
the gargantuan costs {possibly nounrecoverable) of introducing
a new product into the medical marketplace. If companies did
not have the profit incentive, would there be medical devices,
let alone improved ones, available for clinical application?

When the industrial segment of the biomaterials field is
examined, we see other contributions to our field. Industry
deals well with technological developments such as packaging,
sterilization, and quality control and analysis. These subjects
require a strong technological base, and have generated stimu-
lating research questions. Also, many companies support in-
house basic research laboratories and contribute in important
ways to the fundamental study of biomaterials science.

Ethics

There are a wide range of other ethical considerations in
biomaterials science. Some key ethical questions in biomaterials
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
the important points (Saha and Saha, 1987; Schiedermayer
and Shapiro, 1989},

Regulation

The consumer (the patient) demands safe medical devices.
To prevent inadequately tested devices and materials from

TABLE 3 Some Ethical Concerns Relevant to
Biomaterials Science

Is the use of animal models justified? Specifically, is the experiment
well designed and important so that the data obtained will justify
the suffering and sacrifice of the life of a living creature?

How should research using humans be conducted to minimize risk to
the patient and offer a reasonable risk-to-benefit ratio? How can
we best ensure informed consent?

Companies fund much biomaterials research and own proprietary
hiomaterials. How can the needs of the patient be best balanced
with the financial goals of a company? Consider that someone must
manufacture devices—these would not be available if a company
did not choose to manufacture them.

Since researchers often stand to benefit financially from a successful
biomedical device and sometimes even have devices named after
them, how can investigator bias be minimized in biomaterials re-
search?

For life-sustaining devices, what is the tradeoff between sustaining life
and the quality of life with the device for the patient? Should the
patient be permitted to “pull the plug” if the quality oflife is not satis-
tactory?

With so many unanswered questions about the basic science of bioma-
terials, do government regulatory agencies have sufficient informa-
tion to define adequate tests for materials and devices and to properly
regulate biomaterials?

coming on the market, and to screen out individuals clearly
unqualified to produce biomaterials, a complex national regu-
latory system has been erected by the United States government
through the Food and Drug Administration (FDA). Through
the International Standards Organization {ISO), international
regulatory standards have been developed for the world com-
munity. Obviously, a substantial base of biomaterials knowl-
edge went into these standards. The costs to meet the standards
and to demonstrate compliance with material, biological, and
clinical testing are enormous. Introducing a new biomedical
device to the market requires a regulatory investment of many
millions of dollars. Are the regulations and standards truly
addressing the safety issues? Is the cost of regulation inflating
the cost of health care and preventing improved devices from
reaching those who need them? Under this regulation topic,
we see the intersection of all the players in the biomaterials
community: government, industry, ethics, and basic science.
The answers are not simple, but the problems are addressed
every day. Chapters 10.2 and 10.3 expand on standards and
regulatory concerns.

BIOMATERIALS LITERATURE

Over the past 40 years, the field of biomaterials has devel-
oped from individual medical researchers “trying things out,”
to the defined discipline we have today. Concurrent with the
evolution of the discipline, a literature has also developed. A
bibliography is provided at the end of this introduction to
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highlight key reference waorks and technical journals in the
biomaterials held.

SUMMARY

This chapter provides a broad overview of the biomaterials
field. It is intended to provide a vantage point from which the
reader can begin to place all the subthemes (chapters) within
the perspective of the larger whole.

To reiterate a key point, biomaterials science may be the
most interdisciplinary of all the sciences. Consequently, bioma-
terials scientists must master material from many fields of sci-
ence, technology, engineering, and medicine in order to be
competent in this profession. The reward for mastering this
volume of material is involvement in an intellectually stimulat-
ing endeavor that advances our understanding of basic sciences
and also contributes to reducing human suffering.
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CHAPTER

Properties of Materials

Francis W. Cookk, Jack E. LEMoNs, aAND BubDy D. RATNER

1.1 INTRODUCTION

Jack E. Lemons

The bulk and surface properties of biomaterials that have
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.
Compatibility is recognized to be a two-way process between
the biomaterials that have been fabricated into devices and the
host environment.

It is critical to recognize that synthetic materials have speci-
fic bulk and surface characteristics that are property dependent.
These  characteristics must be known prior to any medical
application, but also must be known in terms of changes that
may take place over time in vivo. That is, changes with time
must be anticipated at the outset and accounted for through
selection of biomaterials and/or design of the device.

Information related to basic properties is available through
national and international standards, plus handbooks and pro-
fessional journals of various types. However, this information
must be evaluated within the context of the intended biomedi-
cal use, since applications and host tissue responses are quite
specific within areas, e.g., cardiovascular (flowing blood con-
tact), orthopedic (functional load bearing), and dental (percuta-
neous).

The following two chapters provide basic information on
the bulk and surface properties of biomaterials based on metal-
lic, polymeric, and ceramic substrates. Also included are details
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
and in the references.

1.2 BuiLkK PROPERTIES OF MATERIALS
Francis W. Cooke

INTRODUCTION: THE SOLID STATE

Solids are distinguished from the other states of matter
(liguids and gases) by the fact that their constituent atoms are

held together by strong interatomic forces {Pauling, 1960). The
electronic and atomic structures, and almost all the physical
properties, of solids depend on the nature and strength of the
interatomic bonds. Three different types of strong or primary
interatomic bonds are recognized: ionic, covalent, and metallic.

fonic Bonding

In the ionic bond, electron donor (metallic} atoms transter
one or more electrons to an electron acceptor (nonmetallic)
atom. The two atoms then become a cation (e.g., metal) and
an anion (e.g., nonmetal), which are strongly attracted by the
electrostatic effect. This attraction of cations and anions consti-
tutes the ionic bond {John, 1983).

In ionic solids composed of many ions, the ions are arranged
so that each cation is surrounded by as many anions as possible
to reduce the strong mutual repulsion of cations, This packing
further reduces the overall energy of the assembly and leads
to a highly ordered arrangement called a crystal structure. The
loosely bound electrons of the atoms are now tightly held in
the locality of the ionic bond. Thus, the electron structure of
the atom is changed by the creation of the ionic bond. In
addition, the bound electrons are not available to serve as
charge carriers and ionic solids are poor electrical conductors.
Finally, the low overall energy state of these substances endows
them with relatively low chemical reactivity. Sodium fluoride
{NaF) and magnesium chloride (MgCl,) are examples of
ionic solids.

Covalent 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
accept electrons. For this reason, they do. not form strong
1oniic 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
electrons constitutes the covalent bond (Morrison et al., 1983).

If a central carbon atom participates in four of these covalent
bonds (two electrons per bond), it has achieved a stable outer
shell of eight valence electrons. More carbon atoms can be

Biomateriais Science
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added to the growing aggregate so that every atom has four
nearest neighbors with which it shares one bond each. Thus,
in a large grouping, every atom has a stable electron structure
and four nearest neighbors. These neighbors often form a tetra-
hedron, and the tetrahedra in turn are assembled in an orderly
repeating pattern (i.c., a crystal). This is the structure of both
diamond and silicon. Diamond is the hardest of all materials,
which shows that covalent bonds can be very strong. Once
again, the bonding process results in a particular electronic
structure {all electrons in pairs localized at the covalent bonds)
and a particular atomic arrangement or crystal structure. As
with ionic solids, localization of the valence electrons in the
covalent bond renders these materials poor electrical con-
ducrors.

Metallic Bonding

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
points (e.g., tungsten), suggesting that very strong interatoinic
bonds are at work here, too. The model that accounts for this
bonding envisions the atoms arranged in an orderly, repeating,
three-dimensional pattern, with the valence electrons migrating
between the atoms likea gas.

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
charges are neutralized throughout the crystal and bonding
arises because the negative electrons act like a glue between
the positive ion cores, This construct is called the free electron
model of metallic bonding. Obviously, the bond strength in-
creases as the ion cores and electron “gas” become more tightly
packed (until the inner electron orbits of the ions begin to
overlap). This leads to a condition of lowest energy when the
ion cores are as close together as possible.

Once again, the bonding leads to a closely packed (atomic)
crystal structure and a unique electronic configuration. In par-
ticular, the nonlocalized bonds within metal crystals permit
plastic deformation (which strictly speaking does not occur in
any nonmetals), and the electron gas accounts for the chemical
reactivity and high electrical and thermal conductivity of metal-
lic systems ( John, 1983},

Weak Bonding

In addition to the three strong bonds, there are several weak
secondary bonds that significantly influence the properties of
some solids, especially polymers. The most important of these
are van der Waals bonding and hydrogen bonding, which have
strengths 3 to 10% that of the primary C—C covalent bond.

Atomic Structure

The three-dimensional arrangement of atoms or ions in a
solid is one of the most important structural features that

derives from the nature of the solid-state bond. In the majority
of solids, this arrangement constitutes a crystal. A crystal is a
solid whose atoms or ions are arranged in an orderly repeating
pattern in three dimensions. These patterns allow the atoms
to be closely packed [i.e., have the maximum possible number
of near (contacting) neighbors] so that the number of primary
bonds is maximized and the energy of the aggregate is mini-
mized.

Crystal structures are often represented by repeating ele-
ments or subdivisions of the crystal called unit cells. Unit cetls
have all the geometric properties of the whole crystal (Fig. 1).
A model of the whole crystal can be generated by simply stack-
ing up unit cells like blocks or hexagonal tiles. Note that the
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
understood. In fact, all nearest neighbors are in contact, as
shown in Fig. 1B (John, 1983).

MATERIALS

The technical materials used to build most structures are
divided into three classes, metals, ceramics {including glasses),
and polymers. These classes may be identified only roughly
with the three types of interatomic bonding.

Metals

Materials that exhibit metallic bonding in the solid state
are metals. Mixtures or solutions of different metals are alloys.

About 85% of all metals have one of the crystal structures
shown in Fig. 1. In both face-centered cubic (FCC} and hexago-
nal close-packed (HCP) structures, every atom or ion is sur-
rounded by twelve touching neighbors, which is the closest
packing possible for spheres of uniform size. In any enclosure
filled with close-packed spheres, 74% of the volume will be
occupied by the spheres. In the body-centered cubic (BCC)
structure, each atom or ion has eight touching neighbors or
eightfold coordination. Surprisingly, the density of packing is
only reduced to 68% so that the BCC structure is nearly as
densely packed as the FCC and HCP structures ( John, 1983).

Ceramics

Ceramic materials are usually solid inorganic compounds
with various combinations of ionic or covalent bonding. They
also have tightly packed structures, but with special require-
ments for bonding such as fourfold coordination for covalent
solids and- charge neutrality for ionic solids (i.e., each unit
cell must be electrically neutral). As might be expected, these
additional requirements lead to more open and complex crys-
tal structures.

Carbon is often included with ceramics because of its many
ceramiclike properties, even though it is not a compound and
conducts electrons in its graphitic form. Carbon is an interest-
ing material since it occurs with two different crystal structures.
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FIG. 1. Typical metal crystal structures (umir cells). (A] Face-centered cubic (FCC), (B) Full size atoms in FCC. (€ Hexagonal close packed (HCP).

(D) Body-centered enhic (BCC).

In the diamond form, the four valance electrons of carbon lead
to four nearest neighbors in tetrahedral coordination. This
gives rise to the diamond cubic structure (Fig. 2A). An interest-
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
of the sheets (Fig. 2B) gives rise to the graphite form of carbon.
The {covalent) bonding within the sheets is much stronger than
the bonding between sheets.

The existence of an element with two different crystal struc-

tures provides a striking opportunity to see how physical prop-
erties depend on atomic and electronic structure (Table 1)
(Reed-Hill, 1992),

Inorganic Glasses

Some ceramic materials can be melted and upon cooling
do not develop a crystal structure. The individual atoms have
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
throughout the three-dimensional aggregates of atoms. Such
noncrystals are called glasses or, more accurately, inorganic
glasses and are said to be in the amorphous state. Silicates and
phosphates, the two most common glass formers, have random
three-dimensional network structures.

Polymers

The third categorv of solid materials includes all the poly-
mers. The constituent atoms of classic polymers are usually
carbon and are joined in a linear chainlike structure by covalent
bonds. The bonds within the chain require two of the valance
electrons of each atom, leaving the other two bonds available
for adding a great variety of atoms (e.g., hydrogen), molecules,
functional groups, etc.

TABLE | Relative Physical Properties of Diamond
and Graphite”

Property Diamond Graphite
Hardness Highest known Very low
Color Colorless Black
Electrical conductivity Low High
Density {g/cm?) 3.51 2.25
Specific heat (cal/gm 1.44 1.98

atm/deg.C)

“Adapted from D. L. Cocke and A. Clearfield, eds., Design of New
Materials, Plenum Publ., New York, 1987, with permission.

Based on the organization of these chains, there are two
classes of polymers. In the first, the basic chains have little or
no branching. Such “straight™ chain polymers can be melted
and remelted without a basic change in structure (an advantage
in fabrication) and are called thermoplastic polymers. If side
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
not melt uniformly on reheating. These are thermosetting
polymers.

Usually both thermoplastic and thermosetting polymers
have intertwined chains so that the resulting structures are
quite random and are also said to be amorphous like glass,
although only the thermoset polymers have sufficient cross
linking to form a three-dimensional network with covalent
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
are relatively weak, the resulting solid is relatively weak. Ther-
moplastic polymers generally have lower strengths and melting
points than thermosetting polymers (John, 1983; Budinski,
1983).

Microstructure

Structure in solids occurs in a hierarchy of sizes. The internal
or electronic structures of atoms occur at the finest scale, less
than 10™* um (which is beyond the resolving power of the
most powetful direct observational techniques) and are respon-
sible for the interatomic bonds. At the next higher size level,
around 107% um (which is detectable by X-ray diffraction, field
ion microscopy, scanning tunneling microscopy, etc.) the long-



1.2 BULK PROPERTIES OF MATERIALS 15

range, three-dimensional arrangement of atoms in crystals and
glasses can be observed.

At even larger sizes; 1077 to 10? um (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 pm.

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-
artes. When this surface is viewed through the reflecting micro-
scope the size and shape of the grains; i.e., the microstructure,
1s 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-

Load
{newtons)

Extension {mm)

FIG. 3. Extension is proportional to load according ro 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 ope 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. Itis; 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 (o) and the nor-
malized deformation {change in length/original length) is strain
(¢) (Fig. 4).
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FIG. 4. Tenaile stress and censile stram,

Tension and Compression

In tension and compression the area supporting the load is
perpendicular to the loading direction (tensile stress), and the
change in length is parallel to the original length (tensile strain),

If weights are used to provide the applied load, the stress
15 calculated by adding up the total number of pounds-force
(1b) or newtons (N) used and dividing by the perpendicular
cross-sectional area. For regular specimen geometries such as
cylindrical rods or rectangular bars, a measuring instrument,
such as a micrometer, is used to determine the dimensions.
The units of stress are pounds per inch squared (psi) or newtons
per meter squared (N/m?). The N/m?* unit is also known as
the pascal (Pa).

The measurement of strain is achieved, in the simplest case,
by applying reference marks to the specimen and measuring
the distance between with calipers. This is the original length,
l,. A load is then applied, and the distance between marks is
measured again to determine the final length, /,. The strain,
£, is then calculated by:

S | f
= = — h
e 7 T (1

Thus is essentially the technique used for flexable 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
stramn gage).

Shear

For cases of shear, the applied load is parallel to the area
supporting it (shear stress, 7), and the dimensional change
is perpendicular ro the reference dimension (shear strain, y)
{Fig. 5.

= & SHEAR STRESS

SHEAR STRAIN

FIG. 5, Shear stress and shear strain.

Elastic Constants

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

o = E £, tension or compression, (2a)
7= Gy, shear. {2b}

E and G are propornonality constants that may be likened
to spring constants. The tensile constant, E, is the tensile (or
Young's) modulus and G is the shear modulus. These moduli
are also the slopes of the elastuc portion of the stress versus
strain curve (Fig. 6). Since all geometric influences have been
removed, E and G represent inherent properties of the material.
These two moduli are direct macroscopic manifestations of the
strengths of the interatomic bonds. Elastic strain is achieved
by actually increasing the interatomic distances in the crystal
(i.e., stretching the bonds). For materials with strong bonds
(e.g., diamond, ALQ;, tungsten}, the moduli are high and a
given stress produces only a small strain. For materials with
weaker bonds (e.g., polymers and gold), the moduli are lower
(John, 1983). The tensile elastic moduli for some important
biomatenals are presented in Table 2.

Isotropy

The two constants, E and G, are all that are needed 1o
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 distribured orientations. On the average, these
aggregates exhibir 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) (%)
AL O, 350 —_ 1,000 to 10,000 0
CoCr Alloy* 2258 525 73§ 10
316 8.5.0 210 240 (800)° 600 (1000)° 35 (20
Ti 6Al-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 ¢ — 7to 15 20

28% Cr, 2% Ni, 7% Mo, 0.3% C {max.), Co balance.

bStainless steel, 18% Cr, 14% Ni, 2 to 4% Mo, 0.03 C (max),
Fe balance.

“Values in parenthesis are for the cold-worked state.

dStrongly 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-

CROSS HEAD

LOAD CELL
| e

«r—DRIVE
SCREW

SPECIMEN

JAWS

[ l._ BASE

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

Another useful test that can be conducted in a mechamcal
testing machine 15 the bend test. In bend testing, the ouside
of the bowed specimen 1s 1n tension and the inside in
compresston. [be outer fiber stresses can be calculated from
the load and the specimen geometry (see any standard rext
on strength of marterials; 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
tor the calculation of stress states are only valid for elasnc
behavior. Therefore, they cannot be used to describe any
nonelastic strain hehavior.

Some mechanical testing machines are also equipped to
apply torsional (rotational) loads, in which case torque versus
angular deflection can be determined and used to calculate the
torsional 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 derermined 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:

E:

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 15 called the fracrure 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 brirtle 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%

O-JUTS ________________
]
|
o Fewof :I
1ELD TOUGHNESS |
! r'
i ,r
| i
—> |- 0.2% c
[ ductility
FIG. B,  Stress versus steam fo) o dacnle naterial,

offset yield strength. Once plastic deformanon starts, the
strains produced are very much greater than those during elastic
deformation (Fig. 8), they are no longer proportional to the
stress and they are nor recovered when the stress is removed.
This happens because whole arrays of atoms under the influ-
ence of an applied stress are forced to move, irreversibly, to
new locations in the crystal structure. This is the microstruc-
tural basis of plastic deformation, During elastic straining, on
the other hand, the atoms are displaced only shightly by revers-
ible stretching of the interatomic bonds.

Large scale displacement of atoms without complete rupture
of the material, i.e., plastic deformation, is only possible in the
presence of the merallic bond so only metals and alloys exhibit
true plastic deformation. Since long-distance rearrangement of
atoms under the influence of an applied stress cannot occur in
ionic or convolutely bonded matenals, ceramics and many
polymers exhibit only brittle hehavior,

Plastic deformation is very useful for shaping metals and
alloys and is called ductility or malleability. The total perma-
nent (i.e., plastic) strain exhibited up to fracture by a material
1s a quantitative measure of its ductility (Fig. 8). The strength,

TABLE 3 Mechanical Properties Derivable from a
Tensile Test

Units
Property [nternational English
L. Elastic modulus (E} Fra Nm?® Pa)  ibfin (psi)
2. Yield strength (YS) Fla Nim? (Pa} Ibfin” {psi
3. Ultimate tensile strength Fia Nim?® Pai Ibfin.” (psii
(UITS)
4. Ductility % g Y
5. Toughness {work to Fx IV m! in Ibf/in.’

teacture per unit volume)

“1bf, pounds force; F. foree: A, area: L. lengrh; and V| volume.
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FIG. 9. A Elongation versus time at constant load (creep) of ligament. (B)

particularly the 0.2% offset yield strength, can be increased
significantly by reducing the grain size as well as by prior
plastic deformation or cold work. The introduction of alloying
elements and multiphase microstructures are also potent
strengthening mechanisms.

Other properties can be derived from the tensile stress-strain
curve. The tensile strength or the ultimate tensile stress (UTS)
is-the stress that is calculated from the maximum load experi-
enced during the tensile test (Fig. 8).

The area under the tensile curve is proportional to the work
required to deform a specimen until it fails. The area under
the entire curve is proportional to the product of stress and
strain, and has the units of energy (work) per unit volume of
specimen. The work to fracture is a measure of toughness and
reflects a material’s resistance to crack propagation (Fig. 8).
The important mechanical properties derived from a tensile
test are listed in Table 3.

Creep and Viscous Flow

For all the mechanical behaviors considered to this point,
it has been tacitly assumed that when a stress is applied, the
strain response is instantaneous. For many important biomate-
rials, including polymers and tissues, this is not a valid assump-
tion. If a weight is suspended from a specimen of ligament,
the ligament continues to elongate for a considerable time even
though the load is constant (Fig. 9A). This continuous, time-
dependent extension under load is called creep.

Similarly, if the ligament is extended in a tensile machine
to a fixed elongation and the load is monitored, the load drops

%I

LOAD _.-¥
CELL
Load LIGAMENT
a1

~ Af =CONSTANT

Time

Load versus time at constant elongation (stress relaxation) for ligament,

continuously with time (Fig. 9B). The continuous drop in load
at constant extension is called stress relaxation. Both these
responses are the result of viscous flow in the material. The
mechanical analog of viscous flow is a dashpot or cylinder and
piston (Fig. 10A). Any small force is enough to keep the piston
moving. If the load is increased, the rate of displacement
will increase.

Despite this liquid-like behavior, these materials are func-
tionally solids, To produce such a combined effect, they act
as though they are composed of a spring (elastic element) in
series with a dashpot (viscous element) (Fig. 10B). Thus, in
the creep test, instantaneous strain is produced when the weight
is first applied (Fig. 9A). This is the equivalent of stretching
the spring to its equilibrium length (for that load). Thereafter,
the additional time-dependent strain is modeled by the move-
ment of the dashpot. Complex arrangements of springs and
dashpots are often needed to adequately model actual behavior.

Materials that behave approximately like a spring and dash-
pot system are viscoelastic. One consequence of viscoelastic
behavior can be seen in tensile testing where the load is applied
at some finite rate. During the course of load application, there
is time for some viscous flow to occur along with the elastic
strain. Thus, the total strain will be greater than that due to
the elastic response alone. If this total strain is used to estimate
the Young’s modulus of the material (E = o/¢), the estimate
will be low. If the test is conducted at a more rapid rate,
there will be less time for viscous flow during the test and the
apparent modulus will increase. If a series of such tests is
conducted at ever higher loading rates, eventually a rate can
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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maoduolus determined ar this critical rare will be the true elastic
modulus, 1e., the spring constant of the elastic component.
Tests at even higher rates will produce no further increase in
modulus. For all viscoelastic materials, moduli determined at
rates less than the critical rate are “apparent”” moduli and must
be identified with the stran rate used. Failure to do this 15 one
reason why values of tissue moduli reported in the literarure
may vary over wide ranges.

Finally. it shoutd be noted thar it may be difficalt to distin-
guish between creep and plastic deformation in ordinary tensile
tests of highly viscoelastic matenials (e.g., tissues). For this
reason, the total nonelastic deformartion of tissues or polymers
may at times be loosely referred to as plastic deformation even
thongh same viscous flow mav be involved.

OTHER IMPORTANT PROPERTIES OF MATERIALS

Fatigue

[t 1s not uncommon for materials, including rough and duc-
tile ones like 3161 stainless steel, to fracture even though the
service stresses imposed are well below the yield stress. This
nccurs when the loads are applied and removed for a great
number of cycles, as happens to prosthetic heart valves and
prosthetic jomnts. Such repetitive loading can produce micro-
scopic cracks that then propagate by small steps at each
load cycle.

The stresses ar the tip of a crack or even a sharp corner are
locally enhanced by the stress-raising effect. Under repetitive
loading, these local high stresses (or strains) actually exceed
the strength of the material over a small region. This phenome-
non is responsible for the stepwise propagation of the cracks.
Eventually, the load-bearing cross-section becomes so small
that the part finally fails completely.

Fatigue, then, 15 a process by which strucrures fail as a result
of cyclic stresses that may be much less than the ultimate
tensile stress. Fatigue failure plagues many dynamically loaded
structures, from aircraft to bones {march- or stress-fractures)
to cardiac pacemaker leads.

The suscepubility of specific materials to fatigue is deter-
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mined by testing a group of identical specimens in cychic tension
or bending (Fig. 11A) at different maximum stresses. The num-
ber of cycles to failure is then plotted against the maximum
applied stress (Fig. 11B). Since the number of cycles to tailure
is quite variable for a given stress level, the prediction of fatigue
life 15 a martter of probabilines. For design purposes, the stress
thar will provide a low probability of failure afrer 10% or 107
cvcles 1s often adopted as the fangue strength or endurance
limit of the material. This may be as little as one third ar one
fourth of the single-cycle yield strength. The fatigue strength is
sensitive to environment, temperature, corrosion, detertoration
(of ussue specimens), and cycle rate {especially for viscoelastic
materials), Careful artention to these derails is required if labo-
ratory fatigue results are to be successhully rransferred to bio-
medical apphications ( John, 19831

Toughness

The ability of a matenal to plasncally deform under the
influence of the vamplex stress field thar exists ar the tip of a
crack 15 a measure of its toughness. If plastic deformation
does oceur, it serves to blunt the crack and lower the locally
enhanced stresses, thus hindering crack propagation. To design
“failsafe’ structures with brirtle marerials, it has become neces-
sary to develop an entirely new system for evaluating service
worthiness. This system is fracture toughness testing and re-
quires the testing of specimens with sharp notches. The resulr-
ing fracture toughness paramecter is a funcrion of the apparent
crack propagation stress and the crack depth and shape. It 1s
called the critical stress intensity factor (K, and has units of
PaVm or N m*2 Since fracture toughness depends on both
the strength of the material and its ductihity {ability o blunt
cracks), there is an empirnical correspondence between K, and
the area under the stress-strain curve for some materials and
conditions. The energy absorbed in émpact fracture 15 also a
measure of toughness, but at higher loading rates (Brick ef
al,, 1977).

Effect of Fabrication on Strength

A general concept to keep in mind in considering the
strength of materials is that the process by which a matenal

HAX THUM
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FIG. 11, (A) Stress versus time in a fatigue test. (B) Fatigue curve: fatigue stress versus cycles to failure.
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1s produced has a major effect on its structure and hence its
properties { John, 1983). For example, plastic deformation of
most metals at room temperature flattens the grains and
produces strengthening while reducing ductility. Subsequent
high-temperature treatment (annealing) can reverse this effect.
Polymers drawn into fibers are much stronger in the drawing
direction than are undrawn samples of the same material.
Because strength properties depend on fabrication history,
it is important to realize that there is no unique set of strength
properties for each generic material (e.g., 316L stainless steel,
PET, Al,O,). Rather, there is a range of properties that depends
on the fabrication history and the microstructures produced.

CONCLUSION

The determination of mechanical properties is not only an
exercise in basic materials science but is indispensable to the
practical design and understanding of load-bearing structures.
Designers must determine the service stresses in all structural
members and be sure that at every point these stresses are
safely below the yield strength of the material. If cyclic loads
are involved (e.g., lower-limb prostheses, teeth, heart valves),
the service stresses must be kept below the fatigue strength.

In subsequent chapters where the properties and behavior
of materials are discussed in detalil, it is well to keep in mind
thiat this information is indispensable to understanding the
mechanical performance (i.e., function) of both biclogical and
manmade structures.
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1.3 SURFACE PROPERTIES OF MATERIALS
Buddy D. Ratner

CHARACTERIZATION OF BIOMATERIAL SURFACES

In developing biomedical implant devices and materials, we
are concerned with function, durability, and biocompatibility.
Understanding function (e.g., mechanical strength, permeabil-
ity, elasticity) is relatively straightforward—the tools of engi-
neers and materials scientists are appropriate to address this
concern. Durability, particularly in a biological environment,
is less well understood. Still, the tests we need to evaluate

durability are clear (see Chapters 1.2, 6.2, and 6.3). Biocompat-
ibility represents a frontier of knowledge in this field, and
its study is often assigned to the biochemist, biclogist, and
physician. However, the important question in biocompatibil-
ity is how the device or material “‘transduces” its structural
makeup to direct or influence the response of proteins, cells,
and the organism to it. For devices and materials that do not
leach undesirable substances in sufficient quantities to influence
cells and tissues {i.e., that have passed routine toxicological
evaluation; see Chapter 5.2), this transduction occurs through
the surface structure—the body “reads” the surface structure
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.

A few general points about surfaces are useful at this point.
First, the surface region of a material is known to be uniquely
reactive (Fig. 1). Catalysis and microelectronics both capitalize
on surface reactivity, and it would be naive to expect the
biology not te respond to it. Second, the surface of a2 material
is inevitably different from the bulk. Thus, the traditional tech-
niques used to analyze the bulk structure of materials are not
suitable for surface determination. Third, surfaces readily con-
taminate. Under ultrahigh vacuum conditions we can retard
this contamination. However, in view of the atmospheric pres-
sure conditions under which all biomedical devices are used,
we must learn to live with some contamination. The key ques-
tions here are whether we can make devices with constant,
controlled levels of contamination and avoid undesirable con-
taminants. This is critical so that a laboratory experiment on
a biomaterial generates the same results when repeated after
1 day, 1 week, or 1 year, and so that the biomedical device
performs for the physician in a constant manner over a reason-
able shelf life. Finally, the surface structure of a material is
often mobile. The movement of atoms and molecules near the
surface in response to the outside environment is often highly
significant. In response to a hydrophobic environment, (e.g.,
air) more hydrophobic (lower energy) components may migrate
to the surface of a material. In response to an aqueous environ-
ment, the surface may reverse its structure and point polar
groups outward to interact with the polar water molecules.
An example of this is schematically illustrated in Fig. 2.

The nature of surfaces is a complex subject in its own right
and the subject of much independent investigation. The reader
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).

Parameters to Be Measured

Many parameters describe a surface, as shown in Fig. 3.
The more of these parameters we measure, the more we can
piece together a complete description of the surface. A complete
characterization requires the use of many techniques to compile
all the information needed. Unfortunately, we cannot yet spec-
ify which parameters are most important for ‘understanding
biological responses to surfaces. Studies have been published
on the importance of roughness, wettability, surface mobility,
chemical composition, crystallinity, and heterogeneity to bio-
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FIG. 1. A cwo-dimensional crystal latice illustrating bonding orbitals (gray or black ovals}. For atoms in the center (hulk) of the crystal (black ovals), all binding
sites are associated. At planar exterior surfaces, one of the bonding sies s unfulflled (gray ovals). At corners, two bonding sites are unfullilled. 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-
tors are predominant in each situation, the controlling variable
or variables must be independently ascertained.

MEASUREMENT TECHNIQUES

General Principles

A number of general ideas can be applied to all surface
analysis. They can be divided into the categories of sample
preparation and analysis described in the following paragraphs.

Sample Preparation

In sample preparation the sample should resemble, as closely
as possible, the material or device being subjected to biological
testing or 1mplantation. Needless to say, fingerprints on the
surface of the sample will cover up everything that might be
of mterest. If the sample 15 placed in a package for shipping
or storage prior to surface analysis, it is critical to know
whether the packaging material can induce surface contamina-
tion. Plain paper in contact with most specimens will transfer
matenial {often metal ions) to the surface of the matenal. Many
plastics are processed with silicone oils or other additives that
can be transferred to the specimen. The packaging material
used should be examined by surtace analysis methods to ascer-
tain its purity. Samples can be surface analyzed prior to and
after storage or shipping in contamers to ensure that the surface
composition measured is not due to the container. As a general
rule, the polyethylene press-close bags used in electron micros-
copy and cell culture plasticware are clean storage containers,

However, abrasive contact must be avoided and each brand
must be evaluared so that a meticulous specimen preparation
is not ruined by contamination.

Sampie Analysis

Two general principles guide sample analysis. First, all
methods used to analyze surfaces also have the potential to
alter the surface. It is essential that the analyst be aware of the
damage potential of the method used. Second, because of the
potential for artifacts and the need for many pieces of informa-
tion to construct a complete picture of the surface (Fig. 3),
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
question why. A third or fourth method may then be necessary
to draw confident conclusions abour the nature of a surface.

These general principles are applicable to all materials.
There are properties (only a few of which will be presented
here) thar are specific to specific classes of matenals. Compared
with merals, ceramics, glasses, and carbons, organic and polv-
meric materials are more easily damaged bv surface analysis
methods. Polymeric systems also exhibit greater surtace mo-
lecular mobility than inorganic svstems. The surfaces of
tnorganic materials are contaminated more rapidly than poly-
meric matertals because of their higher surface energy. Electr-
cally conductive metals and carbons will often be easier 10
characterize than insulators using the electron, X-ray, and
ion interaction methods. Insulators accumulate a surface
electrical charge that requires special methods (e.g., a low
energy electron beam) o neutralize, To learn about other
concerns in surface analysis that are specific 10 specific classes
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In air

Under water

FIG. 2. Many materials can undergo a reversal of surface strucrure when transterred from air into a water enviranment. In this schemanc illustranon, a hydroxylated
polymer exhibity a surface rich in methyl groups {from the polymer chain backbone} in uir, and a surface rich in hydroxyl groups under water. This has been observed

experimentally {sec Ratner et al.. J. Appl. Polym. Sci., 22: 643, 1978).

of materials, published papers become a valuable resource
for understanding the prtfalls 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 limitanions 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 Maver, 1986).

Contact Angle Methods

The torce balance between the liquid—vapor surface tension
() of a liquid drop and the interfacial tension between a solid
and the drop (y,), manifested through the contact angle (8) of
the drop with the surface, can be used to characterize the
energy of the surface (y,,). The basic relationship describing
this force balance is:

Yoo = WL T Vi €08 6.

The energy of the surface, which ts directly related to its wetta-
bility, is a useful parameter that has often correlated strongly
with biological interaction. Unfortunately, y,, cannot be di-
rectly obtained since this equation coatains two unknowns, v,
and v,,. Therefore, the y,, is usually approximared by the
Zisman method for obtaining the critical surface tension (Fig.
4), or calculated by solving simultaneous equartions with data
from liquids of different surface tensions. Some critical surface
tensions for common matenals 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-

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 stll useful fashion, or more rigorously. They
have shown unquestioned value in the development of bromedi-
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 abour the nature and environment of the atom
from which it came. The basic energy balance describing this
process is given by the simple relationship:

BE = by — KE,

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 bv is the
energy of the X-rays, a known value. A simple schematic
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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), 1C) Surfaces may be structurally or compositionally inhomogeneous in the plane of the surtace. (D)) Surfaces may be mhomogeneous with depth into the
specimen. (B Surfaces may be covered by an overlayer. (F) Surfaces may he highhv crystalline or disordered,

diagram illustrating an ESCA instrument is shown m Fig, 6.
Table 4 lists some of the types of information about the nature
of a surface that can be obtained by using ESCA. The origin
of the surface sensitivity of ESCA is described in Fig, 7.
ESCA has many advantages, and a few disadvantages, for

studying biomaterials. The advantages include the speed of

analysis, the high information content, the low damage poten-

tial, and the ability to analyze samples with no specimen prepa-
ration. The latter advantage is parnicularly important since it
means that many biomedical devices (or parts of devices} can
be inserted, as fabricated and sterilized, directly in the analysis
chamber for study. The disadvantages include the need for
vacuum compatibility (i.e., no outgassing of volatile compo-
nents), the passibility of sample damage if long analysis tmes
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TABLE | Common Methods of Characterizing Biomaterial Surfaces

Depth Spatal Analvoeal
Method Principle analyzed resolution Sensitivity Cost

Contact angles Liquid wetting of surfaces is 3-20A | mmn Low or high depending on 5
used to estmate the the chemistry
surface energy

ESCA X-rays cause the emission of 10-250 A 10-150 um 0.1 Atom % 331
electrons of characteristic
energy

Auger electron A focused eleciron beam 50100 A 100 A 0.1 Atom $8%

spectroscopy” causes the enussion of

Auger elecrrons

SIMS fon bombardment leads to 10 A—tpm? 100 A Very high $%8
the emisswon of surface sec-
ondary ions

FITR=-ATR IR radiation is adsorbed in |=5 um L0 pm I Mole % 5%
exciung molecular vibra-
trons

ST™ Measurement of the quan- 54 1A Single atorns $$
tum tunnehing current be-
tween a metal fip and a
conductive surface

SEM Secondary electron emission sA 40 A typically High, bur not quantitative $%

caused by a focused elec-
tron beam s measured
and spatially imaged

“$, up to $5000; $8, $35000-5100,000; $$$, >$100,000.

PAuger electron spectroscopy 1s damaging to organic materials, and best used for inorganics.

“Sratic SIMS = 10 A, dynamic SIMS to 1 pm.

critical surface tension, ., =27 dyne/cm

e
®

1-Muthyl nuphtbaleny drop

incyclohexyl drop —

Methylene wadide drop
) | P

90
Witer diop D
T T T T T T T
1] 1 20 30 40 50 60 kil

Y, (dynes/cm)

FIG. 4. The Zisman method permits a critical surface tensior value, an
approximation to the solid surface tension, to be measured. Drops of liquids of
different surface rensions are placed on the solid, and the contact angles of the
drops are measured. The plot of liquid surface tension versus angle 1s extrapolated
to rero contaot angle (o give the critical surtace tension value.

TABLE 2 Critical Surface Tension Values for
Common Polymers?

Critical surface tension

Material {dynesfcm)
Polytetrafluoroethylene 19
Poly{dimethyl siloxane) 24
Poly{vinylidine fluoride) 25
Poly{vinyl fluoride) 28
Polyerhylene 31
Polystyrene 33
Polythydroxyethyl methacrylate} 37
Poly(vinyl alcohol) 37
Poly{methyl methacrylate) A9
Poly{vinyl chlonde) 39
Polycaproamide (nylon 6) 42
Poly(ethylene oxide)-diol 43
Poly{ethylene terephthalare) 43
Polyacrylonitrile 50

“Values from Table 5.5 in Polymer Interface and Adhesion, S. W,
ed. Marcel Dekker, New York, Table 5.5, 1982,
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FIG. 5.

TABLE 3 Concerns in Contact Angle Measurement

¥

PROPERTIES OF MATERIALS

The measurement is operator dependent.

Surface roughness influences the results.

Surface heterogeneiry intluences the results.

The liquids used are easily contaminated (typically reducing their
Yol

The liquids used can reonent the surface structure.

The liquids used can absorb into the surface, leading to swelling.

The liquids used can dissolve the surface,

Few sample geometries can be used.

Intormation on surface structure must be inferred from the dara ob-

tained.

Lour ways that the contact angle can be measured. (A) Sessile drop. (B) Captive air hubble method. (C Capillary rise method, (1) Wilthelmy plate methad.

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 systern with a cryo-
genic sample stage. At liquid nitrogen temperatures, samples
with volatile components, or even wet, hydrated samples can
be analyzed.

The use of ESCA 1s best tllustrated with a brief example.
A poly(methyl methacrylate] (PMMA) ophthalmologic device
is to be examined. Taking care not to touch or damage the
surface of interest, the device 1s inserted into the ESCA instru-
ment introduction chamber. The introduction chamber is then
pumped down to 107° torr pressure. A gate valve between the
introduction chamber and the analytical chamber is opened
and the specimen is moved into the analysis chamber. In the
analysis chamber, at 107" tarr pressure, the specimen is posi-
tioned (on contemporary instruments, UsiNg a MICroscope or
TV camera) and the X-rayv source is turned on. The ranges of
electron energies to be observed are controlled (by computer)
with the retardation lens on the spectrometer. First, a wide
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Elecirosiatic
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FIG. 6. A schematc diagram of a monochromatized ESCA instrument.

TABLE 4 Intormation Derived from an ESCA Experiment

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

Identification of all elements (except H and He) present at concen-
trations > (.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 (7* = 7} transitions

identification of organic groups using derivatization reactions

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

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

i.ateral variations in surface composition (spatial resolution 8~
130 um, depending upon the instrument)

“Fingerprinting”” ot materials using valence band spectra and iden-
rification of bonding orbirals

Studies on hydrated {frozen) surfaces

FIG. 7. ESCA is a surface-sensitive method. Although the X-ray beam can
penetrate deeply into a specimen, electrons emitted deep in the specimen (D), E,
F, G} will lose their energy im inelastic collisions and never emerge from the
surface. Only those electirons emitted near the surface that lose no eneegy (A,
B) will contribure to the ESCA signal used analvoically, Elecirons that lose some
energy, bur still have sufficient energy to emerge trom the <urface | C) contribute
to the background signal.
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FIG. 8. An ESCA wide scan of a surface-modified poly(methy! methacrylate)
ophthalmologic 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

Heparin Maodified IOL
High Resolution C1s

6000

5000 -

L

4000

3000

Counts

2000

PITE NS N |

1000 -

i

e s S

294 292 290 288 286 284 282 280
Binding Energy (eV)
FIG. 9.  The carbon 1s 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 4 v
Identify other elements (often must be in- v I
ferred from the data)
Suggest molecular structures {inferred from »
the data}
Observe extremely high mass fragments {pro- v
teins, polvmers)
Detection of extremely low concentrations I %
Depth profile to 1 um into the sample I
Observe the outermost 1-2 atomic layers v
High spatial resolution (features as small as v I
approximately S00 A)
Semiquantitative analysis (for limited sets of g
specimens)
Useful for polymers v
Useful for inorganics (metals, ceramics, etc.; v ed
Useful for powders, filins, fibers, etc. I '

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 lon 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 probiem. 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 al., 1984;
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Briggs, 1986; Davies and Lynn, 1990; Vickerman et al., 1989;
Benninghoven, 1983).

The SIMS method involves bombarding a surface with a
beam of accelerated ions. The collision of these ions with the
atoms and molecules in the surface zone can transfer enough
energy to them so they sputter from the surface into the vacuum
phase. The process is analogous to the way racked pool balls
are ejected by the impact of the cue ball; the harder the cue
ball hits the rack of balls, the more balls are emitted from the
rack. In SIMS, the *cue balls’” are accelerated ions (xenon,
argon, cesium, and gallium ions are commonly used). The
particles ejected from the surface are positive and negative ions
{secondary ions}, radicals, excited states, and neutrals. Only
the secondary ions are measured in SIMS. In ESCA, the energy
of emitted particles (electrons) is measured. SIMS measures the
mass of emitted ions {more rigorously, the ratio of mass to
charge, m/z) using a quadrupole mass analyzer or a time-of-
flight (TOF) mass analyzer.

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
surface that the surface erodes at an appreciable rate. We
can capitalize on this to do a depth profile into a specimen.
The intensity of the m/z peak of a species of interest {e.g.,
sodium ion, m/z = 23) might be followed as a function of
time, If the 1on beam is well controlled and the sputtering
rate is constant, the amount of sodium detected at any time
will be directly related to the erosion depth of the ion beam
into the specimen. A depth profile can be constructed with
information from the outermost atoms to a micron or more
into the specimen. However, owing to the vigorous, damaging
nature of the high-flux ion beam, only atomic fragments
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can be detected. Also, as the beam erodes deeper into the
specimen, more artifacts are introduced in the data by knock-
in and scrambling of atoms.

Static SIMS, by comparison, induces minimal surface de-
struction. The ion dose is adjusted so that during the period
of the analysis less than one monolayer of surface atoms is
sputtered. Since there are typically 10-10' atoms in 1
cm? of surface, a total ion dose of less than 10% ions/
cm? during the analysis period is appropriate. Under these
conditions, extensive degradation and rearrangement of the
chemistry at the surface does not take place, and large,
relatively intact molecular fragments can be ejected: into
the vacuum for measurement. Examples of large molecular
fragments are shown in Fig. 10. This figure also introduces
some of the ideas behind SIMS spectral interpretation. A
more complete introduction to the concepts behind static
SIMS spectral interpretation can be found in any of the
standard texts on mass spectrometry.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) images of surfaces
have great resolution and depth of field, with a three-dimen-
sional quality that offers a visual perspective familiar to most
users. SEM images are widely used and much has been written
about the technique. The comments here are primarily oriented
toward SEM as a surface analysis tool.

SEM functions by focusing and rastering a relatively high-
energy electron beam (typically, 5100 keV) on a specimen.
Low-energy secondary electrons are emitted from each spot
where the focused electron beam impacts. The detectable
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A negative ion static SIMS spectrum of poly(2-hydroxyethyl methacrylate} with the primary peaks identified.
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mtensity of the secondary electron emission is a function of
the atomic composition of the sample and the geemetry of
the features under observation. SEM images surfaces by
spatially reconstructing on a phosphor screen the intensity
of the secondary electron emission. Because of the shallow
penetration depth of the low-energy secondary electrons
produced by the primary electron beam, only secondary
electrons generated near the surface can escape from the bulk
and be detecred (this is analogous to the surface sensitivity
described n Fig. 7). Consequently, SEM is a surface analy-
sis method.

Nonconductive materials observed in the SEM are rypically
coated with a thin, electrically grounded layer of metal to
mimmize negative charge accumulation from the electron
beam. However, this metal layer is always so thick (>300 A)
thar the electrons emirted from the sample beneath cannot
penetrate. Therefore, in SEM analysis of nonconductors, the
surface of the metal coating is, in effect, being monitored. If

the metal coat is truly conformal, a good representation of the
surtace geometry will be conveyed. However, all effects of the
specimen surface chemistry on secondary electron emission are
lost. Also, at very high magnifications, the texture of the metal
coat and not the surface may be under observation.

SEM, in spite of these limitations in providing true surface
information, 1s an important corroboranve method to use in
conjunction with other surface analysis methods. Surface
roughness and texture can have a profound intluence on data
from ESCA, SIMS, and contact angle determinarions. There-
fore, SEM provides important information in the interpretation
of data from these methods.

The recent development of low-voltage SEM offers a tech-
nigue to truly study the surface chemistry and geometry of
nonconductors. With the electron accelerating voltage lowered
to approximately 1 keV, charge accumulation 1s not so critical
and metallization is not required. Low-voltage SEM has been
used to study platelets and phase separation in polymers. Also,

« penetration depth = 1-5 pm
» sample mus! make intimate contact with ATR slement

—

Liquid Flow Cell

Solid Sample

= penetration depth = 1-100A

+ sample must be on a specular (mirror) surface

= penetration depth = 1- 5pm (not wall defined)
+ sample should be rough

FIG. 11. Three surface-sensitive infrared sampling modes. (A} Artenuated total reflectance made. (B) External reflectance mode. (C) Diffuse reflectance mode.
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FIG. 12. A schemane diagram illustranng the prmaiple of the scanning tunneling microscope.

the environmental SEM (ESEM) permits wet, uncoated speci-
mens to be srudied.

The primary electron beam also results in the emission of
X-rays. These X-rays are used to identify clements with the
technique called energy-dispersive X-ray analysis (EDXA),
However, the high-energy primary electron beam penetrates
deeply into a specimen (a micron or more), The X-rays pro-
duced from the interaction of these electrons with atoms deep
in the bulk of the specimen can penetrate through the material
and be detected. Therefore, EDXA is not a surface analysis
method—it measures bulk atomic concentrations.

Infrared Speciroscopy

Infrared spectroscopy (IRS) provides information on the
vibrations of atomic and molecular units. It is a standard ana-
lytical method that can reveal information on specific chemis-
tries and the orientation of structures. By using a Fourier trans-
form infrared (FTIR) spectrometer, great improvements in the
signal-to-noise ratio (S/N) and spectral accuracy can be real-
ized. However, even with this high $/N; the small absorption
signal associated with the extremely small mass of material in a
surface region can challenge the sensitivity of the spectrometer.
Also, the problem of separating the massive bulk absorption
signal from the surface signal must be dealt with.

Surface FTIR studies couple the infrared radiation to the
sample surface to increase the intensity of the surface signal

and reduce the bulk signal (Allara, 1982; Layden and Murthy,
1987; Nguyen, 1983). Some of these sampling modes, and the
limitations associated with them, are illustrated in Fig. 11.

The attenuated total reflectance (ATR) mode of sampling
has been used most often in biomaterials studies. The penetra-
tion depth into the sample is 1-5 um. Therefore, ATR is not
truly surface sensitive, but observes a broad region near the
surface. However, it does offer the wealth of rich strucrural
information common to infrared spectra. With extremely high
S/N FTIR instruments, ATR studies of proteins and polymers
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
material (e.g., adsorbed protein) under observation.

Newer Methods

New methods, although still evolving, are showing the po-
tential for making important contributions to biomaterials
studies. Foremost among them are scanning tunneling micros-
copy (STM) and atomic force microscopy (AFM). General
review articles (Binnig and Rohrer, 1986; Avouris, 1990; Al-
brecht et al., 1988) and articles oriented toward biological
studies with these methods have been written (Hansma et al.,
1988; Miles et al., 1990; Rugar and Hansma, 1990).

The STM uses quantum tunneling to generate an atom-
scale electron density image of a surface. A metal scanning tip
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terminating i a single atom is brought within 5-10 A of an
electrically conducting surface. At these distances, the electron
cloud of the atom at the tip will significantly overlap the elec-
tron cloud of an atem on the surface. If a potential 1s applied
between the tip and the surface, an electron tunneling current
will be established whose magnitude, |, follows the propornon-
altry:

! e ‘H'om‘

where A 1s a constant, &, 15 an average inverse decay length
(related to the electron affinity of the metals), and § is the
separation distance in angstrom units. For most metals, a
1-A change in the distance of the tip to the surface results in
an order of magnitude change in tunneling current. Even
though this current is small, it can be measured with good ac-
curacy.

To image a surface, this quantum runneling current Is used
i one of two ways. In constant current mode, a piezoelectric
driver moves a tip over a surtace, When the up approaches an
atom protruding above the plane of the surface, the current
rapidly increases, and a feedback circuit moves the tip up to
keep the current constant. Then, a plot is made of the tip height
required to maintain constant current versus distance along
the plane, In constant height mode, the tip 1s moved over the
surface and the change in current with distance traveled along

Constant Height Mode

the plane of the surface is directly recorded. A schemauc dia-
gram of an STM is presented in Fig. 12. The two scanning
modes are illustrated in Fig. 13.

The AFM uses a similar piezo drive mechanism. However,
instead of recording tunneling current, the deflection of a lever
arm due 1o van der Waals (electron cloud) repulsion between
an atom at the tip and an arom on the surface is measured.
This measurement can be made by reflecring a laser beam off
a mirror on the lever arm. A ane-atom length deflection of the
lever arm can easily be magnified by monitoring the position
of the laser reflection on a spatially resolved photosensitive de-
tector.

The STM measures electrical current and theretore is well
suited for conductive and semiconductive surfaces. However,
biomolecules (even proteins) on conductive substrates appear
amenable to imaging. It must be remembered that STM does
not “‘see” atoms, but monitors electron density. The conductive
and imaging mechanism for proteins 18 not well understood.
Still, Fig. 14 suggests that important images of biomolecules
on surfaces can be obtained. Since the AFM measures force,
it can be used with both conductive and nonconductive speci-
mens. Since force must be applied to bend a lever, AFM is
subject o artifacts caused by damage to fragile structures on
the surface. Both methods can function well tor specimens
under water, in air, or under vacuum. For exploring biomole-
cules or mobile orgame surfaces, the “pushing around™ of

FIG. 13, Scanning runneling microscopy can be performed in two modes. In constani-height mode, the tip is scanned a constant distance from the surface {rypicaliy
5—-10 A} and the change in tunnelmg current 15 recorded. In constant current mode, the tip height 1s adjusted so that the tunneling current 1s always constant. and the
tip distance from the surface is recorded a5 a function of distance traveled in the plane of the surface.
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FIG. 14. A scanming wunneling mictograph image of 3 fihninogen molecule on a gold surface. undee buffer (image by Dr, K. Lewis),

structures by the tip 1s a significant concern, With both methods
it is difficult to achieve good-quality, reproducible images of
organic surfaces. However, some of the successes to date are
exciting enough that the future of these methods in biomedical
research is ensured.

There are many other sutface characterization methods that
may become important in future years. Some of these are listed
in Table 6.

Studies with Surface Methods

Hundreds of studies have appeared in the literature in which
surface methods have been used to enhance the understanding
of biomaterial systems. Four studies are briefly described here.
A symposium proceedings volume on this subject is also avail-
able (Ratner, 1988}

Platelet Consumption

Using a baboon arteriovenous shunt model of platelet inter-
action with surfaces, a first-order rate constant of 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-
bon-type groups in the ESCA C1s 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
long-term biological reactivity of materials in a complex ex
vivo environment.

Contact-Angle Correlations

The adhesion of a number of cell types, including bacteria,
granulocytes, and erythrocytes, has been shown, under certain
conditions, to correlate with solid-vapor surface tension as
determined from contact-angle measurements. In addition, im-
munoglobulin G adsorption is related 1o y,, (Neumann et
al., 1983},

Contamination of intraocular Lenses

Commercial intraocular lenses were examined by ESCA.
The presence of sulfur, sodium, and excess hydrocarbon at their
surfaces suggested contamination by sodium dodecyl sulfate
{SDS) during the manufacture of the lenses (Ratner, 1983). A
cleaning protocol was developed using ESCA to monitor results
that produced a lens surface of clean PMMA.

Titanium

The discoloration sometimes observed on titanium implants
after autoclaving was examined by ESCA and SIMS (Lausmaa
et al., 1985). The discoloration was found to be related to
accelerated oxide growth, with oxide thicknesses to 650 A.
The oxide contained considerable fluorine, along with alkali
metals and silicon. The source of the oxide was the cloth used
to wrap the implant storage box during autoclaving. Since
fluorine strongly affects oxide growth, and since the oxide
layer has been associated with the biocomparibility of titanium
implants, the authors advise avoiding fluorinated materials
during sterilization of samples.

CONCLUSIONS

Contemporary methods of surface analysis can provide in-
valuable informarion about biomaterials 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 living
systems, Considering that biomedical experiments are typically
expensive to perform, the costs for surface analysis are small
for the assurance that the identical surface is being examined
trom experiment to experiment. Also, with routine surface
analysis on medical devices, the physician can be confident
thar differences in the performance of a device are not related
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

Surface-enhanced raman spectroscopy (SERS)
lon scattering spectroscopy (1SS}

Laser desorption mass spectrometry

IR diffuse reflectance

IR photoacoustic spectroscopy

High-resolution electron energy loss spectroscopy

yvacuuni

X-Ray reflection
Neutron reflection

Extended X-ray absorption fine structure (EXAFS)

Use the SHG method for spectroscopy using a tunable laser
High-sensitivity Raman at rough metal interfaces

Elastically reflected ions probe only the outermost atomic layer
Mass spectra of adsorbates at surfaces

IR spectra of surfaces with no sample preparation

IR spectra of surfaces with no sample preparation

Vibrational spectroscopy of a highly surface-localized region, under ultrahigh

Structural information on order at surfaces and interfaces
Structural information on interfaces

Atomic-level chemical and nearest-neighbor (morphological) information
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2.1 INTRODUCTION
Allan S. Hoffman

The wide diversity and sophistication of materials currently
used if medicine and biotechnology is testimony to the signifi-
cant technological advances which have occurred over the past
25 years. As little as 25 years ago, common, commercial poly-
mers and metals were being used in implants and medical
devices. There was relatively little stimulus or motivation for
development of new materials. However, a relatively small
group of “biomaterials scientists” with a strong interest in
medicine; in. collaboration with a like-minded group of physi-
cians, evolved out of traditional fields such as chemistry, chemi-
cal engineering, metallurgy, materials science and engineering,
physics and medicine. They recognized not only the need for
new and improved materials, implants and devices, but also
the challenges and opportunities involved. With the eatly sup-
port of the National Institutes of Health and a few enlightened
companies, a wide range of new and exciting biomaterials
began to emerge, and over the past 15-20 years, the field, its
diversity, and the number of professionals working in the field
have grown enormously. Materials and systems for biological
use have been synthesized and fabricated in a wide variety of
shapes and forms, including composites and coated systems.
Some of the new materials and technologies have been devel-
oped ‘especially for biological uses, while others have been
borrowed from such unexpected areas as space technology.
This section covers the background and most recent develop-
ments. in the science and engineering of biomaterials.

2.2 METALS
John B. Brunski

Metallic implant materials have.a significant economic and
clinical impact on the biomaterials field. The total U.S. market

37

for implants and instrumentation in orthopedics was about
$2.098 million in 1991, according to recent estimates, This
includes $1.379 million for joint prostheses made of metallic
materials, plus a variety of trauma products ($340 million),
instrumentation devices ($266 million), bone cement accessor-
ies ($66 million), and bone replacement materials ($29 million).
Projections for 2002 indicate that the total global biomaterials
market will be $6 billion. The clinical numbers are equally
impressive. Of the 3.6 million orthopedic operations per year
in the U.S., four of the ten most frequent invelve metallic
implants: open reduction of a fracture and internal fixation
{first on the list), placement or removal of an internal fixation
device without reduction of a fracture (sixth), arthroplasty
of the knee or ankle (seventh), and total hip replacement or
arthroplasty of the hip (eighth).

Besides orthopedics, there are other markets for metallic
implants and devices, including oral and maxillofacial surgery
(e.g., dental implants, craniofacial plates and screws) and car-
diovascular surgery {(e.g., parts of artificial hearts, pacemakers,
balloon catheters, valve replacements, aneurysm clips). Inter-
estingly, in 1988, about 11 million Americans (about 4.6% of
the civilian population) had at least one implant (Moss et
al., 1990).

In view of this wide utilization of metallic implants, the
objective of this chapter is to describe the composition, struc-
ture, and properties of current metallic implant alloys. A major
empbhasis is on the metallurgical principles underlying fabrica-
tion and structure-property relationships.

STEPS IN THE FABRICATION OF IMPLANTS

Understanding the structure and properties of metallic im-
plant materials requires an appreciation of the metallurgical
significance of the material’s processing history (Fig. 1). Since
each metallic device differs in the details of its manufacture,
“generic” processing steps are presented in Fig. 1.

Biomiaterials Scierce

Copyright © 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.
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FIG. 1. General processing history of a typical metallic implant device, in this case a hip implant.

Metal-Containing Ore to Raw Metal Product

With the exception of the noble metals (which do not repre-
sent a major fraction of implant metals), metals exist in the
Earth’s crust in mineral form and are chemically combined
with other elements, as in the case of metal oxides. These
mineral. deposits (ore) must be located and mined, and then
separated and enriched to provide ore suitable for further pro-
cessing into pure metal.

With titanium, for example, certain mines in the southeast-
ern United States yield sands containing primarily common
quartz as well as mineral deposits of zircon, titanium, iron,
and rare earths. The sandy mixture is concentrated by using
water flow and gravity to separate out the metal-containing
sands into titanium-containing compounds such as rutile

(T1O,) and ilmenite (FeTiOj;). To obtain rutile, which is partic-
ularly good for making metallic titanium, further processing
typically involves electrostatic separations. Then, to extract
titanium metal from the rutile, one method involves treating
the ore with chlorine to make: titanium tetrachloride liquid,
which in turn is treated with magnesium or sodium to produce
chlorides of the latter metals and bulk titanium “sponge” ac-
cording to the Kroll process. At this stage, the titanium sponge
is not of controlled purity. Depending on the purity grade
desired in the final titanium product, it is necessary to refine
it further by using vacuum furnaces, remelting, and additional
steps. All of this can be critical in producing titanium with
the appropriate properties. The four grades of *‘commercially
pure” (CP) titanium differ in oxygen content by only tenths
of a percent, which in turn leads to significant differences in
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2.2 METALS

Chemical Compositions of Stainless Steels Used for Implants
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Material ASTM designation

Common/trade names Composition (wt. %
p

Notes

Stainless steel F35 {bar, wire) AISI 316LVM

F36 (sheet, strip) 316L

F138 (bar, wire) 316L

F139 (sheet, strip} 316L
Stainless steel F745 Cast stainless steel

cast 3161

60—-65 Fe F535, F56 specify 0.03 max for
17.00~19.00 P S
12.00-14.00 F138, F139 specify 0.025 max
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 S1
max 0.01 S
60—-69 Fe
17.00-19.00
11.00-14.00
2.00-3.00
max (.06 C
max 2.0 Mn
max 0.045 P
max 1.00 51
max 0.030 §

mechanical properties. The resulting raw metal product eventu-
ally emerges in some type of bulk form such as ingots for
supply to manufacturers.

In the case of multicomponent metallic implant alloys, the
raw metal product will have to be processed further. Processing
steps include remelting, the addition of alloying elements, and
solidification to:produce an alloy that meets certain chemical
specifications. For example, to make ASTM (American Society
for Testing and Materials) F138 316L stainless steel, iron is
alloyed with specific amounts of carbon, silicon, nickel, and
chromium. To make ASTM F75 or F90 alloy, cobalt is alloyed
with specific amounts. of chromium, molybdenum, carbon,
nickel, and other elements. Table 1 lists the chemical composi-
tions of some metallic alloys for surgical implants.

Raw Metal Product to Stock Metal Shapes

A manufacturer further processes the bulk raw metal prod-
uct (metal or alloy) into “stock shapes, such as bars, wire,
sheet, rods; plates; tubes, and:powders. These shapes are then
sold to specialty companies {e.g., implant manufacturers) who
need' stock metal that is closer to the actual final form of
the implant.

Bulk: forms: are turned into stock shapes by a variety of
processes, including remelting and continuous casting, hot roll-
ing, forging, and cold drawing through dies. Depending on the
metal, there may also be heat-treating steps (heating and cool-
ing cycles) designed to facilitate further working or shaping of
the stock, relieve the effects of prior plastic deformation (e.g.,
annealing), or produce a specific microstructure and properties
in the stock material. Because of the chemical reactivity of

some metals at elevated temperatures, high-temperature pro-
cesses may require vacuum conditions or inert atmospheres to
prevent unwanted uptake of oxygen by the metal. For instance,
in the production of fine powders of ASTM F75 Co-Cr—Mo
alloy, molten metal is ejected through a small nozzle to produce
a fine spray of atomized droplets that solidify while cooling in
an inert argon atmosphere.

For metallic implant materials in general, stock shapes are
chemically and metallurgically tested to ensure that the chemi-
cal composition and microstructure of the metal meet industry
standards for surgical implants (ASTM Standards), as discussed
later in this chapter.

Stock Metal Shapes to Preliminary and Final
Metal Devices

Typically, an implant manufacturer will buy stock material
and then fabricate it into preliminary and final forms. Specific
steps depend on a number of factors, including the final geome-
try of the implant, the forming and machining properties of
the metal, the costs of alternative fabrication methods, and the
company doing the fabrication.

Fabrication methods include investment casting (the “lost
wax”’ process), conventional and computer-based machining
(CAD/CAM), forging, powder metallurgical processes (hot iso-
static pressing, or HIP), and a range of grinding and polishing
steps. A variety of fabrication methods are required because
not all implant alloys can be feasibly or economically made in
the same way. For instance, cobalt-based alloys are extremely
difficult to machine into the complicated shapes of some im-
plants and are therefore frequently shaped into implant forms
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FIG. 2. Low power view of the intertace between a porous coating and solid
substrate in the ASTM F73 Co~Cr=Meo alloy system. Note the nature of the
necks joimng the beads 1o one another and 1o the substrate. Metallographic
cross section cut perpendicular to the intertace; lightly etched 1o show the micra-
steucture, (Phote courtesy of Smith & Nephew Richards, Inc. Memphis, TN}

by investment casting or powder metallurgy. On the other
hand, titanium is reladvely difficult to cast and therefore 1s
frequently machined even though it is not generally considered
0 be an easily machinable metal,

Another aspect of tabrication, which is actually an end-
product surface reatment, 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 merallurgical 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 implanr surface (e.g., on the
proximal portion of the femoral stem), and then atrach 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 alloy, this process can produce enhanced properties.
These treatments are commonly used to increase surface hard-
ness and wear properties,

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 arule, 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 implanz.

MICROSTRUCTURES 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-
tant to know (1) the chemical and crystallographic identities
of the phases present in the microstrucrure; (2) their relative
amounts, distribution, and orientation; and (3) their effects on
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,
these are covered in Chapter 1.3. The following discussion of
implant alloys 1s divided 1nto the staintess steels, cobalr-based
alloys, and titanium-based alloys.

FIG. 3. Scanning electron micrograph of a titaninm plasma spray coating
on an oral implant. (Photo courtesy of A. Schroeder, E. Van der Zypen, H,
Stich, and F. Sutter, Int, J. Oral Maxillofacial Swergery 9:15, 1981.}
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Stainless Steels

Composition

While several types of stainless steels are available for im-
plant use (Table 1), in practice the most common is 316L
{ASTM F138, F139), grade 2. This steel has less than 0.030%
{wt. %) carbon in order to reduce the possibility of in vivo
cotrosion. The “L” in the designation 316L denotes its low
carbon content. The 316L alloy is predominantly iron (60—
65%) alloyed with major amounts of chromium (17-19%) and
nickel (12—14%), plus minor amounts of nitrogen, manganese,
molybdenurm, phosphorous, silicen, and sulfur.

The rationale for the alloying additions involves the metal’s
surface and bulk microstructure. The key function of chromium
is to permit the development of a corrosion-resistant steel by
forming a strongly adherent surface oxide (Cr,03). However,
the downside is that chromium tends to stabilize the ferritic
{BCC, body-centered cubic) phase, which is weaker than the
austenitic (FCC, face-centered cubic) phase. Molybdenum and
silicon are also ferrite stabilizers. To counter this tendency to
form ferrite, nickel is added to stabilize the austenitic phase.

The most important reason for the low carbon content
relates to corrosion. If the carbon content of the steel signifi-
cantly exceeds 0.03%, there is increased danger of formation
of carbides such as Cr,3C,. These tend to precipitate at grain
boundaries when the carbon concentration and thermal history
have been favorable to-the kinetics. of carbide growth. In turn,
this carbide precipitation depletes the adjacent grain boundary
regions of chromium, which has the effect of diminishing for-
mation of the protective chromium-based oxide Cr,O;. Steels
in which such carbides have formed are called “sensitized”
and are prone to fail through corrosion-assisted fractures that
originate at the sensitized (weakened) grain boundaries.

Microstructure and Mechanical Properties

Under ASTM specifications, the desirable form of 316L is
single-phase austenite (FCC). There should be no free ferritic
(BCC) or carbide phases in the microstructure. Also, the steel
should be free of inclusions such as sulfide stringers. The lacter
can arisé primarily from unclean steel-making practices and
predispose the steel to pitting-type corrosion at the metal—
inclusion interfaces.

The recommended grain size for 3161 is ASTM #6 or finer.
The ASTM grain size humber n is defined by the formula:

N= 21, (1)

where N is the number of grains counted in 1 in.2 at 100x
magnification (0.0645 mm? actual area). # = 6 means a grain
size of about 100 um or less. Furthermore, the grain size should
be relatively uniform throughout (Fig. 4a). The emphasis on
a fine grain size is explained by a Hall—Petch-type! relationship
between mechanical yield stress and grain diameter:

'Hall and Petch were the researchers who first observed this relationship in
experiments on metallic systems. For more information, see E. O. Hall (1951).
Proc. Phys. Soc. 64B: 747; N. ]. Petch (1953). . Iron Steel Inst. 173:25.
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t, =t + kd ™, (2)

where £, and ¢, are the yield and friction stress, respectively; d
is the grain diameter; k is a constant associated with propaga-
tion of deformation across grain boundaries; and m is approxi-
mately 0.5. From this equation it follows that higher yield
stresses may be achieved by a metal with a smaller grain diame-
ter d, all other things being equal. A key determinant of grain
size is manufacturing history, including details on solidification
conditions, cold-work, annealing cycles, and recrystallization.

Another notable microstructural feature of 316L is plastic
deformation within grains (Fig. 4b). The metal is ordinarily
used in a 30% cold-worked state because cold-worked metal
has a markedly increased yield, ultimate tensile; and fatigue
strength relative to the annealed state {Table 2). The trade-off
is decreased ductility, but ordinarily this is not a major concern
in implant products.

In specific orthopedic devices such as bone screws made of
316L, texture may also be apparent in the microstructure.
Texture means a preferred orientation of deformed grains. For
example, stainless steel bone screws show elongated grains in
metallographic sections taken parallel to the long axis of the
screws (Fig. 5). This finding is consistent with cold drawing
or a similar cold-working operation in the manufacture of
the bar stock from which screws are usually machined. In
metallographic sections taken perpendicular to the screw’s long
axis, the grains appear more equiaxial. A summary of represen-
tative mechanical properties of 316L stainless is provided in
Table 2.

Cobalt-Based Alloys

Composition

Cobalt-based alloys include Haynes-Stellite 21 and 25
(ASTM F75 and F90, respectively}, forged Co—~Cr—Mo alloy
(ASTM F799), nd multiphase (MP) alloy MP35N (ASTM
F562). The F75 and F799 alloys are virtually identical in com-
position {Table 3), each being about 58—69% Co and 26-30%
Cr. The key difference is their processing history, which is
discussed later. The other two alloys, F90 and F562, have
slightly less Co and Cr, but more Ni in the case of F562, and
more tungsten in the case of F90.

Microstructures and Properties

ASTM F75 The main attribute of this alloy is corrosion
resistance in chloride environments, which is related to its bulk
composition and the surface oxide (nominally Cr,O;). This
alloy has a long history in the aerospace and biomedical im-
plant industries.

When F75 is cast into shape by investment casting, the alloy
is melted at 1350-1450°C and then poured or driven into
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
special ceramic. A ceramic mold remains after the wax is
burned. Then molten metal is poured into the mold. Once the
metal has solidified into the shape of the mold, the ceramic
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FIG. 4. (A} Typical microstructure of cold-worked 3161 stamless steel, ASTM F138, in a transverse section taken through
4 spinal disteaction rod. (B) Derail of grains in cold-worked 316L stainless steel showing evidence of plastic deformation. (Phote
courtesy of Zimmer USA, Warsaw, IN.}
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TABLE 2 Typical Mechanical Properties of Implant Metals®

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  F74§ Annealed 190 221 483 221-280
F55, F56, F138, F139 Annealed 180 331 586 241-276
30% Cold worked 190 792 930 310-448
Cold forged 190 1213 1351 820
Co=Crallovs  F7§ As-cast/annealed 210 448-517 655-889 207-310
P/M HIP 253 841 1277 725-950
F799 Hot forged 210 B96—1200 1399-1586 600—-896
Fou Annealed 210 448-648 951-1220 Not available
44% Cold worked 210 1606 1896 586
F562 Hot forged 232 9651000 1206 500
Cold worked, aged 232 1500 1798 689793
{axial tension
R = 0,05, 30 Hz)
Ti alloys Fe7 30% Cold-worked Grade 4 110 485 760 300
F136 Forged annealed 116 896 965 620
Forged, heat treated 116 1034 1103 620-689

“Data collected from references noted at the end of this chapter, especially Table 1 in Davidson and Georgette (1986).
bp/M HIP = Powder metallurgy producr, 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=Mao F75 Vitallium 58.9-69.5 Co Vitallium 1s a trademark of
Haynes-Stellite 21 27.0-30.0 Cr Howmedica, Inc.
Protasul-2 5.0-7.0 Mo Havnes-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 Sulzer 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 F9Q Haynes-Stellite 25 45.5-56.2 Co Haynes-Stellite 25 (HS25) is
Wreought 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 §
Co—-Ni-Cr~Mo-Ti F5e62 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
final device. Depending on the exact casting details, this process
can produce at least three microstructural features that can
strongly influence implant properties.

First, as-cast F75 alloy (Figs. 6 and 7a) typically consists
of a Co-rich matrix {alpha phase) plus interdendritic and grain-
boundary carbides {primarily M,;C,, where M represents Co,
Cr, or Mo). There can also be interdendritic Co and Mo-rich
sigma intermetallic, and Ce-based gamma phases. Overall, the
relative amounts of the alpha and-carbide phases should be
approximately 85% and 15%, respectively, but owing to non-
equilibrium cooling, a “‘cored” microstructure can develop. In
this ‘situation, the interdendritic regions become solute (Cr,
Mo, C) rich and contain carbides, while the dendrites become
Cr depleted and richer in Co. This is an unfavorable electro-
chemical situation, with the Cr-depleted regions being anodic

with respect to the rest of the microstructure. (This is also an
unfavorable situation if a porous coating will subsequently be
applied by sintering.) Subsequent solution-anneal heat treat-
ments in 1225°C for 1 hr can help alleviate this situation.

Second, the solidification during the casting process not
only results in dendrite formation, but also in a relatively large
grain size. This is generally undesirable because it decreases
the yield strength via a Hall-Petch-type relationship between
yield strength and grain diameter {see the section on stainless
steel). The dendritic growth patterns and large grain diameter
(about 4 mm) can be easily seen in Fig. 7a, which shows a hip
stem manufactured by investment casting.

Third, casting defects may arise. Figure 7b shows an inclu-
sion in the middle of a femoral hip stem. The inclusion was
a particle of the ceramic mold (investment) material, which
presumably broke off and became entrapped within the interior
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FIG. 6. Microstructure of as-cast Co—Cr—-Mo ASTM F75 alloy, showng a large grain size plus gramn
houndary and matrix carbides. (Photo courtesy of Zimmer USA, Warsaw, IN.)

of the mold while the metal was solidifying. This contributed
to a fatigue fracture of the implant device in vivo, most likely
because of stress concentrations and fatigue crack sites associ-
ated with the ceramic inclusion. For similar reasons, it 1s also
desirable to avoid macro- and microporosity arising from metal
shrinkage upon solidification of castings.

To avoid these problems with cast F75, powder metallurgi-
cal methods have been used to improve the alloy’s microstruc-
ture and mechanical properties. For example, in hot isostatic
pressing, a fine powder of the F75 alloy is compacted and
sintered together under appropriate pressure and temperature
conditions (about 100 MPa at 1100°C for 1 hr) and then forged
to final shape. The typical microstructure (Fig. 8) shows a
much smaller grain size (about 8 wm) than the as-cast material.
Again, according to a Hall-Petch-type relationship, this micro-
structure gives the alloy higher yield, and better ultimate and
tatigue properties than the as-cast alloy (Table 2). Generally
speaking, the improved properties of the HIP versus cast F75
result from both the finer grain size and a finer distribution of
carbides, which has a hardening effect as well.

In porous-coated prosthetic devices based on F75 alloy, the
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
bulk substrate. With Co—Cr—Mo alloys, for instance, sintering
can be difficult, requiring temperatures near the melting point
{1225°C). Unfortunately, these high temperatures can decrease
the fatigue strength of the substrate alloy. For example, cast-
solution-treated F75 has a fatigue strength of about 200-250

MPa, but it decreases to about 150 MPa after porous coating
treatments. The reason for this probably relates to turther
phase changes in the nonequilibrium cored microstructure in
the original cast F75 alloy. However, a modified sintering treat-
ment can return the fatigue strength back up to about 200
MPa (Table 2). Beyond these metallurgical issues, a related
concern with porous-coated devices is the potential for de-
creased fatigue performance as a result of stress concentrations
where particles are joined with the substrate (Fig. 2).

ASTM F799 This is basically a2 modified F75 alloy that
has been mechanically processed by hot forging (at about
800°C} after casting. It is sometimes known as thermomechani-
cal Co—Cr—Mo alloy and has a composition slightly different
from ASTM F75. The microstructure reveals a more worked
grain structure than as-cast F75 and a hexagonal close-packed
(HCP) phase that forms via a shear-induced transformation of
FCC matrix to HCP platelets; this is not unlike that which
occurs in MP35N (see ASTM F562). The fatigue, yield, and
ultimate tensile strengths of this alloy are approximately twice
those for as-cast F75 (Table 2).

ASTM F90 This alloy, also known as Haynes Stellite 25
(HS-25), is a Co—Cr—W-Ni alloy, Tungsten and nickel are
added to improve machinability and fabrication propertes. In
the annealed state, its mechanical properties approximate those
of F75 alloy, but when cold worked to 44%, the properties
more than double (Table 2).
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FIG. 7. (A} Macrophoto of a metallographically polished and erched cross section of a cast Co—Cr—Mo ASTM F75 femoral
hip stem, showing dendritic structure and large grain size. (B} Macrophoto of the fracture surface of the same Co-Cr—Ma
ASTM F75 hip stem as in (A). Arrow indicates large inclusion within the central region of the cross section. Fracture of this

hip stem oceurred pr v,

ASTM F562 Known as MP3SN, this alloy is pnimarily
Co (29-38.8%) and Ni (33-37%), with significant amounts
of Cr and Mo, The “MP” in the name refers to the multiple
phases in its microstructure, The alloy can be processed by
thermal treatments and cold working to produce a controlled
mucrostructure and a high-strength alloy, as explained later.

To start with, pure solid cobalr is (under equilibrium condi-
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
close-packed {111} planes in FCC, The ease of this transforma-
tion 1s affected by the stability of the FCC phase, which in turn
is affected by both plastic deformation and alloying additions.

When cobalt is alloyed to make MP35N, the processing
includes 50% cold work, which increases the driving force for
the transformation of retained FCC to the HCP phase. The
HCP emerges as fine platelets within FCC grains. Because the
FCC grains are small (0.01-0.1 pm, Fig. 9) and the HCP
platelets further impede dislocation motion, the resulting struc-
ture is significantly strengthened (Table 2). It can be strength-
ened even further (as in the case of Richards Biophase) by an

aging treatment at 430--650°C. This produces Co;Mo precipi-
tates on the HCP platelets. Hence, the alloy is multiphasic and
derives strength from the combinarion of a cold-worked matrix
phase, solid solution strengthening, and precipitation harden-
ing. The resulting mechanical properties make the family of
MP35N alloys among the strongest available for implant appli-
catons.

Titanium-Based Alloys
Composition

CP utanium (ASTM F67) and extra-low interstitial (ELI)
Ti-6A1-4V alloy (ASTM F136) are the two most common
ttanium-based implant biomaterials. The F67 CP Ti is
98.9-99.6% titanium (Table 4). Oxygen content of CP T
affects its yield and fatigue strength significantly. For example,
at 0.18% oxygen (grade 1), the yield strength is about 170
MPa, while ar 0.40% (grade 4), the yield strength increases to
about 485 MPa. Similarly, ar 0.085 wi.% oxygen (slightly
purer than grade 1) the fatigue limit (107 cycles) is abour 88.2
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FIG. 8, Microstructure of the Co~Cr—Mo ASTM E7S alloy made via hot isostatic pressing (HIP),
showmg the much smaller grain size relative to that in Fig. 6. (Photo courtesy of Zimmer USA,

Warsaw, 1N,

MPa, while at 0.27 wt.% oxygen (slightly purer than grade 2}
the fatigue limit (107 cycles) is about 216 MPa.

With Ti-6Ai-4V ELl alloy, the individual Ti—Al and Ti—V
phase diagrams suggest the effects of the alloying additions in
the ternary alloy. Al is an alpha (HCP) phase stabilizer while
Vis a beta (BCC) phase stabilizer. The 6A1—4V alloy used for
implants is an alpha-beta alloy, the properties of which vary
with prior treatments,

FIG, 9. Microstructure of Co-based MP3SN, ASTM F562, Biophase. (Photo
courtesy of Smuth & Nephew Richards, Inc., Memphis, TN}

Microstructure and Properties

ASTMF67 Forrelatively pure titanium implants, as exem-
plified by many current dental implants, typical microstructures
are single-phase alpha (HCP), showing evidence of mild (30%)
cold work and grain diameters in the range of 10—-150 um (Fig.
10), depending on manufacturing. The nominal mechanical
properties are listed in Table 2. Interstitial elements (O, C, N)
in titanium and the 6 Al-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 6AI-4V
alloy, The nominal composition of the oxide is TiO,. 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 Widmansratten structure is produced (Fig. 11). The HCP

alpha phase (which is rich in Al and depleted in V) precipitates

out as plates or needles having a specific crystallographic orien-
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 %) MNotes

Pure Ti Fe7 CPTi

Ti—6Al-4V Fli6 Ti-6Al-4V

CP Ti comes in four grades
according to oxygen content—
only Grade 4 is listed.

Balance Ti

max 0.10 C

max (1.5 Fe

max (L0125-0.015 H
max 0.05 N

max (.40 O

B8.I-908 T
5.5-6.5 Al
33-45V

max 0.08 C

0.0125 H
max (L25 Fe

max 005 N

max 0.13 0

Alternatively, if cooling from the beta phase field is very
fast {as in oil quenching), a “basketweave” microstructure will
develop, owing to martensitic or bainitic (nondiffusional,
shear) solid-state transformations. Most commonly, the F136
alloy is heated and worked at temperatures near but not exceed-
ing the beta transus, and then annealed to give a microstructure
of fine-grained alpha with beta as isolated particles at grain
boundaries (mill annealed, Fig. 12).

Interestingly, all three of the above-noted microstructures

in Ti-6Al—4V alloy lead to about the same yield and ultumate
tensile strengths, but the mill-annealed condition is supertor
in high-cycle fatigue (Table 2), which is a significant consider-
ation.

Like the Co-based alloys, the above microstructural aspects
for the Ti systems need to be considered when evaluating the
structure-property relationships of porous-coated or plasma-
sprayed implants. Again, there is the technical problem of
successtully attaching some type of coating onto the metal

40um

FIG. 10. Microstructure of moderately cold-worked commercial puriy fitanium, ASTM FA7, used m

an oral implant.
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FIG. 1. Widimanstateen scructure in cast Ti—Al—4V, ASTM F136. Note prior beta grains {(three large graing are
shown in the phorol and plareler alpha strucrure within grains. (Photo courtesy of Zimmer USA, Warsaw, IN,)

FIG. 12. Microstructure of wrought and mill-annealed Ti-6A1-4V, showing small grains of alpha
tlighty and bera (dark). (Photo courtesy of Zimmer USA, Warsaw, 1N}



50 2 CLASSES OF MATERIALS USED IN MEDICINE

substrate while maintaining adequate properties of both coat-
ing and substrate. For example, optimizing the fatigue proper-
ties of Ti—6Al—4V porous-coated implants; becomes an inter-
disciplinary problem involving not only metallurgy but also
surface properties and fracture mechanics.

CONCLUDING REMARKS

It should be evident that metallurgical principles guide our
understanding of structure-property relationships in metallic
implants, just as they would in the study of any metallic device.
While this chapter’s emphasis has been on mechanical proper-
ties (for the sake of specificity), other properties, in particular
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
implant designs. The reasons for failures can include faulty or
inappropriate use of 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-
tion of materials is only a part—albeit an important part—of
the total problem.
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2.3 POLYMERS
Susan A. Visser, Robert W. Hergenrother,
and Stuart L. Cooper

Polymers are long-chain molecules that consist of a number
of small repeating units. The repeat units or “mers” differ from
the small 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 HCI during
polymerization. The exact difference between the monomer
and the mer unit depends on the mode of polymerization, as
discussed later,

The wide variety of polymers includes such natural materials
as cellulose, starches, natural rubber, and deoxyribonucleic
acid (DNA), the genetic material of all living creatures. While
these polymers are undoubtedly interesting and have seen wide-
spread use in numerous applications, they are sometimes
eclipsed by the seemingly endless variety of synthetic polymers
that are available today.

The task of the biomedical engineer is to select a biomaterial
with properties that most closely match those required for a
particular application. Because polymers are long-chain mole-
cules, their properties tend to be more complex than their
short-chain counterparts. Thus, in order to choose a polymer
type for a particular application, the unusual properties of
polymers must be understood.

This chapter introduces the concepts of polymer character-
ization and property testing as they are applied to the selection
of biomaterials. Examples of polymeric biomaterials currently
used by the medical community are cited and discussed with
regard to their solid-state properties and uses.

MOLECULAR WEIGHT

In polymer synthesis, a polymer is usually produced with
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 (M,) is the first moment of the molecular weight
distribution and is an average over the number of molecules.
The weight average molecular weight (M,,) 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:
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where N; is the number of moles of species i, and M; is the
molecular weight of species 7.

The ratio of M,, to M, 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 M, in the range of 25,000 to 100,000 and M,, 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-

Amount of polymer

Molecular weight

FIG. 1. Typical molecular weight distribution of a polymer.

Linear

Branched

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, methanol, 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 praducts
(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 copolymers
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Homopolymer —A—-A-A-A-A-A-A-

Random copolymer —A-B-B—A-B—A-B-

Alternating copolymer —-A—-B—A—-B-A-B—A-

Block copolymer —A-A-A-A-B-B—-B~—

FIG. 3. Possible monowmer arrangements in polymer materials.

tend to phase separate into a monomer-A-rich phase and a
monomer-B-rich phase, displaying properties unique to each
of the homopolymers.

Condensation polymerization can also result in copolymer
formation. The properties of the condensation copolymer de-
pend on three factors: the type of monomer units; the molecular
weight of the polymer product, which can be controlled by
the ratio of one reactant to another and by the time of polymer-
ization; and the distribution of the molecular weight of the
copolymer chains. The use of bifunctional monomers gives rise
to linear polymers, while multifunctional monomers may be
used to form covalently cross-linked networks.

Postpolymerization cross-linking of addition or condensa-
tion polymers is also possible. Natural rubber, for example,
consists mostly of linear molecules that can be cross-linked to
a loose network with 1-3% sulfur (vulcanization) or to a hard
rubber with 40~50% sulfur (Fig. 2). In addition, physical,
rather than chemical, cross-linking of polymers can be achieved
in the presence of microscrystalline regions or through incorpo-
ration of ionic groups in the polymer (Fig. 4).

THE SOLID STATE

Tacticity

Polymers are long-chain molecules and, as such, are capable
of assuming many conformations through rotation of valence
bonds. The extended chain or planar zig-zag conformation of
polypropylene is shown in Fig. §. This figure illustrates the
concept of tacticity. Tacticity refers to the arrangement of
substituents {methyl groups in the case of polypropylene)
around the extended polymer chain. Chains in which all substit-
uents are located on the same side of the zigzag plane are
isotactic, while syndiotactic chains have substituents alternat-
ing from side to side. In the atactic arrangement, the substituent
groups appear at random on cither side of the extended
chain backbone.

Atactic polymers usually cannot crystallize, and an amor-
phous polymer results. Isotactic and syndiotactic polymers may
crystallize if conditions are favorable. Crystalline polymers also
possess a higher level of structure characterized by folded chain
lamellar growth that results in the formation of spherulites.
These structures can be visualized in a polarized light micro-
scope.

Crystallinity

Polymers can be either amorphous or semicrystalline. They
can never be completely crystalline owing to lattice defects
that form disordered, amorphous regions. The tendency of a
polymer to crystallize is enhanced by the small side groups and
chain regularity. The presence of crystallites in the polymer
usually leads to enhanced mechanical properties, unique ther-
mal behavior, and increased fatigue strength. These propertics
make semicrystalline polymers (often referred to simply as
crystalline polymers) desirable materials for biomedical appli-
cations.

Mechanical Properties

The tensile properties of polymers can be characterized by
their deformation behavior (stress-strain response (Fig. 6).
Amorphous, rubbery polymers are soft and reversibly extensi-
ble. The freedom of motion of the polymer chain is retained at
a local level while a network structure resulting from chemical
cross-links and chain entanglements prevents large-scale move-
ment or flow. Thus, rubbery polymers tend to exhibit a lower
modulus, or stiffness, and extensibilities of several hundred
percent. Rubbery materials may also exhibit an increase of
stress prior to breakage as a result of strain-induced crystalliza-
tion assisted by molecular orientation in the direction of stress.
Glassy and semicrystalline polymers have higher moduli and
lower extensibilities.

The ultimate mechanical properties of polymers at large
deformations are important in selecting particular polymers
for biomedical applications. The ultimate strength of polymers
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
at failure and is proportional to the area under the stress-
strain curve.

The fatigue behavior of polymers is also important in evalu-
ating materials for applications where dynamic strain is ap-
plied. For example, polymers that are used in the artificial heart
must be able to withstand many cycles of pulsating motion
before failure. Samples that are subjected to repeated cycles of
stress and release, as in a flexing test, fail (break} after a certain
number of cycles. The number of cycles to failure decreases as
the applied stress level is increased, as shown in Fig. 7 (see
also Chapter 6.4). For some materials, a minimum stress exists
below which failure does not occur in a measurable number
of cycles.

Thermal Properties

In the liquid or melt state, a noncrystalline polymer pos-
sesses enough thermal energy for long segments of each poly-
mer to move randomly (Brownian motion). As the melt is
cooled, the temperature is eventually reached at which all long-
range segmental motions cease. This is the glass transition
temperature (T,), and it varies from polymer to polymer. Poly-
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FIG. 4. (A) Hydrogen bonding in nylon 6,6 molecules in a triclinic unit cell: o-form. (From L. Mandelkern, An Introduction
to Macromolecules, Springer-Verlag, 1983, p. 43, with permission.) (B) Ionic aggregation giving rise to physical cross-tinks

in ionomers.

mers used below their T, tend to be hard and glassy, while
polymers used above their T, are rubbery. Polymers with any
crystallinity will also exhibit a melting temperaure (T,,)) 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.

isotactic syndiotactic

polypropylene

FIG. 5. Schematic of sterecisomers of polypropylene. (From F. Rodriguez
Principles of Polymer Systems, Hemisphere Publ., 1982, p. 22, with permission.)

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 semicrystalline polymers. The
response curves are characterized by a glassy modulus below T,
of approximately 3 x 10° Pa. For linear amotrphous 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

increasing strain rate
or decreasing
temperature

Stress

Strain

FIG. 6. Tensile properties of polymers.
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Maximum stress

Number of cycles to failure

FIG. 7. Fatgue properties of polymers.

constant modulus region above T, 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
begins to flow, and a sharp decrease in modulus is seen over
a narrow temperature range.

Crystalline polymers exhibit the same general features in
modulus versus temperature curves as amorphous polymers;
however, crystalline polymers possess a higher plateau modulus
owing to the reinforcing effect of the crystallites. Crystalline
polymiers tend to be tough, ductile plastics whose properties
are sensitive to. processing history. When heated above their
flow point, they can be melt processed and will become rigid
again upon cooling.

Chemitally cross-linked: polymers exhibit modulus versus
temperature behavior analogous to that of linear amorphous
polymers until the flow. regime is approached. Unlike linear
polymers, chemically cross-linked polymers do not display flow
behavior; the cross links inhibit flow at all temperatures below
the degradation temperature. Thus, chemically cross-linked

10}
semicrystalline
] O ~
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a.
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2 crosslinked
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7
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FIG. 8. Dynamic mechanical behavior of polymers.
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FIG. 9. A typical trace from a gel permeation chromatography run for a
poly(tetramethylene oxide)/toluene diisocyanate-based polyurethane, The re-
sponse of the ultraviolet detector is directly ptoportional to the amount of
polymer eluted at each time point.

polymers cannot be melt processed. Instead, these materials
are processed as reactive liquids or high-molecular-weight
amorphous gums that are cross-linked during molding to give
the desired product.

Copolymers

In contrast to the thermal behavior of homopolymers dis-
cussed earlier, copolymers can exhibit a number of additional
thermal transitions. If the copolymer is random, it will exhibit
a T, that approximates the weighted average of the Ts of the
two homopolymers. Block copolymers of sufficient size and
incompatible block types will exhibit T,s characteristic of each
homopolymer but slightly shifted owing to incomplete phase

separation.

CHARACTERIZATION TECHNIQUES

Determination of Molecular Weight

Gel permeation chromatography {(GPC), a type of size exclu-
sion chromatography, involves passage of a dilute polymer
solution over a column of porous beads. High-molecular-
weight polymers are excluded from the beads and elute first
whereas lower molecular weight molecules pass through the
pores of the bead, increasing their elution time. By monitoring
the effluent of the column as a function of time using an ultravi-
olet or refractive index detector, the amount of polymer eluted
during each time interval can be determined. Comparison of
the elution time of the samples with those of monodisperse
samples of known molecular weight allows the entire molecular
weight distribution to be determined. A typical GPC trace is
shown in Fig. 9.

Osmotic pressure measurements can be used to measure
M,. The principle of membrane osmometry is illustrated in
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Fig. 10. A semipermeable membrane is placed berween 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 7 on the solution. 7 is the osmotic pressure
and s related to M by:

?:RT[M—I-—t— Ase + Aye? + ], (3)

n

where ¢ is the concentration of the polymer in solution, R 1s
the gas constant, T 1s temperature, and A, and A; 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:

. 7w _RT

lim— =

) N_I,. - (4 !

A plot of m/c versus ¢ 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 M, of polymers up to molecular
weights of about 40,000.

Light-scattering techniques are used to determine M,.. In
dilute solution, the scattering of light is directly proportional
to the number of molecules. The scattered intensity ¢, observed
at a distance r and an angle @ from the incident beam [, is
characterized by Rayleigh’s ratio R,:

Ry=——. (%)

The Rayleigh ratio is related to M, by:

Osmotic
pressure

Pure solvent

/

\ Semipermeable membrane

FIG. 10. The principle of operation of 2 membrane osmomerer.

L PPN TS (6)
Ry M, = TR ’ d

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

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 semicrystalline 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 intet-
planar spacings can be used without further manipulation or
the data can be fit to a model such as a disordered helix oc an
extended chain. The crystalline chain conformation and atomic
placements can then be accurarely 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 seress-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 ultimare 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. 11. [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:

elw) = g, sin{wt),

{7)

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

o{w) = o, sin{wt + ),

(8)

where o is the time-dependent stress, o, 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 6 has a value between 0° and 90°.

A typical plot of tan & versus temperature will display max-
ima at T, and at lower temperatures where small-scale motions
(secondary relaxations) can occur. Additional peaks above T,,
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°/min 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

T,, crystallization temperature (T,), and T,,. T, is taken as the
temperature at which one half the change in heat capacity,
ACp, has occurred. The T, and T, 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-
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FIG. 12. Differential scanning calorimerry thermogram of a semicrystal-

line polymer.
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Ear & ear parts
Facial prosthesis

Dentures

Esophagus
Lung, kidney &
liver parts

Heart pacemaker

Gastrointestinal
segments

Blood vessels

Bones & joints

Tracheal tubes

Heart & heart
components

Biodegradable
sutures

Finger joints

Knee joints

Ear & ear parts: acrylic, polyethylene, silicone, poly(vinyl chloride) (PVC)
Dentures: acrylic, ultrahigh molecular weight polyethylene (UHMWPE), epoxy
Facial prosthesis: acrylic, PVC, polyurethane (PUR)

Tracheal 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

F1G. 13. Common clinical applications and types of polymers used in medicine.
(From D. V. Resato, 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
is generally all that is contacted by the body. The main surface
characterization techniques for polymers are X-ray photoelec-
tron spectroscopy (XPS), contact angle measurements, attenu-
ated total reflectance Fourier transform infrared (ATR—-FTIR)
spectroscopy, and scanning electron microscopy (SEM). The
techniques are' discussed in detail in Chapter 1.3.

CLASSES OF POLYMERS USED IN MEDICINE

Many types of polymers are used for biomedical purposes.
Figure 13 illustrates the variety of clinical applications for
polymeric biomaterials. This section discusses some of the poly-
mers used in medicine.

Homopolymers

Homopolymers are composed of a single type of monomer.
Figure 14 shows the repeat units of many of the homopolymers
used in medicine.

Poly(methyl methacrylate) (PMMA) is a hydrophobic, lin-
ear chain polymer that is glassy at room temperature and may
be more easily recognized by such trade names as Lucite or
Plexiglas. It has very good light transmittance, toughness, and
stability, making it a good material for intraocular lenses and
hard contact lenses.

Soft contact lenses are made from the same family of poly-
mers, with the addition of a —CH,OH group to the methyl
methacrylate side group, resulting in 2-hydroxyethyl methacry-
late (HEMA). The additional methylol group causes the poly-
mer to be hydrophilic. For soft contact lenses, the poly(HEMA)
is slightly cross-linked with ethylene glycol dimethyacrylate
(EGDM) to prevent the polymer from dissolving when it is
hydrated (Rodriguez, 1982). Fully hydrated, it is a swollen
hydrogel. This class of polymers is discussed in more detail in
Chapter 2.4.

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
catheters, and in very high-molecular-weight form as the ace-
tabular component in artificial hips. The material has good
toughness, resistance to fats and oils, and a relatively low cost.

Polypropylene (PP) is closely related to PE and has high
rigidity, good chemical resistance, and good tensile strength.



58 2 CLASSES OF MATERIALS USED IN MEDICINE

CH3 CHj3 CH3 CHx
! | 1 |
-[-CH3-C-]- -[-CH7-C-}- CH-=C C=Ct
! | t i
C=0 C=0 C=0 C=0
{ | |
(0] (0] OCHCH;0
| !
CHj CHz Ethylene glycol
I dimethacrylate
Poly(methyl methacrylate) CH>0OH (EGDM)
(PMMA)
Poly(2-hydroxyethyl
methacrylate)
poly(HEMA)
-{-CH2-CHz-}- -[-CHz-CH-] -CFx-CFy-|-
|
Polyethylene CHj Poly(tetrafluoroethylene)
(PE) (PTFE)
Polypropylene
(PP)
CHjy
|
-{-CHz-CHCI-}- -(-Si-0-)-
|
Poly(vinyl chloride) CH3
(PVC)
Poly(dimethy! siloxane}
(PDMS)
Polycarbonate
W
CH,
Bisphenol A Phosgene
(Dichlorocarbanate)

HO C(CHJ)z-—@—o—— -0 C(CH;)z—@-OH

Polycarbonate

Nyton

H,N-(CHy)¢-NH;  +  HO-CO-(CH,)4-CO-OH
Hexamethylene Adipic acid

diamine
HO-Ac
Ac-[NH-(CH,)¢-NH-CO-(CHy),;-COJ,-NH-(CH,)¢-NH-Ac
Nylon 6,6

FIG. 14, Homopolymers used in medicine.
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FIG. 15. Copolymers and their base monomers used in medicine.

Its stress cracking resistance is superior to that of PE, and it
is used for many of the same applications as PE.

Poly(tetrafluoroethylene) (PTFE), also known as Teflon, has
the same structure as PE, except that the hydrogen in PE is
replaced by fluorine. PTFE is a very stable polymer, both ther-
mally and chemically, and as a result it is very difficult to
process. It is very hydrophobic and has excellent lubricity. In
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-
fusion, feeding, and dialysis. Pure PVC is. a hard, brittle mate-
rial, but with the addition of plasticizers, it can be made flexible
and soft. PVC can pose problems for long-term applications
because the plasticizers can be extracted by the body. While
these plasticizers have low toxicities, their loss makes the PVC
less flexible.

Poly(dimethyl siloxane) (PDMS) is an extremely versatile
polymer. It is unique in that it has a silicon-oxygen backbone
instead of a carbon backbone. Its properties are less tempera-
ture sensitive than other rubbers because of its lower T,. PDMS
is used in catheter and drainage tubing, in insulation for pace-
maker leads, and as a component in some vascular graft sys-
tems. It is used in membrane oxygenators because of its high
oxygen permability, Because of its excellent flexibility and sta-
bility, it is.also used in a variety of prostheses such as finger
joints, blood vessels, heart valves, breast implants, outer ears,
and chin and nose implants (Rosato, 1983).

Polymerization of bisphenol A and phosgene produces poly-

carbonate, a clear, tough material. Its high impact strength
dictates its use as lenses for eyeglasses and safety glasses, and
housings for oxygenators and heart-lung bypass machine.

Nylon is the name given by Du Pont to a family of polyam-
ides. Nylons are formed by the reaction of diamines with diba-
sic acids or by the ring opening polymerization of lactams.
Nylons are used in surgical sutures.

Copolymers

Copolymers are another important.class of biomedical ma-
terials. Fig. 15 shows two different copolymers used in medi-
cine. Poly(glycolide lactide) (PGL) is a random copolymer used
in resorbable surgical sutures. PGL polymerization occurs via
a ring-opening reaction of a glycolide and a lactide, as illus-
trated in Fig. 15. The presence of ester linkages in the polymer
backbone allows gradual hydrolytic degradation (resorption).
In contrast to the natural resorbable suture material poly{gly-
colic acid), or catgut, a homopolymer, the PGL copolymer
retains more of its strength over the first 14 days after implanta-
tion (Chu, 1983).

A copolymer of tetrafluoroethylene and hexafluoropropy-
lene (FEP) is used in many applications similar to those of
PTFE. FEP has a crystalline melting point near265°C compared
with 327°C for PTFE. This enhances the processibility of FEP
compared with PTFE while maintaining the excellent chemical
inertness and low friction characteristic of PTFE.
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Polyurethanes are block copolymers containing “hard” and
“soft” blocks. The “hard” blocks, having T,s above room
temperature and acting as glassy or semicrystalline reinforcing
blocks, are composed of 4 diisocyanate and a chain extender.
The diisocyanates most commonly used are 2,4-toluene diiso-
cyanate {TDI} and methylene di(4-phenyl isocyanate) (MDI},
with MDI being used in most biomaterials. The chain extenders
are usually shorter aliphatic glycol or diamine materials with
2—% carbon atoms. The “soft” blocks in polyurethanes are
typically polyether or polyester polyols whose T,s are much
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
order of 1000 to 2000.

Polyurethanes are tough elastomers with good fatigue and
blood-containing properties. They are used in pacemaker lead
insulation, vascular grafts, heart assist balloon pumps, and
artificial heart biadders.
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2.4 HYDROGELS
Nikolaos A. Peppas

Hydrogels are water-swollen, cross-linked polymeric struc-
tures produced by the simple reaction of one or more monomers
or by association bonds such as hydrogen bonds and strong

van der Waals interactions between chains (Peppas, 1987).
Hydrogels have received significant attention, especially in the
past 30 years, because of their exceptional promise in biomedi-
cal applications. The classic book by Andrade (1976) offers
some of the best work that was available prior to 1975. The
more recent book by Peppas (1987) addresses the preparation,
structure, and characterization of hydrogels. In this chapter,
we concentrate on some features of the preparation of hydro-
gels, as well as characteristics of their structure and chemical
and physical properties.

CLASSIFICATION AND BASIC STRUCTURE

Hydrogels may be classified in several ways, depending on
their method of preparation, ionic charge, or physical structure
features. Based on the method of preparation, they are (1)
homopolymer hydrogels, (2) copolymer hydrogels, (3) multi-
polymer hydrogels, and (4) interpenetrating polymeric hydro-
gels. Homopolymer hydrogels are cross-linked networks of
one type of hydrophilic monomer unit, whereas copolymer
hydrogels are produced by cross-linking of two comonomer
units, one of which must be hydrophilic. Multipolymer hydro-
gels are produced from three or more comonomers reacting
together. Finally, interpenetrating polymeric hydrogels are pro-
duced by swelling a first network in a monomer and reacting
the latter to form a second intermeshing network structure.
Based on their ionic charges, hydrogels may be classified
(Ratner and Hoffman, 1976} as (1) neutral hydrogels, (2} an-
ionic hydrogels, (3) cationic hydrogels, and (4) ampholytic
hydrogels. Based on physical structural features of the system,
they can be classified as (1) amorphous hydrogels, {2) semicrys-
talline hydrogels, and (3) hydrogen-bonded structures. In
amorphous hydrogels, the macromolecular chains are ran-
domly arranged, whereas semicrystalline hydrogels are charac-
terized by dense regions of ordered macromolecular chains
(crystallites). Often, hydrogen bonds may be responsible for
the three-dimensional structure formed.

Structural evaluation of hydrogels reveals that ideal net-
works are only rarely observed. Figure 1a shows an ideal mac-
romolecular network (hydrogel): indicating tetrafunctional
cross-links (junctions) produced by covalent bonds. However,
the possibility exists of multifunctional junctions (Fig. 1b) or
physical molecular entanglements (Fig. Ic) playing the role of
semipermanent junctions. Hydrogels with molecular defects
are always possible, Figures 1d and te indicate two such effects:
unreacted functionalities with partial entanglements (Fig. 1d)
and chain loops (Fig. 1e). 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. 1d) indicate the connection points of several chains.
This junction may be ideally a carbon atom, -but it is usually
a small chemical bridge [e.g., an acetal bridge in the case of
poly(vinyl alcohol}] of molecular weight much smaller than
that of the cross-linked polymer chains. In other situations, a
junction may be an association of macromolecular chains
caused by van der Waals forces, as in the case of the glycopro-
teinic network structure of natural mucus, or an aggregate



2.4 HYDROGELS

SUE=

C
FIG. 1. (A)ldeal 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
formed in polymer solutions.

Finally, the structure may include effective junctions that
can be either simple, physical entanglements of permanent or
semipermanent nature, or ordered chains forming crystallites.
Thus, the junctions should never be considered as a “volumeless
point,”” the usual depiction applied when developing structural
models for analysis of the cross-linked structure of hydrogels
{(Flory, 1953).

PREPARATION

Hydrogels are prepared by swelling cross-linked structures
in water or biological fluids containing large amounts of water.
In many situations, the water may be present during the initial
formation of the cross-linked structure. There are many meth-
ods of preparing cross-linked hydrogels, such as irradiative
cross-linking and chemical reactions.

Radiation reactions (Chapiro, 1962) utilize electron beams,
gamma-rays, X-rays, or ultraviolet light to excite a polymer
and produce a cross-linked structure. Chemical cross-linking
requires the use of at least one difunctional, small-molecular-
weight, cross-linking agent. This agent usually links two longer
molecular weight chains through its di- or multifunctional
groups. The second method is a copolymerization—cross-link-
ing reaction between one or more abundant monomers and
one multifunctional monomer that is present in very small
quantities. A third variation of these techniques involves using
a combination of monomer and linear polymeric chains that
are cross-linked by means of an interlinking agent, as in the
production of polyurethanes.

SWELLING BEHAVIOR

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-
vated network structure. Figure 2 shows one of the two possible
processes of swelling. A dry, hydrophilic cross-linked network
is placed in water. Then, the macromolecular chains interact
with the solvent molecules owing to the relatively good thermo-
dynamic compatibility. Thus, the network expands to the sol-
vated state. The Flory—Huggins theory can be used to calculate

thermodynamic quantities related ro that mixing process
(Flory, 1953).

This thermodynamic swelling force is counterbalanced by
the retractive force of the cross-linked structure. The latter is
usually described by the Flory rubber elasticity theory and its
variations (Flory, 1953). Equilibrium is attained in a particular
solvent at a particular temperature when the two forces become
equal. The volume degree of swelling, Q {i.e., the ratio of the
actual volume of a sample in the swollen state divided by irs
volume in the dry state) can then be determined.

Several researchers working with hydrogels, especially for
biomedical applications, prefer to use other parameters to de-
fine the equilibrium swelling behavior. For example, Yasuda
et al. (1969) propagated the use of the so-called hydration
ratio, H, which has been accepted by those researchers who
use hydrogels for contact lenses. Another definition is that of
the weight degree of swelling, g, which is the ratio of the weight
of the swollen sample over that of the dry sample {(Flory, 1953}.

In general, highly swollen hydrogels are those of cellulose
derivatives, poly(vinyl alcohol), poly{N-vinyl 2-pyrrolidone}
{PNVP}, and poly(ethylene glycol), among others. Moderately
and poorly swollen hydrogels are those of poly(hydroxyethyl
methacrylate) (PHEMA) and many of its derivatives. Of course,
one may copolymerize a basic hydrophilic monomer with other
more or less hydrophilic monomers to achieve desired swell-
Ing properties.

Such processes have led to a wide range of swellable hydro-
gels, as Gregonis et al. (1976), Peppas (1987), and others have
pointed out. Knowledge of the swelling characteristics of a
polymer is of utmost importance in biomedical and pharmaceu-
tical applications since the equilibrium degree of swelling in-
fluences (1) the solute diffusion coefficient through these hydro-
gels, (2} the surface properties and surface mobility, (3) the
optical properties, especially in relation to contact lens applica-
tions, and (4) the mechanical properties.

DETERMINATION OF STRUCTURAL
CHARACTERISTICS

The parameter that describes the basic structure of the hy-
drogel is the molecular weight between cross-links, M_, as
shown in Figure 1a. This parameter defines the average molecu-
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,
p., which is defined by Eq. 1, and the effective number of
cross-links, v, per original chain (Eq. 2).

Py = 1)

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

PROPERTIES OF SOME BIOMEDICALLY AND
PHARMACEUTICALLY IMPORTANT HYDROGELS

The mulutude 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 biomedical 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 biomedical 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 biomedical 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 technolegy applications, including biomedical
separations, and biomedical and -pharmaceutical devices.

APPLICATIONS

The physical properties of hydrogels make them attractive
for a variety of biomedical 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 biomedical 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 bivadhesives, 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: swellable and swelling-
controlled devices. In general, a system prepared by incorporat-
ing a drug into a hydrophilic, glassy polymer can be swollen
when brouglhit 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 agueous dissolution mediurn,
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



54‘ 2 CLASSES OF MATERIALS USED IN MEDICINE

the rubbery state. This water uptake can lead to considerable
swelling of the polymer with a thickness that depends on time.
The swelling process proceeds toward equilibrium at a rate
determined by the water activity in the system and the structure
of the polymer. If the polymer is cross-linked or of sufficiently
high molecular weight (so that chain entanglements can main-
tain structural integrity), the equilibrium state is a water-swol-
len gel. The equilibrium water content of such hydrogels can
vary up to more than 20%. If the dry hydrogel contains a
water-soluble drug, the drug is essentially immobile in the
glassy matrix, but begins o diffuse out as the polymer swells
with water. Drug release thus depends on two simultaneous
rate processes: water migration into the device and drug diffu-
sion outward through the swollen gel. Since some water uptake
must occur before the drug can be released, the initial burst
effect frequently observed in matrix devices is moderated, al-
though it may still be present. The continued swelling of the
matrix causes the drug to diffuse increasingly easily, ameliorat-
ing the slow tailing off of the release curve. The net effect of
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.

Details of these experimental techniques have been pre-
sented by Korsmeyer and Peppas (1981) for poly(vinyl alchol)
systems, and by Peppas (1981} for PHEMA systems and
their copolymers.
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2.5 BIORESORBABLE AND
BIOERODIBLE MATERIALS

Joachim Kohn and Robert Langer

TYPES OF IMPLANTS

Since a degradable polymeric implant does not have to be
removed surgically once it is no longer needed, degradable
polymers are of value in short-term applications that require
only the temporary presence of a polymeric implant. An addi-
tional advantage is that the use of degradable implants can
circumvent some of the problems related to the long-term safety
of permanently implanted devices. Some typical short-term
applications are listed in Table 1. From a practical perspective,
it is convenient to distinguish among four main types of degrad-

TABLE I Some “Short-Term” Medical Applications of
Degradable Polymeric Biomaterials

Application Comments

Sutures The earliest, successful application of synthetic,

degradable polymers in human medicine.
Drug delivery
devices

Ore of the most widely investigated medical
applications for degradable polymers.

Orthopedic fixa-
tion devices

Requires polymers of exceptionally high me-
chanical strength and stiffness.

Adhesion pre-
vention

Requires polymers that can form soft mem-
branes or films.

Temporary vascu- Only investigational devices are presently avail-

lar grafts and able. Blood compatibility is a major concern.
stents
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able implants: the temporary scaffold, the temporary barrier,
the drug delivery device, and the multifunctional implant.

The Temporary Scaffold

The use of a temporary scaffold can be envisioned in those
circumstances where the natural tissue bed has been weakened
by disease, injury, or surgery and requires some artificial sup-
port. A healing wound, a broken bone, or a damaged blood
vessel are examples of such situations. Sutures, bone fixation
devices (e.g., bone nails, screws, or plates), and vascular grafts
would be examples of the corresponding support devices. In
all of these instances, the degradable implant would provide
temporary, mechanical support until the natural tissue healed
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
weaken. The need to adjust the degradation rate of the tempo-
rary scaffold to the healing of the surrounding tissue represents
one of the major challenges in the design of a temporary
scaffold.

Currently, sutures represent the most successful example of
a temporary scaffold-type implant in human medicine, The
first synthetic, degradable sutures were made of poly(glycolic
acid) (PGA) and became available under the trade name Dexon
in 1970. This represented the first routine use of a degradable
polymer in a major clinical application (Frazza and Schmitt,
1971). Later copolymers of PGA and poly(lactic acid) (PLA)
were developed. The widely used Vicryl suture, for example,
152 90 : 10 copolymer of PGA/PLA, introduced into the market
in 1974. Sutures made of polydioxanone (PDS) became avail-
able in the United States in 1981. In spite of extensive research
efforts in many laboratories, no other degradable polymers are
currently used to any significant extent in the formulation of
degradable sutures.

The Temporary Barrler

The major medical application of a temporary barrier is in
adhesion prevention. Surgical adhesions between two tissue
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
cause pain, functional impairment, and problems during subse-
quent surgery. Adhesions are a common problem after cardiac,
spinal, and tendon surgery. A temporary barrier could take
the form of a thin polymeric film or a meshlike device that
would be placed between adhesion-prone tissues at the time
of surgery. Artificial skin for the treatment of burns and other
skin lesions is another widely investigated application for tem-
porary barrier-type devices.

The Drug Delivery Device

Since implantable drug delivery devices are by necessity
temporary devices, the development of implantable drug deliv-

ery systems is probably the most widely investigated applica-
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
systems. that do not have to be explanted surgically.

In an attempt to shorten the regulatory process, poly(lactic
acid) and poly{glycolic acid) are often considered first, although
a wide range of other polymers have been explored. Several
implanted, controlled-release formulations based on degrad-
able polymers are undergoing advanced clinical trials. Particu-
larly noteworthy is an intracranial polyanhydride device used
for administering a chemotherapeutic agent to patients suffer-
ing from glioblastoma multiformae, a usually lethal form of
brain cancer.

Mutltifunctional Devices

Over the past few years, there has been a trend toward
increasingly sophisticated-applications for degradable biomate-
rials. Usually these applications envision the combination of
several functions within the same device {hence the name
“multifunctional devices) and require the design of custom-
made materials with a narrow range of predetermined proper-
ties. For example, the availability of biodegradable bone nails
and bone screws made of ultrahigh-strength: poly(lactic acid)
opens the possibility of combining the mechanical support
function with a site-specific drug delivery function: A biode-
gradable bone nail that holds the fractured bone in place can
simultaneously stimulate the growth of new bone tissue at the
fracture site by slowly releasing bone growth factors.(e.g.,
bone morphogenic protein or transforming growth factor-8)
throughout its degradation process.

Likewise, biodegradable stents for implantatien into coro-
nary arteries are being investigated. The stents ate designed to
mechanically prevent the collapse and restenosis (reblocking)
of arteries that have been opened by balloon angioplasty. Ulti-
mately, the stents could deliver an anti-inflammatory or anti-
thrombogenic agent directly to the site of vascular injury.
Again, it might be possible to combine 'a mechanical support
function with site-specific drug delivery.

DEFINITIONS

Currently four different terms (biodegradation, bioeresion,
bioabsorption, and bioresorption) are being used to indicate
that a given material or device will eventually disappear after
being introduced into a living organism. However, when re-
viewing the literature, no clear distinctions in the meaning of
these four terms are evident. Likewise, the meaning of the
prefix “‘bio” is not well established, leading to the often inter-
changeable use of the terms “degradation” and *“‘biodegrada-
tion,” or “erosion” and “bioerosion.” Although efforts have
been made to establish generally applicable and widely ac-
cepted definitions for all aspects of biomaterials research (Wil-
liams, 1987), there is still significant confusion even between
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experienced researchers in the field as to the correct terminol-
ogy for various degradation processes.

In the context of this chapter, we follow the usage suggested
by the Consensus Conference of the European Society for Bio-
materials {Williams, 1987) and refer to ““biodegradation” only
when we wish to emphasize that a biological agent {enzyme or
microbe) is a dominant component in the degradation process.
Consequently, the degradation of poly(lactic acid) to lactic
acid should not be described as “biodegradation” since this
degradation process is caused by hydrolytic cleavage of the
polymer backbone, with little or no evidence for the active
participation of enzymes. In: correspondence with Heller’s sug-
gestion (Heller, 1987), we define a “bioerodible polymer” as
a water-insoluble polymer that is converted under physiological
conditions into water-soluble material(s) without regard to the
specific mechanism involved in the erosion process. *Bioero-
sion” includes therefore both physical processes (such as disso-
lution} and chemical processes (such as backbone cleavage).
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,
UV light or weather conditions. The terms “bioresorption”
and “bicabsorption” are used interchangeably and often imply
that the polymer or its degradation products are removed by
cellular activity (e.g., phagocytosis) in a biological environ-
ment. These terms are somewhat superfluous and have not
been clearly defined.

CURRENTLY AVAILABLE DEGRADABLE POLYMERS

From the beginning of the material sciences, the develop-
ment of highly stable materials has been a major research
challenge. Today, many polymers are available that are virtu-
ally nondestructible in biological systems, e.g., Teflon, Kevlar,
or poly{ether-ether ketone). On the other hand, the develop-
ment of degradable biomaterials is- a relatively new area of
research. The variety of available, degradable biomaterials is
still too limited to cover a wide enough range of diverse material
properties. Thus, the design and synthesis of new, degradable
biomaterials is an important research challenge.

Degradable materials must fulfill more stringent require-
ments in terms of their biocompatibility than nondegradable
materials. {n addition to the potential problem of toxic contam-
inants leaching from the implant (residual monomers, stabiliz-
ers, polymerizaton initiators, emulsifiers, etc.), one must also
consider the potential toxicity of the degradation products
and subsequent metabolites. The practical consequence of this
consideration is that only a limited number of nontoxic, mono-
mieric starting materials have been successfully used to prepare
degradable biomaterials.

Over the past decade, dozens of hydrolytically unstable
polymers have been suggested as degradable biomaterials;
however, in most cases no attempts have been made to develop
these new materials for specific medical applications. Thus,
detailed toxicological studies i vivo, investigations of degrada-
tion rate and thechanism, and careful evaluations of the physi-
comechanical properties have so far been published for only

a very small fraction of those polymers. An even smaller num-
ber of synthetic, degradable polymers has so far been approved
by the U.S. Food and Drug Administration (FDA) for use in
clinical studies involving humans, and only three synthetic,
degradable polymers (PLA, PGA, and PDS) are used routinely
for a narrow range of applications in human medicine.

Recent research has led to a number of well-established
investigational polymers that may find practical applications
as degradable implants within the next decade. Representative
examples of these polymers are described in the following
paragraphs. In addition, structural formulas (Fig. 1) and im-
portant mechanical properties (Table 2) are provided. It is
interesting that a large proportion of the currently investigated,
degradable polymers are polyesters. It remains to be seen
whether some of the alternative backbone structures such as
polyanhydrides, polyphosphazenes, polyphosphonates, poly-
amides, or polyiminocarbonates will be able to challenge the
dominant position of the polyesters in the future.

Polyhydroxybutyrate (PHB),
Polyhydroxyvalerate (PHV), and Copolymers

These polymers are examples of bioerodible polyesters that
are derived from microorganisms. PHB and .its copolymers
with up to 30% of 3-hydroxyvaleric acid are now commercially
available under the trade name Biopol. PHB and PHV are
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
degradation can be controlled by varying the copolymer con:-
position. In vivo, PHB degrades to p-3-hydroxybutyric acid,
which is a normal constituent of human'blood. The low toxicity
of PHB may be at least partly due to this fact.

PHB homopolymer is very crystalline and brittle while the
copolymers of PHB with hydroxyvaleric acid are less crystal-
line, more flexible and more readily processibie. The polymers
have been considered in several biomedical applications such
as controlted drug release, sutures, and artificial skin, as well
as industrial applications such as paramedical disposables.

Polycaprolactone

Polycaprolactone became available commercially following
efforts at Union Carbide to identify synthetic polymers that
could be degraded by microorganisms. It is a semicrystalline
polymer. The high solubility of polycaprolactone, its low melt-
ing point {59-64°C) and exceptional ability to form blends
has stimulated research on its application as a biomaterial.
Polycaprolactone degrades at a slower pace than PLA and can
therefore be used in drug delivery devices that remain active
for over a year. The release characteristics of polycaprolactone
have been investigated in detail by Pitt and his co-workers.
The Capronor system, a 1-year implantable contraceptive de-
vice (Pitt, 1990), has undergone Phase I and Phase U clinicai
trials in the United States and may become commercially avail-
able in Europe in the near future. The toxicology of polycapro-
lactone has been extensively studied as part of the evaluation
of Capronor. Based on a large number of tests, e-caprolactone
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and polycaprolactone are currently regarded as nontoxic and
tissue-compatible materials. In Europe, polycaprolactone is al-
ready in clinical use ds a degradable staple (for wound closure),
and it stands to reason that polycaprolactone, or blends and
copolymers containing polycaprolactone, will find additional
medical applications in the future.

Polyanhydrides

Polyanhydrides were explored as possible substitutes for
polyesters in textile: applications but ultimately failed owing
to their pronounced hydrolytic instability (Conix, 1958). It
was-this: property. that prompted Langer and his co-workers
to explore: polyanhydrides as degradable implant materials
(Domb et al., 1988). Aliphatic polyanhydrides degrade within
days whereas some aromatic polyanhydrides degrade over sev-

Chemical structures of the degradable polymers listed in Table 2.

eral years. Thus aliphatic-aromatic copolymers, having inter-
mediate rates of degradation are usually employed.

Polyanhydrides are among the most reactive and hydrolyti-
cally unstable polymers currently used as biomaterials. The
high chemical reactivity is both an advantage and a limitation
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
device formulation. On the other hand, polyanhydrides will
react with drugs containing free amino groups or other nucleo-
philic functionalities, especially during’ high-temperature pro-
cessing. The potential reactivity of the polymer matrix toward
nucleophiles limits the types of drugs that can be successfully
incorporated into a polyanhydride matrix by melt process-
ing techniques.

A comprehensive evaluation of their toxicity showed that,
in general, the polyanhydrides possess excellent in vivo biocom-
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TABLE 2 Mechanical Properties of Some Degradable Polymers?

Elongation
Glass Melting Tensile Tensile Flexural
transition temperature strength modutus madulus Yield Break
Polymer °C) °C) (MPa) (MPa) (MPa} (%) {%)
Poly(glvcolic acid) (MW: 50,000} 35 210 n/a n/a n‘a n/a n/a
Poly(lactic acids)
L-PLA (MW: 50,000) 54 170 28 1200 1400 3.7 6.0
L-PLA (MW: 100,000} 58 159 50 2700 3000 2.6 3.3
1-PLA (MW: 300,000) 59 178 48 3000 3230 1.8 2.0
p,L-PLA (MW: 20,000) 50 — n/a n/a n/a n/a nfa
p,L-PLA (MW: 107,000) 51 — 29 1900 1950 4.0 6.0
p,L-PLA (MW: 550,000) 53 35 2400 2350 35 5.0
Poly{g-hydroxybutyrate) (MW: 422,000) 1 171 36 2500 285G 2.2 2.5
Poly{e-caprolactone) (MW: 44,000) ~62 57 16 400 500 7.0 80
Polyanhydrides®
Poly(SA-HDA anhydride) (MW: 142,000) n/a 49 4 45 n/a 14 85
Poly(ortho esters)*
DETOSU: t-CDM : 1,6-HD (MW: 99,700) 55 — 20 820 950 41 220
Polyiminocarbonates?
Poly(BPA iminocarbonate) (MW: 105,000) 69 — 50 2150 2400 35 4.0
Poly(DTH iminocarbonate) (MW: 103,000) 55 — 40 1630 n/a 35 7.0

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

1,6-hexanediol (1,6-HD) was selected as a specific example.

JBPA: Bisphenol A; DTH: desaminotyrosyl-tyrosine hexyl ester. For detailed structures, see Fig. 1.

patibility (Laurencin et al., 1990). The most immediate applica-
tions are in drug delivery. Drug-loaded devices are best pre-
pared by compression molding or microencapsulation. A wide
variety of drugs and proteins, including insulin, bovine growth
factors, angiogenesis inhibitors (e.g., heparin and cortisone),
and enzymes (e.g., alkaline phosphatase and B-galactosidase)
have been incorporated into polyanhydride matrices and their
in vitro and in vivo release characteristics have been evaluated
{Chasin et al., 1990). One particularly important application
is in the delivery of bis-chloroethylnitrosourea (BCNU) to the
brain for the treatment of glioblastoma multiformae, a univer-
sally fatal brain cancer. For this application, polyanhydrides
derived from bis-p-{carboxyphenoxy propane) and sebacic acid
have been approved by the FDA for Phase HI clinical trials in
a remarkably short time (Chasin ef al., 1990).

Poly(Ortho Esters)

This is a. family of synthetic, degradable polymers that have
been under development for a number of years {Heller et al.,
1990). Devices made of poly(ortho esters) can be formulated
in such a way that the device undergoes surface erosion. Since
surface eroding, slablike devices tend to release drugs embed-
ded within the polymer at a constant rate, poly{ortho esters)
appear to be particularly useful for controlled-release drug
delivery applications. For example, poly(ortho esters) have
been used for the controlled delivery of cyclobenzaprine and
steroids and a significant number of publications describe the

use of poly(ortho esters) for various drug delivery applications.
Since the ortho ester link is far more stable in base than in
acid, Heller and his co-workers controlled the rate of polymer
degradation by incorporating acidic or basic excipients into
the polymer matrix.

There are two major types of poly(ortho esters): Initially,
Choi and Heller prepared the polymers by the transesterifica-
tion of 2,2'-dimethoxyfuran with a diol (Cho and Heller,
1978). The next generation of poly{ortho esters) was based on
an acid-catalyzed addition reaction of diols with:diketeneace-
tals, The properties of the polymers can be controlled to a
large extent by the choice of the diols used in the synthesis.
For example, the glass transition temperature of poly{ortho
esters) containing trans-cyclohexanedimethanol can be reduced
from about 100°C to below 20°C by replacing trans-cyclohex-
anedimethanol with 1,6-hexanediol.

Poly{Amino Acids) and
“Pseudo”-Poly{Amino Acids)

Since proteins are composed of amino acids, it was an obvi-
ous idea to explore the possible use of poly(amino acids) in
biomedical applications (Anderson et al.; 1985). Poly(amino
acids) were regarded as promising candidates since the amino
acid side chains offer sites for the attachment of drugs, cross-
linking agents, or pendent groups that can be used to modify
the physicomechanical properties of the polymer. In addition,
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poly(amino acids) usually show a low level of systemic toxicity,
owing to their degradation to naturally occurring amino acids.

Poly(amino acids) have been investigated as suture materi-
als, as artificial skin substitutes, and as drug delivery systems.
Various drugs have been attached to the side chains of
poly(amino-acids) usually by a spacer unit that distances the
drug from the backbone. Poly(amino acid)-drug combinations
investigated include poly(L-lysine) with methotrexate and peps-
tatin (Campbell et al., 1980), and poly(glutamic acid) with
adriamycin and norethindrone (van Heeswijk et 4l., 1985).

Despite their apparent potential as biomaterials, poly(amino
acids) have actually found few practical applications. Most
are highly ‘insofuble and nonprocessible materials. Since
poly(amino acids) have a pronounced tendency to swell in
aqueous media, it can be difficult to predict drug release rates.
Furthermare, the antigenicity of polymers containing three or
more amino. acids excludes their use in biomedical applica-
tions-(Anderson et al., 1985). Owing to these difficulties, only
a few poly(amino acids), usually derivatives of poly(glutamic
acid) carrying various pendent chains at the y-carboxylic acid
group, are being investigated as implant materials.

In an attempt to circumvent the problems associated
with . conventional poly{amino acids), backbone-modified
“pseudo”-poly(amino acids) were introduced in 1984 (Kohn
and Langer, 1984). The first “pseudo”-poly(amino acids) inves-
tigated were a polyester from N-protected trans-4-hydroxy-
L-proline, and a poly({iminocarbonate) derived from tyrosine
dipeptide (Kohn and Langer, 1987). Recent studies indicate
that the backbone modification of poly(amino acids) may be
a generally applicable approach for improving the physico-
mechanical properties of conventional poly(amino acids). For
example, tyrosine-derived polycarbonates are high-strength
materials that may be useful in the formulation of degradable
orthopedic implants {Ertel and Kohn, 1994).

Polycyanoacrylates

These materials are used as bioadhesives and have also been
intensively investigated as potential drug delivery matrices;
however, the general tendency of polycyanoacrylates to induce
a significant inflammatory response at the implantation site
has ‘discouraged their use as degradable implant materials.

Polyphosphazenes

This is a group of inorganic polymers whose backbone
consists of nitrogen—phosphorus bonds. These polymers have
unusual material properties and have found industrial applica-
tions. Their use for controlled drug delivery has been investi-
gated (Allcock, 1990).

POLY(LACTIC ACID) AND POLY(GLYCOLIC ACID):
EXAMPLES FOR WIDELY INVESTIGATED,
BIOERODIBLE POLYMERS

Poly{glycolic acid) and poly(lactic acid) are currently the
most widely investigated, and most commonly used synthetic,

bioerodible polymers. In view of their importance in the field
of biomaterials, their properties and applications are described
in more detail.

Poly{glycolic acid) (PGA) is the simplest linear, aliphatic
polyester (Fig. 1). Since PGA is highly crystalline, it has a high
melting point and low solubility in organic solvents. PGA was
used in the development of the first totally synthetic, absorbable
suture. PGA sutures have been commercially available under
the trade name Dexon since 1970. A practical limitation of
Dexon sutures is that they tend tolose their mechanical strength
rapidly, typically over a period of 2 to 4 weeks after implanta-
tion. PGA was also used in the design of internal bone fixation
devices {bone pins). These pins have become commercially
available under the trade name Biofix.

In order to adapt the materials properties of PGA to a wider
range of possible applications, copolymers of PGA with the
more hydrophobic poly{lactic acid) (PLLA) were intensively in-
vestigated (Gilding and Reed, 1981). The hydrophobicity. of
PLA limits the water uptake of thin films to about 2% and
reduces the rate of backbone hydrolysis compared with PGA.
Copolymers of glycolic acid and lactic acid have been developed
as alternative sutures (trade names Vicryl and Polyglactin 910).

It is noteworthy that there is no linear relationship between
the ratio of glycolic acid to lactic acid and the physicomechani-
cal properties of the corresponding copolymers. Whereas PGA
is highly crystalline, crystallinity is rapidly lost in copolymers
of glycolic acid and lactic acid. These morphological changes
lead to an increase in the rates of hydration and hydrolysis.
Thus, 50:50 copolymers degrade more rapidly than either
PGA or PLA.

Since lactic acid is a chiral molecule, it exists in two stereo-
isomeric forms which give rise to four morphologically distinct
polymers: the two stereoregular polymers, p-PLA and L-PLA,
and the racemic form p,L-PLA. A fourth morphological form,
meso-PLA; can be obtained from p,L lactide but is rarely used
in practice.

The polymers derived from the optically active b and 1L
monomers are semicrystalline materials, while the optically
inactive D,L-PLA is always amorphous. Generally, L-PLA is
more frequently employed than p-PLA, since the hydrolysis of
L-PLA yields L(+) lactic acid, which is the naturally occurring
stereoisomer of lactic acid.

The differences in the crystallinity of p,L.-PLA and L-PLA
have important practical ramifications: Since D,L-PLA is an
amorphous polymer, it is usually considered for such applica-
tions as drug delivery, where it is important to have a homoge-
neous dispersion of the active species within a monophasic
matrix. On the other hand, the semicrystalline 1-PLA is pre-
ferred in applications where high mechanical strength and
toughness are required, such as sutures and orthopedic devices.
Bone pins based on high-molecular-weight 1-PLA are being
developed by several companies and may become commercially
avaitable in the United States.

PHYSICAL MECHANISMS OF BIOEROSION

Within the context of this chapter, we limit our discussion
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-
scribed by the term “bioerosion.”” The bioerosion process of
a solid, polymeric implant is associated with macroscopic
changes in the appearance of the device; changes in the physico-
mechanical properties of the polymeric material; physical pro-
cesses such as swelling, deformation, or structural disintegra-
tion; weight loss and the eventual loss of function.

All of these phenomena represent distinct and often indepen-
dent aspects of the complex bioerosion behavior of a specific
polymeric device. It is important to note that the bicerosion
of a solid'device is not necessarily due to the chemical cleavage
of the polymer backbone, or the chemical cleavage of cross-
links or side chains. Rather, simple solubilizaton of the intact
polymer, for instance, as a result of changes in pH, may also
lead to the erosion of a solid device.

Two distinct modes of bioerosion have been described in
the literature {Heller, 1987). In bulk erosion, the rate of water
penetration into the solid device exceeds the rate at which
the polymer is transformed into water-soluble material(s).
Consequently, the uptake of water is followed by an erosion
process that occurs throughout the entire volume of the
solid device. Owing to the rapid penetration of water into
the matrix of hydrophilic polymers, most of the currently
available polymers will give rise to bulk eroding devices. In
a typical bulk erosion process, cracks and crevices will form
throughout the device, which may rapidly crumble into
pieces. A good illustration for a typical bulk erosion process
is the disintegration of a sugar cube that has been placed
into water. Depending on the specific application, the often
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).
In this case, the transformation of the polymer into water-
soluble material(s) is limited to the outer surface of the solid
device. The device will therefore become thinner with time,
while maintaining its structural integrity throughout much of
the erosion process. In order to observe surface erosion, the
polymer must be hydrophobic enough to impede the rapid
imbibition of water into the interior of the device. In addition,
the rate at which the polymer is transformed into water-soluble
material{s) has to be reasonably fast. Under these conditions,
scanning electron microscopic evaluation of surface eroding
devices has sometimes shown a sharp border between the erod-
ing surface layer and the intact polymer in the core of the
device (Mathiowitz et al., 1990).

Surface eroding devices have so far been obtained only from
a small number of polymers containing hydrolytically highly
reactive bonds in the backbone. A possible exception to this
general rule is enzymatic surface erosion. Reportedly, the in-
ability of enzymes to penetrate into the interior of a solid,
polymeric device may result in an enzyme-mediated surface
erosion mechanism. Enzymatic surface erosion has so far been
observed only in the case of a polymeric device made of
cross-linked-polycaprolactone (Pitt et al., 1984) Currently, po-
lyanhydrides and poly{ortho esters) are the best-known exam-
ples of polymers that can be fabricated into surface eroding de-

vices.

MECHANISMS OF CHEMICAL DEGRADATION

Although bioerosion can be caused by the solubilization of
an intact polymer, chemical degradation of the polymer is
usually the underlying cause for the bioerosion of a solid,
polymeric device. Several distinct types of chemical degradation
mechanisms have been identified (Fig. 2) (Rosen et al., 1988}.
Chemical reactions can lead to cleavage of cross-links berween
water-soluble polymer chains {mechanism Ij, to cleavage of
polymer side chains resulting in the formation of polar or
charged groups {mechanism 1), or to the cleavage of the poly-
mer backbone (mechanism I1I). Obviously, combinations of
these mechanisms are possible: for instance, a cross-lined poly-
mer may first be partially solubilized by the cleavage of cross-
links (mechanism I), followed by the cleavage of the backbone
itself {mechanism III).

Since the chemical cleavage reactions described here can be
mediated by water or by biological agents such as enzymes and
microorganisms, it is possible to distinguish between hydrolytic
degradation and biodegradation, respectively. It has often been
stated that the availability of water is virtually constant in all
soft tissues and varies little from patient to patient. On the
other hand, the levels of enzymatic activity may vary widely
not only from patient to patient but also among different tissue
sites in the same patient. Thus polymers that undergo hydro-
lytic cleavage tend to have more predictable in vivo erosion
rates than polymers whose degradation is mediated predomi-
nantly by enzymes. The latter polymers tend to be generally
less useful as degradable medical implants.

FACTORS THAT INFLUENCE THE RATE
OF BIOEROSION

Although the solubilization of intact polymer as well as
several distinct mechanisms of chemical degradation have been
recognized as possible causes for the observed bioerosion of a
solid, polymeric implant, virtually all currently available im-
plant materials (Table 2) erode as a result of the hydrolytic
cleavage of the polymer backbone (mechanism I in Fig. 2).
We therefore limit the following discussion to solid devices
that bioerode as a result of the hydrolytic cleavage of the
polymer backbone.

In this case, the main factors that determine the overall rate
of the erosion process are the chemical stability of the polymer
backbone; the hydrophobicity of the monomer; the morphel-
ogy of the polymer; the initial molecular weight of the polymer;
the fabrication process; the presence of catalysts, additives, or
plasticizers; and the geometry of the implanted device.

The susceptibility of the polymer backbone toward hydro-
lytic cleavage is probably the most fundamental parameter.
Generally speaking, anhydride bonds tend to hydrolyze faster
than ester bonds, which in turn hydrolyze faster than amide
bonds. Thus, polyanhydrides will tend to degrade faster than
polyesters, which in turn will have a higher tendency to bio-
erode than polyamides. Based on the known susceptibility of
the polymer backbone structure toward hydrolysis, it is possi-
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ble to predict the tendency of any given polymer to undergo bi-
oerosion.

However, the actual erosion rate of a solid polymer cannot
be predicted on the basis of the polymer backbone structure
alone. The observed erosion rate is strongly dependent on the
ability of warter molecules to penetrate into the polymeric ma-
trix. The hydrophobicity of the polymer, which is a function of
the structure of the monomeric starting materials, can therefore
have an overwhelming influence on the observed bioerosion
rate. For instance, the erosion rate of polyanhydrides can be
slowed by about three orders of magnitude when the hydro-
philic sebacic acid is replaced by hydrophobic bis(carboxy phe-
noxy)propane as the monomeric starting material (Fig. 2). Like-

wise, devices made of poly(glycolic acid) erode faster than
identical devices made of the more hydrophobic poly(lactic
acid), although the ester bonds have about the same chemical
reactivity toward water in both polymers,

The observed bioerosion rate is further influenced by the
morphology of the polymer. Polymers can be classified as either
semicrystalline or amorphous. At body temperature (37°C),
amorphous polymers with T, above 37°C will be in a glassy
state, while polymers with T, below 37°C will be in a rubbery
state. In this discussion it is therefore necessary to consider
three distinct morphological states: crystalline, amorphous-
glassy, and amorphous-rubbery,

In the crystalline state, the polymer chains are most densely
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packed and offer the highest resistance to the penetration of
water into the polymer matrix. Consequently, the rate of back-
bone hydrolysis tends to be higher in the amorphous regions
of a semicrystalline polymer than in the crystalline regions.
This phenomenon is of particular importance to the erosion
of poly{glvcolic acid} sutures whose degree of crystallinity is
about 50%.

Another good illustration of the influence of polymer mor-
phology on the rate of bioerosion is provided by a comparison
of poly(r-lactic acid) and poly(p,L-lactic acid): although these
two polymers have chemically identical backbone structures
and an identical degree of hydrophobicity, devices made of
poly(r-lactic acid) tend to degrade much slower than identical
devices made of poly(p,i-lactic acid). The bioerosion of
poly{L-lactic acid) is slower because this stereoregular polymer
is semicrystalline, while the racemic poly{p,r-lactic acid) is an
amorphous polymer.

Likewise, a polymer in its glassy state is less permeable to
water than the same polymer when it is in its rubbery state. This
observation could be important in cases where an amorphous
polymer has a glass transition temperture that is not far above
body temperature (37°C}. In this situation, water sorption into
the polymer could lower its T, below 37°C, resulting in abrupt
changes in the bioerosion rate.

The manufacturing process may also have a significant effect
on the erosion profile. For example, Mathiowitz and co-work-
ers (Mathiowitz et al., 1990) showed that polyanhydride micro-
spheres produced by melt encapsulation were very dense and
eroded slowly, whereas when the same polymers were formed
into .microspheres by solvent evaporation, the microspheres
were very porous {and therefore more water permeable) and
eroded more rapidly.

These examples illustrate an important technological princi-
ple in the design of bioeroding devices: The bioerosion rate of
a given polymer is not an unchangeable property, but depends
to a very large degree on readily controllable factors such as
the presence of plasticizers or additives, the manufacturing
process, the initial molecular weight of the polymer, and the
geometry of the device.

STORAGE STABILITY, STERILIZATION,
AND PACKAGING

Finally, it is important to consider the need to minimize
premature polymer degradation during fabrication and stor-
age. Traces of moisture can seriously degrade even relatively
stable polymers such as poly(bisphenol A carbonate) during
injection molding or extrusion. Degradable polymers are par-
ticularly sensitive to hydrolytic degradation during high-tem-
perature processing. The industrial production of degradable
implants therefore often requires the construction of controlled
atmosphere facilities in which the moisture content of the poly-
mer and the ambient humidity can be strictly controlled.

After fabrication, y-irradiation or exposure to ethylene ox-
ide can be considered for the stetilization of degradable im-
plants. Both methods have disadvantages and, as a general
rule, the choice is between the lesser of two evils. y-Irradiation

at a dose of 2 to 3 Mrad can result in significant backbone
degradation. Since the aliphatic polyesters PLA, PGA, and PDS
are particularly sensitive to radiation damage, these materials
are usually sterilized by exposure to ethylene oxide and not
by y-irradiation. Unfortunately, the use of the highly toxic
ethylene oxide gas is a serious safety hazard.

After sterilization, degradable implants are usually pack-
aged in air-tight, aluminum-backed, plastic foil pouches. In
some cases, refrigeration may be required to prevent degrada-
tion of the backbone during storage.
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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 essennal 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 ez al. (1987).

TYPES OF BIOCERAMICS-TISSUE 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
usstie,

TABLE 1 Types of Implant—Tissue Response

It the material is toxic, the surrounding tissue dies.

If the matenial i1s nonroxic and brologically nactive (nearly inert), a
fibrous tissue of variable thickness forms.

[t the material 1s nontoxic and biologically acuve {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 onginating at the biomate-
rial—tissue interface. When biomaterials are nearly inert (type
1in 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 ussues. 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-
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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

AL Oy (single erystal and polycrystalline)

cementing the device into the tissues or by press-fitting into a defect {termed “morphological fix-
g Y P P

ation™).

2. For porous inert implants, bone ingrowth occurs that mechanically attaches the bone to the

material (termed “biological fixation™).

3. Dense, nonporous surface-reactive ceramics, glasses, and glass-ceramics attach directly by

chemical bonding with the bone {termed “bioactive fixation™).

4. Dense, nonporous {or porous) resorbable ceramics are designed to be slowly replaced by bone.

Al O; (polycrystalline)
Hydroxyapatite-coated porous metals

Bioactive glasses

Bioactive glass-ceramics
Hydroxyapatite

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 Al,O; (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
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(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 pm). 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 CO, and H,0 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-
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TABLE 3 Bioceramic Material
Characteristics and Properties

Composition
Microstructure
Number of phases
Percentage of phases
Distribution of phases
Size of phases
Connectivity of phases

Phase State
Crystal structure
Defect structure
Amorphous structure
Pore structure

Surface
Flatness
Finish
Composition
Second phase
Porosity

Shape

able hard tissue replacements when low loads are applied to
the material.

Another approach to solving problems of interfacial attach-
ment is the use of bioactive materials (type 3 in Table 2 and
Fig. 1). Bioactive materials are intermediate between resorbable
and bioinert. A bioactive material is one that elicits a specific
biological response at the interface of the material, resulting
in the formation of a bond between the tissues and the material.
This concept has now been expanded to include a large number
of bioactive materials with a wide range of rates of bonding
and thicknesses of interfacial bonding layers (Figs. 1 and 2).
They include bioactive glasses such as Bioglass; bioactive glass-
ceramics such as Ceravital, A-W glass-ceramic, or machinable
glass-ceramics; dense HA such as Durapatite or Calcitite; and
bioactive composites such as HA-polyethylene, HA-Bioglass,
Palavital, and stainless steel fiber-reinforced Bioglass. All of
these materials form an interfacial bond with adjacent tissue.
However, the time dependence of bonding, the strength of
bond, the mechanism of bonding, and the thickness of the
bonding zone differ for the various materials.

It is important to recognize that relatively small changes in
the composition of a biomaterial can dramatically affect
whether it is bioinert, resorbable, or bioactive. These composi-
tional effects on surface reactions are discussed in the section
on bioactive glasses and glass-ceramics.

CHARACTERISTICS AND PROCESSING
OF BIOCERAMICS

The types of implants listed in Table 2 are made using
different processing methods. The characteristics and proper-
ties of the materials, summarized in Table 3, differ greatly,
depending upon the processing method used.

The primary methods of processing ceramics, glasses, and
glass-ceramics are summarized in Fig. 3. These methods yield
five categories of microstructures:

Glass

Cast or plasma-sprayed polycrystalline ceramic
Liquid-phase sintered (vitrified) ceramic
Solid-state sintered ceramic

Polycrystalline glass-ceramic

Differences in the microstructures of the five categories are
primarily a result of the different thermal processing steps
required to produce them. Alumina and calcium phosphate
bioceramics are made by fabricating the product from fine-
grained particulate solids. For example, a desired shape may
be obtained by mixing the particulates with water and an
organic binder, then pressing them in a mold. This is termed
“forming.” The formed piece is called green ware. Subse-
quently, the temperature is raised to evaporate the water {i.e.,
drying) and the binder is burned out, resulting in bisque ware.
At a very much higher temperature, the part is densified during
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 arganisms,
such as coral, to porous HA by hydrothermal processing (Roy
and Linnehan, 1974).

The interrelation between microstructure and thermal pro-
cessing of various bioceramics is shown in Fig. 3, which is a
binary phase diagram consisting of a network-forming -oxide
such as Si0, (silica), and some arbitrary network modifier
oxide (MO) such as CaO. When a powdered mixture of MO
and SiO,; is heated to the melting temperature T,,, the entire
mass will become liquid (L). The liquid will become homoge-
neous when held at this temperature for a sufficient length of
time. When the liquid is cast (paths 1B, 2, 5}, forming the
shape of the object during the casting, either a glass or a
polycrystalline microstructure will result. Plasma spray coating
follows path 1A. However, a network-forming oxide is not
necessary to produce plasma-sprayed coatings such as hydroxy-
apatites, which are polycrystalline (Lacefield, 1993).

If the starting composition contains a sufficient quantity of
network former (5i0,), and the casting rate is sufficiently slow,
a glass will result (path 1B). The viscosity of the melt increases
greatly as it is cooled, until at approximately T,, the glass
transition point, the material is transformed into a solid.

If either of these conditions is not met, a polycrystalline
microstructure will result. The crystals begin growing at T}
and complete growth at T;. The final material consists of the
equilibrium crystalline phases predicted by the phase diagram.
This type of cast object is not often used commercially because
the large shrinkage cavity and large grains produced during
cooling make the material weak and subject to environmen-
tal attack.

If the MO and SiO, powders are first formed into the shape
of the desired object and fired at a temperature T3, a liqguid-
phase sintered structure will result (path 3). Before firing, the
composition will contain approximately 10~40% porosity,
depending upon the forming process used. A liquid will be
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formed first at grain boundaries at the eutectic temperature,
7,. The liquid will penetrate between the grains, filling the
pores, and will draw the grains together by capillary attraction.
These effects decrease the volume of the powdered compact.
Since the mass remains unchanged and is only rearranged, an
increased density results. Should the compact be heated for a
sufficient length of time, the liquid content can be predicted
from the phase diagram. However, in most ceramic processes,
liquid formation does not usually proceed to equilibrium owing
to the slowness of the reaction and the expense of long-term
heat treatments.

The microstructure resulting from liquid-phase sintering,
or vitrification as it is commonly called, will consist of small
grains from the original powder compact surrounded by a
liquid phase. As the compact is cooled from T; to T, the liquid
phase will crystallize into a fine-grained matrix surrounding
the original grains. If the liquid contains a sufficient concentra-
tion of network formers, it can be quenched into a glassy
matrix surrounding the original grains.

A powder compact can be densified without the presence
of a liquid phase by a process called solid-state sintering. This
is the process usually used for manufacturing alumina and
dense HA bioceramics. Under the driving force of surface en-
ergy gradients, atoms diffuse to areas of contact between parti-
cles. The material may be transported by either grain boundary
diffusion, volume diffusion, creep, or any combination of these,
depending upon the temperature or material involved. Because
long-range migration of atoms is necessary, sintering tempera-
tures are usually in excess of one-half of the melting point of
the material: T > T;/2 (path 4).

The atoms move so as to fill up the pores and open channels
between the grains of the powder. As the pores and open
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
crystals bonded together by ionic-covalent bonds with a very
small amount of remaining porosity.

The relative rate of densification during solid-state sintering

CLASSES OF MATERIALS USED IN MEDICINE

is slower than that of liquid-phase sintering because material
transport is slower in a solid than in a liquid. However, it is
possible to solid-state sinter individual component materials
such as pure oxides since liquid development is not necessary.
Consequently, when high purity and uniform fine-grained mi-
crostructures are required {e.g., for bioceramics) solid-state
sintering is essential.

The fifth class of microstructures is called glass-ceramics
because the object starts as a glass and ends up.as a polycrystal-
line ceramic. This is accomplished by first quenching a melt
to form the glass object. The glass is transformed into a glass-
ceramic in two steps. First, the glass is heat treated at a tempera-
ture range of 500-700°C (path 5a) to produce a large concen-
tration of nuclei from which crystals can grow. When sufficient
nuclei are present to ensure that a fine-grained structure will
be obtained, the temperature of the object is raised to a range
of 600-900°C, which promotes crystal growth {path 5b).
Crystals grow from the nuclei until they impinge and up to
100% crystallization is achieved. The resulting microstructure
is nonporous and contains fine-grained, randomly oriented
crystals that may or may not correspond to the equilibrium
crystal phases predicted by the phase diagram. There may also
be a residual glassy matrix, depending on the duration of the
ceraming heat treatment. When phase separation-occurs (com-
position B in Fig. 3}, a nonporous, phase-separated, glass-in-
glass microstructure can be produced. Crystallization of phase-
separated glasses results in very complex microstructures.
Glass-ceramics can also be made by pressing powders and a
grain boundary glassy phase (Kokubo, 1993). For additional
details on the processing of ceramics, see Reed (1988) or Onoda
and Hench (1978), and for processing of glass-ceramics, see
McMillan (1979).

NEARLY INERT CRYSTALLINE CERAMICS

High-density, high-purity (>99.5%) alumina is used in
load-bearing hip prostheses and dental implants because of
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TABLE 4 Physical Characteristics of Al,O; Bioceramics

High alumina SO standard

ceramics 6474
Alumina content >99.8 =99.50
(% by weight)
Density (g/em’} >3.93 =3.90
Average grain size {m) 3-6 <7
Ra {(pum)* 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
Fracture toughness 5-6
(K,C} (MPa'%)
Slow crack growth 10-32

“Surface roughness value.

its excellent corrosion resistance, good biocompatibility, high
wear resistance, and high strength (Christel ez al., 1988; Hul-
bert, 1993; Hulbert et al., 1987; Miller et al., 1996). Although
some dental implants are single-crystal sapphires (McKinney
and Lemons, 1985), most Al,O; devices are very fine-grained
polycrystalline a-Al,O; 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 =Al,O5 are a function of grain size and percentage
of sintering aid (i.e., purity). Al,O; with an average grain size
of <4 pum 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 (Dérre and Dawihl, 1980). An increase in average grain
size to >7 um 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 Al O3 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 al., 1988). Results from aging and fatigue
studies show thatitis essential that Al,O, 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 ez 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 um) and
have a very narrow size distribution, These conditions lead to
very low surface roughness values (R, = 0.02 um, 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 grawth of bone into
grooves or around pegs. The mating femoral ball surface is
also made of alumina, which i1s bonded to a metallic stem.
Long-term results in general are good, especially for younger
patients. However, Christel ez 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 (ZrQ,) 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 {>>13 years).
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FIG. 4. Time dependence of coefficient of friction and wear of alumina—
alumina vs. metal—polyethylene hip joint (## vitro testing).
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Other dlinical applications of alumina prostheses reviewed
by Hulbert et ai. (1987) include knee prostheses; bone screws;
alveolar ridge and maxillofacial reconstruction; ossicular bone
substitutes; keratoprostheses (corneal replacements); segmen-
tal bone replacements; and blade, screw, and post dental im-
plants.

POROUS CERAMICS

The potential advantage offered by a porous ceramic im-
plant (type 2, Table 2, Figs. 1 and 2) is its inertness combined
with the mechanical stability of the highly convoluted interface
that develops when bone grows into the pores of the ceramic.
The mechanical requirements of prostheses, however, severely
restrict the use of low-strength porous ceramics to nonload-
bearing applications. Studies reviewed by Hench and Ethridge
(1982), Hulbert et al. (1987), and Schors and Holmes {1993)
have shown that when load-bearing is not a primary require-
ment, porous ceramics can provide a functional implant. When
pore sizes exceed 100 wm, bone will grow within the intercon-
necting pore channels near the surface and maintain its vascu-
larity and long-term viability. In this manner, the implant serves
as a structural bridge or scaffold for bone formation.

The microstructures of certain corals make an almost ideal
material for obtaining structures with highly controlled pore
sizes. White and co-workers (White and Schors, 1986) devel-
oped the replamineform process to duplicate the porous micro-
structure of corals that have a high degree of uniform pore
size and interconnection. The first step is to machine the coral
with proper microstructure into the desired shape. The most
promising coral genus, Porites, has pores with a size range
of 140-160 wm, with all the pores interconnected. Another
interesting coral genus, Goniopora, has a larger pore size,
ranging from 200 to 1000 um. The machined coral shape is
fired to drive off CO, from the limestone (CaCOj3), forming
CaO while maintaining the microstructure of the original coral.
The CaO structure serves as an investment material for forming
the porous material. After the desired material is cast into the
pores, the CaO is easily removed by dissolving in dilute HCI.
The primary advantages of the replamineform process are that
the pore size and microstructure are uniform and controlled,
and there is complete interconnection of the pores. Replamine-
form porous materials of @-Al,0;, TiQ,, calcium phosphates,
polyurethane, silicone rubber, poly(methyl methacrylate)
(PMMA), and Co—Cr alloys have been used as bone implants,
with the calcium phosphates being the most acceptable. Porous
hydroxyapatite is also made from coral by using hydrothermal
processing to transform CaCQOj; to HA (Schors and Holmes,
1993; Roy and Linnehan, 1974).

Porous materials are weaker than the equivalent bulk form
in proportion to the percentage of porosity, so that as the
porosity increases, the strength of the material decreases rap-
idly. Much surface area is also exposed, so that the effects of
the environment on decreasing the strength become much more
important than for dense, nonporous materials. The aging of
porous ceramics, with their subsequent decrease in strength,
requires bone ingrowth to stabilize the structure of the implant.

Clinical results for non-load-bearing implants are good (Schors
and Holmes, 1993).

BIOACTIVE GLASSES AND GLASS-CERAMICS

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;
Hench, 1991; Hench and Wilson, 1993}, These materials have
become known as bioactive ceramics. Some even more special-
ized compositions of bioactive glasses will bond to soft tissues
as well as bone (Wilson et al., 1981). A common characteristic
of bioactive glasses and bioactive ceramics is a time-dependent,
kinetic modification of the surface that occurs upon implanta-
tion. The surface forms a biologically active carbonated HA
layer that provides the bonding interface with tissues.

Materials that are bioactive develop an adherent interface
with tissues that resist substantial mechanical forces. In many
cases, the interfacial strength of adhesion is equivalent to or
greater than the cohesive strength of the implant material or
the tissue bonded to the bioactive implant.

Bonding to bone was first demonstrated for a compositional
range of bioactive glasses that contained $i0,, Na,O, CaO,
and P,0; in specific proportions (Hench et al., 1972) (Table
5). There are three key compositional features to these bioactive
glasses that distinguish them from traditional soda~lime—silica
glasses: (1) less than 60 mol% SiQ,, (2) high Na,0 and CaO
content, and (3) a high CaO/P,0; ratio. These features make
the surface highly reactive when it is exposed to an aqueous
medium.

Many bioactive silica glasses are based upon the formula
called 4555, signifying 45 wt. % SiQO, (S = the network former)
and 5:1 ratio of CaO to P,0;. Glasses with lower ratios of
CaO to P,0; do not bond to bone. However, substitutions in
the 4555 formula of 515 wt. % B,0; for Si0, or 12.5 wt.%
CaF, for CaO or heat treating the bioactive glass compesitions
to form glass-ceramics have no measurable effect on the abiliry
of the material to form a bone bond. However, adding as
lictle as 3 wt. % AL O; to the 4555 formula prevents bonding
to bone.

The compositional dependence of bone and soft tissue bond-
ing on the Na,O0-CaO-P,0,-Si0, glasses is illustrated in
Fig. 5. All the glasses in Fig. 5 contain a constant 6 wt. % of
P,0;. Compositions in the middle of the diagram (region A)
form a bond with bone. Consequently, region A is termed
the bioactive bone-bonding boundary. Silicate glasses within
region B (e.g., window or bottle glass, or microscope slides)
behave as nearly inert materials and elicit a fibrous capsule
at the implant—tissue interface. Glasses within region C are
resorbable and disappear within 10 to 30 days of implantation.
Glasses within region D are not technically practical and there-
fore have not been tested as implants.

The collagenous constituent of soft tissues can strongly ad-
here to the bioactive silicate glasses that lie within the dashed
line region in Fig. 5. The interfacial thicknesses of the hard
tissue—bioactive glasses are shown in Fig. 2 for several composi-
tions. The thickness decreases as the bone-bonding boundary
is approached.
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TABLE 5 Composition of Bioactive Glasses and Glass-Ceramics (in Weight Percent)
4585 45S5F 45S55.4F 40S5BS 5254.6 5554.3 KGC KGS KGy213
Bioglass  Bioglass  Bioglass  Bioglass  Bioglass  Bioglass  Ceravital Ceravital  Ceravital A-W GC MB GC
Si10, 45 45 45 40 52 55 46.2 46 38 34.2 19--52
P,0, 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 3 44.9 9-3
Ca(POs), 25.5 16 13.5
CakF; 12.25 9.8 0.5
MgO 2.9 46 5-15
Mgk,
Na, O 24,5 24.5 24.5 24.5 21 19.5 48 5 4 3-5
K,0 0.4 3-5§
ALO, 7 12-33
8,0, 5
Ta,04/TiO, 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 Héhland
et al. et al. et al. et al, et al. et al. et al. et al. et al. and Vogel
(1972) (1972) (1972) (1972) (1972) (1972) (1988) (1988) {1985) (1993)

Gross et al. (1988) and Gross and Strunz (1985) have shown
that a range of low-alkali (0 to § wt.%) bioactive silica glass-
ceramics {Ceravital) also bond to bone. They found that small
additions of Al,O;, Ta,0;, TiO,, Sb,0;, or ZrO, inhibit bone
bonding (Table 5, Fig. 1). A two-phase silica—phosphate glass-
ceramic composed of apatite [Ca,,(PO,)¢(OHF,)] and wollas-
tonite [CaQ - 8i0,] crystals and a residual silica glassy matrix,
termed A-W glass-ceramic (A-WGC) (Nakamura et al., 19835;
Yamamuro et al., 1990; Kokubo, 1993), also bonds with bone.
The addition of Al;0; or TiO, to the A-W glass-ceramic also
inhibits bone bonding, whereas incorporation of a second phos-
phate phase, B-whitlockite (3CaO - P,0Os), does not.

Another multiphase bioactive phosphosilicate containing

* Bloglass 4555
© Ceravital

o 5554.3
A-W GC \ - ~Soft Tissue
Bonding

(High P20g) £’

Ca0

FIG. 5. Compositional dependence (in wt. %) of bone bonding and soft
tissue bonding of bioactive glasses and glass-ceramics. All compositions in region
A have a.constant 6 wt. % of P,O;. A-W glass ceramic has higher P,O; content
{see Table 5 for details). 1, Index of bioactivity.

phlogopite (Na,K) Mg;[AlSi;0,,]F, and apatite crystals bonds
to bone even though Al is present in the composition (Hohland
and Vogel, 1993). However, the Al** 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 (SiO;) 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 SiO; is present in the glass network, the
surface layer that forms from alkali-proton exchange can re-
polymerize into a dense SiO,-rich film that protects the glass
from further attack. This type f 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 SiO;-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 HIA surfaces are characteristic of bioactive silicates
(Fig. 6). A dual protective film rich in. CaQ and P,O; forms
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FIG. 6. Types of silicate glass interfaces with agueous or physiological solutions,

on top of the alkali-depleted SiO,-rich fitm. When multivalent
cations such as AI**, Fe’*, and Ti** 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 I11B
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, R;.

R= —kyt" — ey t"0 + kyt'0 + k¥ + k17 (1)

Stage 1 Stage 2 Stage 3 Stage 4

The first term describes the rate of alkali extraction from the
glass and is called a stage 1 reaction. A type Il nonbonding
glass surface (region B in Fig. 6) is primarily undergoing stage
1 artack. 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
{tY?) in character.

The second term describes the rate of interfacial network
dissolution that is associated with a stage 2 reaction. A type
[V 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 ('),

A glass surface with a dual protective film is designated
type HIA (Fig. 6). The thickness of the secondary films can
vary considerably—from as little as 0.01 pum for Al,0;~Si0,-
rich layers on inactive glasses, to as much as 30 pm for CaO-
P,0s-rich layers on bioactive glasses.

A type 11l surface forms as a result of the repolymerization
of 8iO; on the glass surface by the condensation-of the silanols
(Si—OH) formed from the stage 1 reaction. For example:

$i—OH + OH—51 — Si-—0—S5i + H,0 (2)

Stage 3 protects the glass surface. The SiO, polymerization
reaction contributes to the enrichment of surface SiO, that is
characteristic of types IL, 111, 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 +k;t'0. 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, +k,¢” (stage 4), describes the
precipitation reactions that result in the multiple films charac-
teristic of type 111 glasses. When only one secondary film forms,
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the surface is type IIIA. When several additional films form,
the surface is type 1I1B.

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 (CO3 ™) substitute for OH™ in
the apatite crystal structure to form a carbonate hydroxyapatite
similar to that found in living bone. Incorporation of CaF, 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
interfacial bonding.

In order for the material to be bioactive and form an interfa-
cial bond, the kinetics of reaction in Eq. 1, and especially the
rate of stage 4, must match the rate of biomineralization that
normally occurs i 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 (¢, s1,p) {e.g., Iy index
of bioactivity: = {100/#, ss,)] (Hench, 1988). It is necessary to
impose a 50% bonding criterion for an Iy 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 Iy indicates that there
are isoly contours within the bioactivity boundary, as
shown in Fig. 5 (Hench, 1988). The change of I with the
$i0,/(Na;O + CaO) ratio i1s very large as the bioactivity
boundary is approached. The addition of multivalent ions to
a bioactive glass or glass-ceramic shrinks the isoly contours,
which will contract to zero as the percentage of Al,O;, Ta,Os,
ZrO,, or other multivalent cations increases in the material.
Consequently, the isoly boundary shown in Fig. § indicates the
contamination limit.for bioactive glasses and glass-ceramics. If
the composition of a starting implant is near the I boundary,
it may take only a few parts per million of multivalent cations
to shrink the Iy boundary to zero and eliminate bioactivity.
Also, the sepsitivity of fit of a bioactive implant and length of
time of immobilization postoperatively depends on the I value
and closeness to the Iy = 0 boundary. Implants near the I
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 um) bioactive glass granules behave as a partially
resorbable implant and stimulate new bone formation
{Hench, 1994).

Bioactive implants with intermediate Iy values do not de-
velop a stable soft tissue bond; instead, the fibrous interface
progressively mineralizes to form bone. Consequently, there
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FIG. 7. Time dependence of interfacial bond strength of various fixation
systems in bone. (After Hench, 1987.)

appears to be a critical isoly boundary beyond which bioactiv-
ity is restricted to stable bone bonding. Inside the critical isolg
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 isoly 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 Iy (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, 4555 Bioglass with a very high I develops a gel
bonding layer of 200 um, which has a relatively low shear
strength. In contrast, A-W glass-ceramic, with an intermediate
Iy value, has a bonding interface in the range of 10--20 um and
a very high resistance to shear. Thus, the interfacial bonding
strength appears to be optimum for I values of ~4. However,
itis important to recognize that the interfacial area for bonding
is time dependent, as shown in Fig. 1. Therefore, interfacial
strength is time dependent and is a function of such morpholog-
ical factors as the change in interfacial area with time, progres-
sive mineralization of the interfacial tissues, and resulting in-
crease of elastic modulus of the interfacial bond, as well as
shear strength per unit of bonded area; A comparison of the
increase in interfacial 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 4555 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

Orthopedic load-bearing Coatings for tissue ingrowth

applications {Cardiovascular, orthopedic,
ALO; dental and maxillofacial
prosthetics)
ALO,

Coatings for chemical bonding
{Orthopedic, dental and
maxillofacial prosthetics)
HA
Bioactive glasses
Bipactive glass-
CETamics

Temporary bone space fillers
Tricalcium phosphate
Calcium and phosphate salts

Dental implants Pertodontal pocket obliteration
ALO; HA
HA HA-PLA composite
Bioacuve glasses Trisodium phosphate
Calcium and phosphate salts
Bioactive glasses

Alveolar ridge augmentations Maxillofacial reconstruction

Al O, ALO HA
HA HA-PLA composite
HA-autogenous bone com- Broacrive plasses

posite
HA-PLA composite
Bioacuve glasses

Otolaryngological Percutaneous access devices
Al O, Bioactive glasses
HA Bioactive composites

Bioactive glasses
Bioactive glass-ceramics

Artifical tendon and ligament
PLA-carbon fiber composite

Orthopedic fixation devices
PLA-carbon fibers
PLA-calcium/phosphorous-

base glass fibers

1987; de Groot, 1983, 1988; de Groot et 4f,, 1990; Jarcho,
1981; Le Geros, 1988; Le Geros and Le Geros, 1993), Applica-
tions include dental implants, periodontal treatment, alveolar
ridge augmentation, orthopedics, maxillofacial 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 CaHPO,:2H,0 (dicalcium phasphate
or brushite, C,P), while at pH = 4.2 the srable phase is
Ca (PO (OH), (HA). At higher temperatures, other phases
such as Cay(PQy); (B-tricalcium phosphate, C;P, or TCP) and
Ca,P;0, (tetracalcium phosphate, C,P) are present. The unhy-
drated high-temperature calcium phosphate phases nteract
with water or body fluids at 37°C to form HA. HA forms on
exposed surfaces of TCP by the following reacrion:

4 Cay(PO,); (solid) + 2H,0 — Ca (PO, OH) (surface)

.
+ 2t + 2HPOL. (3]

Thus, the solubility of a TCP surface approaches the solubility
of HA and decreases the pH of the solution, which further
in¢reases the solubility of TCP and enhances tesorption. The
presence of micropores in the sintered material can increase
the solubility of these phases.

Sintering of calcium phosphate ceramics usually occurs in
the range of 1000-1500°C following compaction of the pow-
der into a desired shape. The phases formed at high temperature
depend not only on temperature bur also on the partial pressure
of water in the sintering atmosphere. This is because with water
present HA can be formed and is a stable phase up to 1360°C.
as shown in the phase equilibrinm diagram for Ca0 and P,O,
with 500 mm Hg partial pressure of water (Fig. 8). Without
water, D,P and C;I are the stable phases.

The temperature range of stability of HA increases with the
partial pressure of water, as does the rate of phase transitions
of C;P or C,4P to HA. Because of kinetics barriers that affect
the rates of formation of the stable calcium phosphate phases.
it 1s often difficult to predict the volume fraction of high-
temperature phases that are formed during sintering and their
relative stability when cooled to room temperature.

Starting powders can be made by mixing in an agqueous
solution the appropriate molar ranos of calcium nitrate and
ammonium phosphate, which vield a precipitate of stoichio-
metric HA. The Ca**, PO}", and OH "~ ions can be replaced
by other ions during processing or in physiological surround-
ings; for example: Auorapatite, Ca (PO, (OH),_, with O <
x < 2; and carbonate apatite, Ca,,{PO,){OH);_,(CO;), or
Cayp oy (PO4Y—lOH}3 5y, where O < x < 2and O < y <
#x can be formed. Fluorapatite is found in dental enamel, and
carbonarte hydroxyapatite is present m bone. For a discussion
of the structure of these complex crystals, see Le Geros (1988,

The mechanical behavior of caleium phosphate ceramics
strongly influences their application as implants. Tensile and
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FIG. 8. Phase equilbrinm diagram of calcium phosphares in a water atmo-
sphere. Shaded area is processing range to yield HA-containing implants. (Afrer
K. de Groor, Ann. New York Acad. Sei, §23%; 227, 1988,
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compressive strength and fatigue resistance depend on the total
volume of porosity.-Porosity can be in the form of micropores
(<1 um diameter, due to incomplete sintering) or macropores
{z>100 wm diameter, created to permit bone growth). The
dependence of compressive strength (o) and total pore volume
(Vo) is described in de Groot et al. (1990) by:

, =700 exp — SV, (in MPa), )

where V, is in the range of 0-0.5.
Tensile strength depends greatly on the volume fraction of
microporosity (V,):

o, = 220exp — 20 V,, (in MPa). (5

The Weibull factor (#) of HA implants is low in physiologi-
cal solutions (# = 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 um 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 um (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
bene 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).

RESORBABLE CALCIUM PHOSPHATES

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

1. Physiochemical 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.

3. Biological factors, such as phagocytosis, which causes a
decrease in local pH concentrations {de Groot and Le
Geros, 1988).

All calcium phosphate ceramics biodegrade to varying de-
grees in the following order:

increasing rate —

a-TCP > B-TCP » HA.
The rate of biodegradation increases as:

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

Crystallinity decreases

Crystal perfection decreases

Crystal and grain size decrease

There are ionic substitutions of CO3~, Mg?*, and S¢2*
in HA

bl ol

Factors that tend to decrease the rate of biodegradation include
(1) F~ substitution in HA, (2) Mg?* substitation in 8-TCP, and
(3) lower B-TCP/HA ratios in biphasic calcium phosphates.
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2.7 NATURAL MATERIALS

Ioannis V. Yannas

Natural polymers offer the advantage of being very similar,
often identical, to macromolecular substances which the bio-
logical environment is prepared to fecognize and to deal with
metabolically (Table 1). The problems of toxicity and stimula-
tion of a chronic inflammatory reaction, which are frequently
provoked by many synthetic polymers, may thereby be sup-
pressed. Furthermore, the similarity to naturally occurring sub-
stances introduces the interesting capability of designing bio-
materials which function biologically at the molecular, rather
than the macroscopic, level. On the other hand, natural poly-
mers are frequently quite immunogenic. Furthermore, because
they are structurally much more complex than most synthetic
polymers, their technological manipulation is much more elab-
orate. On balance, these opposing factors have conspired to
lead to a substantial number of biomaterials applications in
which naturally occurring polymers, or their chemically modi-
fied versions, have provided unprecedented solutions.

An intriguing characteristic of natural polymers is their
ability to be degraded by naturally occurring enzymes, a virtual
guarantee that the implant will be eventually metabolized by
physiological mechanisms. This property may, at first glance,
appear as a disadvantage since it detracts from the durability
of the implant. However, it has been used to advantage in
biomaterials applications in which it is desired to deliver a
specific function for a temporary period of time, following
which the implant is expected to degrade completely and to
be disposed of by largely normal metabalic processes. Since,
furthermore, it is possible to control the degradation rate of the
implanted polymer by chemical cross-linking or other chemical
modifications, the designer is offered the opportunity to control
the lifetime of the implant.

A disadvantage of proteins on biomaterials is their fre-
quently significant immunogenicity, which, of course, derives
precisely from their similarity to naturally occurring sub-
stances. The immunological reaction of the host to the implant
is directed against selected sites (antigenic determinants) in the
protein molecule. This reaction can be mediated by molecules
in solution in body fluids (immunoglobulins). A single such
molecule (antibody) binds to single or multiple determinants
on an antigen. The immunological reaction can also be medi-
ated by molecules which are held tightly to the surface of
immune cells {(lymphocytes). The implant is eventually de-
graded. The reaction can be virtually eliminated provided that
the antigenic determinants have been previously modified
chemically. The immunogenicity of polysaccharides is typically
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TABLE 1 General Properties of Certain Natural Polymers
Polymer Incidence Phystological function

A. Proteins

Sk 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 Marrix for growth of organism

Chitin Insects, crustaceans Provides shape and form

Glycosaminoglycans

C. Polynucleotides
Deoxyribonucleic acids (DNA)
Ribonucleic acids (RNA)

Connective tissues

Cell nucleus
Cell nucleus

Contributes to mechanical support

Direct protein biosynthesis
Direct protein biosynthesis

far lower than that of proteins. The collagens are generally
weak immunogens relative to the majority of proteins.

Another disadvantage of proteins as biomaterials derives
from the fact that these polymers typically decompose or un-
dergo pyrolytic modification at temperatures below their melt-
ng point, thereby precluding the convenience of high-tempera-
ture thermoplastic processing methods, such as melt extrusion,
during the manufacturing of the implant. However, processes
for extruding these temperature-sensitive polymers at room
temperature have been developed. Another serious disadvan-
tage is. the natural variability in structure of macromolecular
substances which are derived from animal sources. Each of
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
the elegance of the naturally evolved design of the mammalian
body becomes a problem for the manufacturer of implants,

~which are typically required to adhere to rigid specifications
from one batch to the next. Consequently, relatively stringent
control methods must be used for the raw material.

Most of the natural polymers in use as biomaterials today
are constituents of the extracellular matrix (ECM) of connec-
tive tissues such as tendons, ligaments, skin, blood vessels, and
bone. These tissues are deformable, fiber-reinforced composite
materials: of superior architectural sophistication whose main
function in the adult animal appears to be the maintenance of
organ shape as well as of the organism itself. In the relatively
crude description of these tissues as if they were man-made
composites, collagen and elastin fibers mechanically reinforce
a “matrix”" that primarily consists of protein—polysaccharides
(proteoglycans) highly swollen in water. Extensive chemical
bonding connects these macromolecules to each other, render-
ing these tissues insoluble and, therefore, impossible to charac-
terize with dilute solution methods unless the tissue is chemi-

cally and physically degraded. In the latter case, the solubilized
components are subsequently extracted and characterized by
biochemical and physicochemical method. Of the various com-
ponents of extracellular materials which: have been used to
fashion biomaterials, collagen is the one most frequently used.

Almost inevitably, the physicochemical processes used to
extract the individual polymer from tissues, as well as subse-
quent deliberate modifications, alter the native structure, some-
times significantly. The following description emphasizes the
features of the naturally occurring, or native, macromolecular
structures. Certain modified forms of these polymers are
also described.

STRUCTURE OF NATIVE COLLAGEN

Structural order in collagen, as in other proteins, occurs at
several discrete levels of the structural hierarchy. The collagen
in the tissues of a vertebrate occurs in at least ten different
forms, each of these being dominant in a specific tissue. Struc-
turally, these collagens share the characteristic triple helix,
and variations among them are restricted to the length of the
nonhelical fraction, the length of the helix itself, and the num-
ber and nature of carbohydrate attachments on the triple helix.
The collagen in skin, tendon, and bone is mostly type I -collagen.
Type 1I collagen is predominant in cartilage, while type III
collagen is a major constituent of the blood vessel wall as well
as being a minor contaminant of type I collagen in skin. In
contrast to these collagens, all of which form fibrils with the
distinct collagen periodicity, type IV collagen, a constituent of
the basement membrane which separates epithelial tissues from
mesodermal tissues is largely nonhelical and does not form
fibrils. We follow here the nomenclature which was proposed
by W. Kauzmann (1959) to describe in a general way the
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FIG. 1. 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 ! 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. Mouta, eds., Martinus Nijhoff, 1984, Chap. 1, Fig. 1, p. 2, with permission.i
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structural order in proteins, and we specialize it to the case of
tvpe I collagen (Fig. 1).

The primary structure denotes the complete sequence of
amino acids along each of three polypeptide chains as well as
the location of interchain cross-links in relation to this se-
quence. Approximately one-third of the residues are glycine
and another quarter or so are proline or hydroxyproline. The
structure of the bifunctional interchain cross-link is the rela-
tively complex condensation product of a reaction involving
lysine and hydroxylysine residues; this reaction continues as
the organism matures, thereby rendering the collagens of older
animals more difficult to extract.

The secondary structure is the local configuration of a poly-
peptide chain that results from satisfaction of stereochemical
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
amnino acids that direct the chain configuration locally by the
rigidity of their ring structures. On the other hand, the absence
of a side chain.in glycine permits the close approach of polypep-
tide chains in the collagen triple helix. The tertiary structure
refers to the global configuration of the polypeptide chains;
it represents the pattern according to which the secondary
structures are packed together within the complete macromole-
cule and it constitutes the structural unit that can exist as a
physicochemically stable entity in solution, namely, the triple
helical collagen molecule.

In type I collagen, two of the three polypeptide chains have
identical amino acid composition, consist of 1056 residues,
and are termed al(l) chains, while the third has a different
composition; it consists of 1038 residues and is termed a2(I).
The three polypeptide chains fold to produce a left-handed
helix while the three-chain supercoil is actually right-handed
with an estimated pitch of about 100 nm (30—40 residues).
The helical structure extends over 1014 of the residues in each
of the three chains, leaving the remaining residues at the ends
{telopeptides) in a nonhelical configuration. The residue spac-
ing is 0.286 nm and the length of the helical portion of the
molecule is, therefore, about 1014 x 0.286 or 290 nm.

The fourth-order or quaternary structure denotes the repeat-
ing supermolecular unit structure, comprising several mole-
cules packed in a specific lattice, which constitutes the basic
element of the solid state (microfibril). Collagen molecules are
packed in a quasi-hexagonal lattice at an interchain distance
of about 1.3 nm which shrinks considerably when the microfi-
bril is dehydrated. Adjacent molecules in the microfibril are
approximately parallel to the fibril axis; they all point in the
same direction along the fibril and ate staggered regularly,
giving rise to the well-known D-period of collagen, about 64
nm, which is visible in the electron microscope. Higher levels
of order, eventually leading to gross anatomical features which
can be readily seen with the naked eye, have been proposed
but there is no agreement on their definition.

PHYSICAL MODIFICATIONS OF THE NATIVE
STRUCTURE OF COLLAGEN

Crystallinity in collagen can, according to Fig. 1, be detected
at two discrete levels of structural order: the tertiary (triple
helix) (Fig. 1C) and the quaternary {lattice of triple helices) (Fig.
1D). Each of these levels of order corresponds, interestingly
enough, to a separate melting transformation. A solution of
collagen triple helices is thus converted to the randomly coiled
gelatin by heating above the helix-coil transition temperature,
which is approximately 37°C for bovine collagen, or by exceed-
ing a critical concentration of certain highly polarizable anions,
e.g., bromide or thiocyanate, in the solution of collagen mole-
cules. Infrared spectroscopic procedures, based on helical
marker bands in the mid- and far infrared, have been developed
to assay the gelatin content of collagen i the solid or semisolid
states in which collagen is commonly used as an implant, Since’
implanted gelatin is much more rapidly degradable than colla-
gen, these assays are essential tools for gunality control of colla-
gen-based biomaterials. Frequently such biomaterials have
been processed under manufacturing conditions which may
threaten the integrity of the triple helix.

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 (4-3); limited rotation of proline past the C=0
group (bond §-6); interchain hydrogen bonds (dots) involving the NH hydrogen at position 1 and the C=0. 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) Teruary structure—the global configuration of polypeptide chains, representing the pattern according to which the secondary
sttuctures 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. 1, 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
is lost reversibly when the pH of a suspension of collagen fibers
in acetic acid is lowered below 4.25 * 0.30. Transmission
electron microscopy or small-angle X-ray diffraction can be
used to determine the fraction of fibrils which possess banding
as the pH of the system is altered. During this transformation,
which appears to be a first-order thermodynamic transition,
the triple helical structure remains unchanged. Changes in pH
can, therefore, be used to selectively abolish the quarternary
structure while maintaining the tertiary structure intact.

This experimental strategy has made it possible to show
that the well-known phenomenon of blood platelet aggregation
by collagen fibers (the reason for using collagen sponges as
hemostatic devices) is a specific property of the quarternary
rather than the terriary structure. Thus collagen which is
thromboresistant in vitro has been prepared by selectively
“melting out™ the packing order of helices while preserving
the triple helices themselves. Figure 2 illustrates the banding
pattern of such collagen fibers. Notice that short segments of
banded fibrils persist even after very long treatment at low pH,
occasionally interrupting long segments of nonbanded fibrils
(Fig. 2, inset).

The porosity of collagenous implants normally makes an
indispensable contribution to its performance. A porous struc-
ture provides an implant with two critical functions. First, pore
channels are ports of entry for cells migrating from adjacent
tissues into the bulk of the implant or for the capillary suction
of blood from a hemorrhaging blood vessel nearby. Second,
pores endow a solid with:a frequently enormous specific surface
which is made available either for specific interactions with
invading cells (e.g., collagen-glycosaminoglycan (CG) copoly-
mers which induce regeneration of skin in burned patients) or
for interaction with coagulation factors in blood flowing into
the device (e.g., hemostatic sponges).

Pores can be incorporated by first freezing a dilute suspen-
sion of collagen fibers and then inducing sublimation of the
ice crystals by exposing the suspension to a low-temperature
vacuum. The resulting pore structure is a negative replica of
the network of ice crystals (primarily dendrites). It follows that
control of the conditions for ice nucleation and growth can
lead to a large variety of pare structures (Fig. 3).

In practice, the average pore diameter decreases with de-
creasing temperature of freezing while the orientation of pore
channel axes depends on the magnitude of the heat flux vector
during freezing. In experimental implants, the mean pore diam-
eter has ranged between about 1 and 800 mm; pore volume
fractions have ranged up to 0.995; the specific surface has been
varied between about 0.01 and 100 m?2/g dry matrix; and the
orientation of axes of pore channels has ranged from strongly
uniaxial to highly radial. The ability of collagen-glycosamino-
glycans to induce regeneration of tissues such as skin and nerve
depends critically, among other factors, on the adjustment of
the pore structure to desired levels, e.g., about 20-125 um
for skin regeneration and less than 10 wm for sciatic nerve
regeneration. Determination of pore structure is based on prin-
ciples of stereology, the discipline which allows the quantitative
statistical properties of three-dimensional implant structures
to be related to those of two-dimensional projections, e.g.,
sections used for histological analysis.

CHEMICAL MODIFICATION OF COLLAGEN

The primary structure of collagen is made up of long se-
quences of some 20 different amino acids. Since each amino
acid has its own chemical identity, there are 20 types of pendant
side groups, each with its own chemical reactivity, attached
to the polypeptide chain' backbone. As examples, there are
carboxylic side groups (from glutamic acid and aspartic acid
residues), primary amino groups (lysine, hydroxylysine, and
arginine residues), and hydroxylic groups (tyrosine and hy-
droxylysine). The collagen molecule is therefore subject to
modification by a large variety of chemical reagents. Such versa-
tility comes with a price: Even though the choice of reagents
is large, it 1s imporant to ascertain that use of a given reagent
has led to modification of a given fraction of the residues of
a certain amino acid in the molecule. This is equivalent to
proof that a reaction has proceeded to a desired *“‘yield.” Fur-
thermore, proof that a given reagent has attacked only a specific
type of amino acid, rather than all amino acid residue types
carrying the same functional group, also requires chemical
analysis.

Historically, the chemical modification ot collagen has been
practiced in the leather industry {since about 50% of the protein
content of cowhide is collagen) and in the photographic gelatin
industry. Today, the increasing use of collagen in biomaterials
applications has provided renewed incentive for novel chemical
modification, primarily in two areas. First, implanted collagen
is subject to degradative attack by collagenases, and chemical
cross-linking is a well-known means of decelerating the degra-
dation rate. Second, collagen extracted from an animal source
elicits production of antibodies (immunogenicity). Although it
1s widely accepted that collagen elicits synthesis of a far smaller
concentration of antibodies than other proteins (e.g., albumin},
treatment with specific reagents, including enzymatic treat-
ment, is occasionally used to reduce the immunogenicity of col-
lagen.

Collagen-based implants are normally degraded by colla-
genases, naturally occurring enzymes which attack the triple
helical molecule at a specific location. Two characteristic prod-
ucts result, namely, the N-terminal fragment which amounts
to about two thirds of the molecule, and the one-quarter
C-terminal fragment. Both of these fragments become sponta-
neously transformed (denatured} to gelatin at physiological
temperatures via the helix-coil transition and the gelatinized
fragments are then cleaved to oligopeptides by naturally occur-
ring enzymes which degrade several other tissue proteins (non-
specific proteases).

Collagenases are paturally present in healing wounds and
are credited with a major role in the degradation of collagen
fibers at the site of trauma. At about the same time that degrada-
tion of collagen and of other ECM components proceeds in
the wound bed, these components are being synthesized de
novo by cells in the wound bed. Eventually, new architectural
arrangements, such as scar tissue, are synthesized. While it is
not a replica of the intact tissue, scar tissue forms a stable
endpoint to the healing process, and forms a tissue bacrier
between adjacent organs which allows the healed organ to
continue functioning at a nearly physiological level. The com-
bined process of collagen degradation and scar synthesis is
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FIG. 2. Following exposure to pH below 4.25 = 0,30, the banding pattern of type 1 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 nor include
platelet aggregation provided that the fibers are prevented frum recrystallizing to form banded striuctures when
the pH is adjusted to neutral in order ro perform the plateler assay. Stained with (1.5 wt.% phosphotungstic acid.
Banded collagen period, about 65 nmi. % 12,750, lnset: % 63,750, (Reprinted from M, |. Forbes, M. §. dissertation,
Massachusetts fnstitute of Technology, 1980, courtesy of MIT.)
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FIG. 3. [lustration of the variety of porous structures which can be obtained with collagen-GAG copolymers by adpusting
the lanetics ot crystalhzarion of ice to the appropniate magnitude and direction, Pores form when the ice dendrites are eventually
subbimud. Scannimg clectron microscopy. (Courtesy of MIT.)

often referred to as remodeling. One of the frequent challenges
1n the design of collagen implants is to modify collagen chemi-
cally in a way which either accelerates or slows down the rate
of its degradation at the implantation site to a desired level.
An effective method for reducing the degradation rate of
collagen by naturally occurring enzymes 1s chemical cross-
linking. A very simple self-cross-linking procedure, dehydranve
cross-linking, is based on the fact that removal of water below
about 1 wt.% insolubilizes collagen as well as gelatin by induc-
ing formation of interchain peptide bonds. The nature of the
cross-tinks formed can be inferred from the results of studies
using chemically medified gelatins. Gelatin which had been
modified either by esterification of the carboxylic groups of
aspartyl—glutamyl residues or by acetylation of the g-amino
groups of lysy! residues remained soluble in aqueous solvents

after exposure of the solid protein to high temperature, while
unmodified gelatins lost their solubility, losolubilization of col-
lagen and gelatin following severe dehydration has been, ac-
cordingly, interpreted as the result of drastic removal of the
aqueous product of a condensation reaction which led to the
formation of interchain amide links. The proposed mechanism
is consistent with results, obtained by titraton, showing that
the number of free carboxylic groups and free amino groups
in collagen are both significantly decreased tollowing high-
temperature treatment.

Removal of water to the extent necessary to achieve a den-
sity of cross:-links in excess of 107% moles of cross-links/g dry
gelatin, which corresponds to an average molecular weight
between cross-links, M., of abour 70 kDa, can be achieved
within hours by exposure o temperatures in excess of 105°C
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under atmospheric pressure. The possibility that the cross-
linking achieved under these conditions is caused by a pyrolytic
reaction has been ruled out. Furthermore, chromatographic
data have shown that the amino acid composition of collagen
remains intact after exposure to 105°C for several days. In
fact, it has been observed that gelatin can be cross-linked
by exposure ro temperatures as low as 25°C provided that a
sufficiently high vacuum is present to achieve the drastic
moisture removal which appears to drive the cross-linking re-
action.

Exposure of highly hydrated collagen to temperatures in
excess of about 37°C is known to'cause reversible melting of
the triple helical structure, as described earlier. The melting
point of the triple helix increases with the collagen-diluent
ratio from 37°C, the helix-coil transition of the infinitely dilute
solution, to about 120°C for collagen swollen with as little as
20% wt. diluent and up to about 210°C, the melting point of
anhydrous collagen. Accordingly, it is possible to cross-link
collagen using the drastic dehydration procedure described
earlier without loss of the triple helical structure. It is sufficient
to adjust the moisture content of collagen to a low enough
level prior to exposure to the high temperature levels required
for rapid dehydration.

Dialdehydes have been long known in the leather industry
as effective tanning agents and in histological laboratories as
useful fixatives. Both of these applications are based on the
reaction between the dialdehyde and the e-amino group of lysyl
residues in the protein, which induces formation of interchain
cross-links. Glutaraldehyde cross-linking is a relatively widely
used procedure. The nature of the cross-link formed has been
the subject of controversy, primarily because of the complex,
apparently polymeric, character of this reagent. Considerable
evidence supports the proposed anabilysine structure, which
is derived from two lysine side chains and two molecules of
glutaraldehyde:

modulus of films that have been treated to induce cross-linking
and have subsequently been gelatinized by treatment in 1 M
NaCl at 70°C, Under such conditions; only films which have
been converted into a three-dimensional nétwork support an
equilibrium tensile force; by contrast, uncross-linked specimens
dissolve readily in the hot medium.

The immunogenicity of the collagen used in implants is
significant and has been studied assiduously using laboratory
preparations. However, the clinical significance of such immu-
nogenicity has been shown to be very low, and is often consid-
ered to be negligible. This immense simplification of the immu-
nological problem of using collagen as a biomaterial was
recognized a long time ago by manufacturers of collagen-based
sutures. The apparent reason for the low antigenicity of type
I collagen stems from the small species difference among type
I collagens (e.g., cow vs. human). Such similarity is, in turn,
probably understandable in terms of the inability of the triple
helical configuration to incorporate the substantial amino acid
substitutions which characterize species differences with other
proteins. The relative constancy of the structure of the triple
helix among the various species is, in fact, the reason why
collagen is sometimes referred to as a “‘successful” protein in
terms of its evolution or, rather, the lack of it.

In order to modify the immunogenicity of collagen, it is
useful to consider the location of its antigenic determinants, i.e.,
the specific chemical groups which are recognized as foreign by
the immunological system of the host animal. The configura-
tional (or conformational) determinants of collagen depend on
the presence of the intact triple helix and, consequently, are
abolished when collagen is denatured into gelatin; the larter
event (see earlier discussion) occurs spontaneously after the
triple helix is cleaved by a collagenase. Gelatinization exposes
the sequential determinant of collagen over the short period
during which gelatin retains its macromolecule character, be-
fore it is cleared away following attack by one of several non-

Evidence for other mechanisms has been presented. Com-
pared with other aldehydes, glutaraldehyde has shown itself
to be-a particularly effective cross-linking agent, as judged, for
example, by its ability to increase the cross-link density. The
M, values provide the experimenter with a series of collagens
in which the enzymatic degradation rate can be studied over
a wide range, thereby affording implants which effectively dis-
appear from tissue between a few days and several weeks
following implantation. Although the mechanism of the reac-
tion between glutaraldehyde and collagen at neutral pH is
understood in-patt, the reaction in acidic media has not been
studied extensively. Evidence that covalent cross-linking is in-
volved comes from measurements of the equilibrium tensile

specific proteases. Controlling the stability of the triple helix
during processing of collagen, therefore, prevents the display
of the sequential determinants.

Sequential determinants also exist in  the nonhelical end
(telopeptide region) of the collagen molecule and this region has
been associated with most of the immunogenicity of collagen-
based implants. Several enzymatic treatments have been de-
vised to cleave the telopeptide region without destroying the
triple helix. Treating collagen with glutaraldehyde not only
reduces its degradation rate by collagenase but also appears
to reduce its antigenicity as well. The mechanism of this effect
is not well understood. Certain applications of collagen-based
biomaterials are shown in Table 2.
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TABLE 2 Certain Applications of Collagen-Based
Biomaterials

Application Physical state

Sutures Extruded tape (Schmitt, 1985)

Powder, sponge, fleece {Stengel et
al., 1974; Chvapil, 1979)

Extruded collagen tube, processed
human or animal blood vessel
{Nimni, 1988)

Processed porcine heart valve
(Nimni, 1988)

Processed tendon {Piez, 1985)

Hemostatic agents

Blood vessels

Heart valves

Tendon, ligaments

Burn treatment (dermal re-
generation)

Porous collagen-glycosaminogltycan
(GAG) polymer? (Yannas et al.,
1981, 1982, and 1989)

Porous collagen-GAG copolymer
{Chang and Yannas, 1992)

Porous collagen-GAG copolymers
(Stone et al., 1989)

Injectable suspension of collagen
particles (Piez, 1985)

Sponges {Chvapil, 1979)

Various forms (Stenzel et al., 1974,
Chvapil, 1979)

Peripheral nerve regeneration
Meniscus regeneration
Intradermal augmentation

Gynecological applications

Drug-delivery systems

“See also Chapter 7.10.

PROTEOGLYCANS AND GLYCOSAMINOGLYCANS

Glycosaminoglycans (GAGs) occur naturally as polysaccha-
ride branches of a protein chain, or protein core, to which they
are covalently attached via a specific oligosaccharide link. The
entire branched macromolecule, which has been described as
having a ““bottle brush’’ configuration, is known as a proteogly-
can and has a molecular weight of about 10° kDa.

The structure of GAGs <an be generically described as that
of an alternating copolymer, the repeat unit consisting of a
hexosamine (glucosamine or galactosamine) and of another
sugar (galactose, glucuronic acid or iduronic acid). Individual
GAG chains are known to contain occasional substitutions
of one uronic acid for another; however, the nature of the
hexosamine component remains invariant along the chain.
There are other deviations from the model of a flawless alternat-
ing copolymer, such as variations in sulfate content along the
chain. It is, nevertheless, useful for the purpose of getting ac-
quainted with the GAGs to show their typical ({rather, typified)
repeat.unit structure, as in Fig. 4. The molecular weights of
GAGs are in the range of 5-60 kDa, with the exception of
hyaluronic acid, the only GAG which is not sulfated; it exhibits
molecular weights in the range of 50-500 kDa. Sugar units
along GAG chains are linked by « or 8 glycosidic bonds and
are 1, 3, or 1, 4 (Fig. 4). There are several naturally occurring
enzymes which degrade specific GAGs, the most well-known

being hyaluronidase. These enzymes are primarily responsible
for the physiological turnover rate of GAGs, which is in the
range of 2—14 days.

The nature of the oligosaccharide link appears to be identi-
cal for the GAGs, except for keratan sulfate, and is a galacto-
syl—galactosyl—xylose, with the latter glycosidically linked to
the hydroxyl group of serine in the protein core.

The very high molecular weight of hyaluronic acid is the
basis of most uses of this GAG as a biomaterial: almost all
applications make use of the exceptionally high viscosity and
the facility to form gels which characterize this polysaccharide.
Hyaluronic acid gels have found considerable use in ophthal-
mology because they facilitate cataract surgery as well as retinal
reattachment. Other uses of this GAG reported are the treat-
ment of degenerative joint dysfunction in horses and experi-
mental treatment of certain orthopedic dysfunctions in hu-
mans. On the other hand, sulfated GAGs are anionically
charged and can induce precipitation of collagen at acidic pH
levels, a process which yields collagen~GAG coprecipitates
that can be subsequently freeze dried and covalently cross-
linked to yield biomaterials which have been shown capable
of inducing regeneration of skin {dermis), peripheral nerve,
and the meniscus of joints (Table 2.

ELASTIN

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 crystallographic methods. Fortu-
nately, it exhibits ideal rubber elasticity and it thus becomes
possible to study certain features of the macromolecular net-
work. For example, mechanical measurements have shown
that the average number of amino acid units between cross-
links is 71—84. Insoluble elastic preparations can be degraded
by the enzyme elastase but the soluble preparations made this
way have not yet been used extensively as biomaterials.

GRAFT COPOLYMERS OF COLLAGEN
AND GLYCOSAMINOGLYCANS

The preceding discussion has focused on the individual mac-
romolecular components of ECM. By contrast, naturally occur-
ring ECMs are insoluble networks comprising several macro-
molecular components. Several types of ECMs are known to
play critical roles during organ development. During the past
several years certain analogs of ECMSs have been synthesized
and have been studied as implants. This section summarizes the
evidence for the unusual biological activity of a small number of
ECM analogs.

In the 1970s it was discovered that a highly porous graft
copolymer of type I collagen and chondroitin 6-sulfate was
capable of modifying dramatically the kinetics and mechanism
of healing of full-thickness skin wounds in rodents {Yannas et
al., 1977). In the adult mammal, full-thickness skin wounds
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represent areas that are demonstrably devoid of both epidermis
and dermis, the outer and inner layers of skin, respectively.
Such wounds normally close by contraction of wound edges
and by synthesis-of scar tissue. Previously, collagen and various
glycosaminoglycans, each prepared in various forms such as
powder and films, had been used to cover such deep wounds
without observing a significant modification in the outcome
of the wound healing process (compare the historical review
of Schmitt, 1985).

Surprisingly, grafting of these wounds with the porous CG
copolymer on guinea pig wounds blocked the onset of wound
contraction by several days and led to synthesis of new connec-
tive tissue within about 3 weeks in the space occupied by
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Repeat units of glycosaminoglycans. (Reprinted for J. E. Siebert, 1987, with permission.)

the copolymer (Yannas et al., 1981, 1982). The copolymer
underwent substantial degradation undet the action of tissue
collagenases during the 3-week period, at the end of which it
had degraded completely at the wound site. Studies: of the
connective tissue synthesized in place of the degraded copoly-
mer eventually showed that the new tissue was distinctly differ-
ent from scar and was very similar, though not identical, to
physiological dermis. In particular, new hair follicles and new
sweat glands had not been synthesized. This marked the first
instance where scar synthesis was blocked in a full-thickness
skin wound of an adult mammal and, iniits place, a physiologi-
cal dermis had been synthesized. That this result was not con-
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,
including pigs (Butler er al., 1993) and, most importantly,
human victims of massive burns {(Burke et al., 1981).

Although a large number of CG copolymers were synthe-
sized and studied as grafts, it was observed that only one
possessed the requisite activity to modify dramatically the
wound healing process in skin. The structure of the CG copoly-
mer required specification at two scales: at the nanoscale, the
average molecular weight of the cross-linked network which
was required to induce regeneration of the dermis was de-
scribed by an average molecular weight between cross-links of
12,500 = 5,000; at the microscale, the average pore diameter
was between 20 and 120 um. Relatively small deviations from
these structural features, either at the nanoscale or the micro-
scale, led to loss of activity {Yannas et al., 1989). In view of
the nature of its unique activity this biologically active macro-
molecular network has been referred to as skin regeneration
template (SRT). (See also Chapter 7.10.)

The regeneration of dermis was followed by regeneration
of a quite different organ, the peripheral nerve (Yannas et al.,
1987; Chang and Yannas, 1992). This was accomplished using
a distinctly different ECM analog, termed nerve regeneration
template (NRT). Although the chemical composition of the
two templates was identical there were significant differences
in other structural features. NRT degrades considerably slower
than SRT (about é weeks for NRT compared to about 2 weeks
for SRT) and is also characterized by a much smaller average
pore diameter (about 5 wm compared to 20—120 um for SRT).
A third ECM analog was shown to induce regeneration of the
knee meniscus in the dog (Stone et al., 1990). The combined
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.
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2.8 COMPOSITES
Harold Alexander

The word “composite” means *“‘consisting of two or more
distinct parts.” At the atomic level, materials such as metal
alloys and polymeric materials could be called composite mate-
rials in that they consist of different and distinct atomic group-
ings. At the microstructural level (about 107* to 1072 cm), a
metal alloy such as a plain-carbon steel containing ferrite and
pearlite could be called a composite material since the ferrite
and pearlite are distinctly visible constituents as observed in
the optical microscope. At the molecular and microstructural
level, tissues such as bone and tendon are certainly composites
with a number of levels of hierarchy.

In engineering design, a composite material usually refers to
a material consisting of constituents in the micro- to macrosize
range, favaring the macrosize range. For the purpose.of discus-
sion in this chapter, composites can be considered to be materi-
als consisting of two or more chemically distinct constituents,
on a macroscale, having a distinct interface separating them.
This definition encompasses the fiber and particulate composite
materials of primary interest as biomaterials. Such composites
consist of one or more discontinuous phases embedded within
a continuous phase. The discontinuous phase is usually harder
and stronger than the continuous phase and is called the rein-
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Composite materials

Fiber—reinforced composites
(fibrous composites)

1
Particle—reinforced composites
(particulate composites)

f
Random
orientation

1
Preferred
orientation

t
Single—layer composites
{including composites having
same orientation and properties
in each layer)

f
Laminates

|
Multilayered (angle—ply)
composites

1
Hybrids

r
Continuous—fiber—reinforced

1
Discontinuous—fiber—reinforced

composites composites
{ L I 1
Unidirectional Bidirectional Random Preferred
reinforcement reinforcement orientation orientation

{woven reinforcements)

FIG. 1. 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
phase is termed the “matrix.”

The properties of composites are strongly influenced by the
properties of their constituent materials, their distribution, and
the interaction among them. The properties of a composite
may be the volume fraction sum of the properties of the constit-
uents, or the constituents may interact in a synergistic way
owing to geometric orientation to provide properties in the
composite that are not accounted for by a simple volume frac-
tion sum. Thus, in describing a composite material, besides
specifying the constituent materials and their properties, one
needs to specify the geometry of the reinforcement, its concen-
tration, distribution, and orientation.

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-
ites that have a common strengthening mechanism. This mech-
anism strongly depends upon the geometry of the reinforce-
ment. It is quite convenient to classify composite materials on
the basis of the geometry of a representative unit of reinforce-
ment. Figure 1 shows a commonly accepted classification
scheme.

With regard to this classification, the distinguishing charac-
teristic of a particle is that it is nonfibrous in nature. It may
be spherical, cubic, tetragonal, or other regular or irregular
shapes, but it is approximately equiaxial. A fiber is character-
ized by its length being much greater than its cross-sectional
dimensions. Particle-reinforced composites are sometimes re-
ferred to as particulate composites. Fiber-reinforced compos-
ites are, understandably, called fibrous composites.

In addition to the classic engineering concerns regarding
composites, biomedical composites have other unique proper-

ties that affect their performance. As with all biomaterials, the
question of biocompatibility (tissue response to-the composite)
is paramount among them. Being composed of two or more
materials, composites carry an enhanced probability of causing
adverse tissue reactions. Also, the fact that one constituent (the
reinforcement) usually has dimensions on the cellular scale
always leaves open the possibility of cellular ingestion of partic-
ulate debris that can result in either the production of tissue-
lysing enzymes or transport into the lymph system. One class
of composites, absorbable composites {(to be discussed in some
detail later in this chapter), overlay additional requirements
for degradation rate kinetics, binding between matrix and rein-
forcement, and biocompatibility of the degradation products.

REINFORCING SYSTEMS

The main reinforcing materials that have been used in. bio-
medical composites are carbon fibers, polymer fibers, ceramics,
and glasses. Depending upon the application, the reinforce-
ments have been either inert or absorbable.

Carbon Fiber

Carbon fiber for biomedical use is produced from poly-
acrylonitrile (PAN) precursor fiber in a three-step process: (1)
stabilization, (2) carbonization, and (3) graphitization, In the
stabilization stage, the PAN fibers are first stretched to align
the fibrillar networks within each fiber parallel to the fiber
axis, and then they are oxidized in air at about 200-220°C
while held in tension. The second stage in the production of
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high-strength carbon fibers is carbonization. In this process,
the stabilized PAN-based fibers are pyrolyzed (heated) in a
controlled environment until they become transformed into
carbon fibers by the elimination of O, H, and N from the
precursor fiber. The carbonization heat treatment is usually
carried out in an inert atmosphere in the 1000~1500°C range.
During the graphitization process, turbostratic graphitelike fi-
brils or ribbons are formed within each fiber, greatly increasing
the tensile strength of the material.

In recent years, carbon fiber has been recognized as a bio-
compatible material with many exciting applications in medi-
cine. Several commercial products have used carbon fiber as
a reinforcing material to enhance the mechanical properties of
the polymeric resin systems in which it is included. It has been
used to reinforce porous polytetrafluoroethylene for soft tissue
augmentation and as a surface coating for the attachment of
orthopedic implants. It has also been used to reinforce ultra-
high-molecular-weight (UIHMW) polyethylene used as a bear-
ing surface in total joint prostheses, as a tendon and ligament
repair material, to reinforce fracture fixation devices, and to
reinforce total joint replacement components.

Polymer Fibers

For the majority of applications, polymer fibers are not
strong or stiff enough to be used to reinforce other polymers.
The possible exceptions are aramid fibers, UHMW polyethyl-
ene fibers, and certain fibers that have been used for their
absorbability, not their mechanical superiority. Aramid is the
generic name for aromatic polyamide fibers. Aramid fibers
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
are in hip prostheses stems, fracture fixation devices, and liga-
ment and tendon prostheses. UHMW polyethylene fibers have
recently become available. To date, these fibers have not seen
extensive use in biomedical composites. Bulk UHMW polyeth-
ylene demonstrates excellent biocompatibility. However, there
are preliminary data suggesting a less favorable response to
UHMW polyethylene fibers (Shieh et al., 1990). Questions are
always raised when bulk and fiber properties are equated.
While in theory the basic materials should be the same, differ-
ences associated with surface characteristics and the details of
manufacturing and processing can be significant.

Absorbable polymer fibers have been used to reinforce ab-
sorbable polymers in fabricating fully absorbable fracture fixa-
tion systems (Vert et al., 1986). Polylactic acid polymer and
polyglycolic acid polymer have been used for this purpose.
Both of these polymer fibers have been used for a number of
years in absorbable sutures. More recently, they have also been
utilized as scaffolds for cellular support in experimental hybrid
implants that combine synthetics with living cells (Vacanti et
al., 1991;.

Ceramics

Several different ceramic materials have been used to rein-
force biomedical composites. Since most biocompatible ceram-

ics, when loaded in tension or shear, are relatively weak and
brittle materials compared with metals, the preferred form for
this reinforcement has usually been particulate. These rein-
forcements have included various calcium phosphates, alumi-
num- and zinc-based phosphates, glass and glass ceramics, and
bone mineral. Minerals in bone are numerous. In the past,
bone has been defatted, ground, and calcined or heated to yield
a relatively pure mix of the naturally occurring bone minerats.
It was recognized early that this mixture of natural bone min-
eral was poorly defined and extremely variable. Consequently,
its use as an implant material was limited.

The calcium phosphate ceramic system has been the most
intensely studied ceramic system. Of particular interest are the
calcium phosphates having calcium to phosphorus ratios of
1.5-1.67. Tricalcium phosphate and hydroxyapatite form the
boundaries of this compositional range. At present, these two
materials are used clinically for dental and orthopedic applica-
tions. Tricalcium phosphate has a nominal composition of
Ca;3(PO,),. The common mineral name for this material is
whitlockite. It exists in two crystallographic forms, a- and 8-
whitlockite. In general, it has been used in the 8 form.

The ceramic hydroxyapatite has received a great deal of
attention. Hydroxyapatite is, of course, the major mineral com-
ponent of bone. The nominal composition of this material is
Ca 3(PO,)¢(OH), . Some investigators have suggested that there
may be a direct bonding of synthetic hydroxyapatite with host
bone (Jarcho et al., 1977). Most researchers agree that both
tricalcium phosphate and hydroxyapatite are extremely com-
patible materials. This is particularly true when the materials
are in contact with bone. This, of course, is not surprising since
both materials display an apatitic surface structure.

Glasses

Glass fibers are used to reinforce plastic matrices in forming
structural composites and molding compounds. Commercial
glass fiber—plastic composite materials have the following fa-
vorable characteristics: high strength-to-weight ratio; good di-
mensional stability; good resistance to heat, cold, moisture,
and corrosion; good electrical insulation properties; ease of
fabrication; and relatively low cost. Most of these reasons for
using glass fiber reinforcement are not relevant to biomedical
compostites; consequently, conventional glass fiber reinforce-
ment is not generally practiced. However, recently Zimmerman
etal. (1991) and Lin (1986) introduced an absorbable polymer
composite reinforced with an absorbable calcium phosphate
glass fiber. This allowed the fabrication of a completely absorb-
able composite implant material. Commercial glass fiber pro-
duced from a lime—aluminum-borosilicate glass typically has
a tensile strength of about 3 GPa and a modulus of elasticity
of 72 GPa. Lin (1986) estimates the absorbable glass fiber to
have a modulus of 48 GPa, which compares favorably with
the commercial fiber. The tensile strength, however, was sig-
nificantly lower—approximately 500 MPa.

MATRIX SYSTEMS

Biomedical composites have been fabricated with both ab-
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 compuosite 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 obrain adequate mechanical strength. Poly(glycolic acid)
(PGA) was the first biodegradable polymer synthesized (Frazza
and Schmurt, 1971). It was followed by poly{lactic acid) (PLA)
and copolymers of the two (Gilding and Reed, 1979). These
ee-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 al., 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(imino carbonates), polycapro-
lactone, polyhydroxybutyrate, poly(amino acids), poly(ester
amides), poly{orthoesters), poly(anhydrides), and cyanoacryl-
dtes.

Absorbable polymers of natural origin have also been uri-
hized in biomedical composites. Purified bovine collagen, be-
cause of its biocompatibility, resorbabtlity, and availability in a
well-characterized implant form, has been used as a composite
matrix, mainly as a ceramic composite binder (Lemons ez al.,
1984). A commeraially available fibrin adhesive (Bochlogyros
et al., 1985) and calciam 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 techmques: 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 aircrafr and aero-
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FIG. 2. Filament-winding process for producing fiber-remforced composite

marerials. (Reprinted with permission from William F. Smith, Principles 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 s
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 art 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 impregnared
with polymer are fed into a heated die and then are slowly drawn out as a cured compaosite marerial with a constant cross-
sectional shape. (Reprinted with permission from William F. Smith, Principles of Materials Science and Engineering. p.

723, Fig. 12.26, 1986, McGraw-Hill.)

ing and continuous pultrusien, 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 13 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
pint fixation of bone fragments.

MECHANICAL AND PHYSICAL PROPERTIES
OF COMPOSITES

Continvous 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 preperties 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 evaluaton.

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 homaogeneous, linearly elastic, isotropic,
regularly spaced, and perfectly aligned.

3. The matrix is homogeneous, linearly elasuc, and 1so-
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 thar 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 berween 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 l[amina in the 1-2 directions are

E,=EV,;+ E,V, (n
. EE, . .
E,= T/_E Y "Lm i)
¥ T vﬂ:pm ki I‘;fpf (-ﬁ’}

vy By =k, (<)
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GG
< frm ~
Gy, VG VG,
V,=1-V, (6)

where E 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
a=Cge, §=1,2,...,6, (7)

where o; are the stress components, C;; is the stiffness matrix,
and g; are the strain components. An alternative form of the
stress-strain relationship is

=S, i=1,2,...,6, (8)

A

where §;; is the compliance matrix.

Given that C; = 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 orthetropic, 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

Ty = 0= 0y3 = oyq3, (9)

thus reducing the stress-strain relationship to

£ :}521 S 0]-|oy]. {10)

isz |Q11 Q, 0 €1
!01 ‘Qzl Qn 0 -ley, {(11)
{712 0 Ol 02

1

where Q, are the reduced stiffnesses. The equations for these
stiffnesses are

E,
§211-i“:7;;;;; (12)
' nE,
On :Q“:T-—vnj,: (13)
E,
O R p— (14)
Qs = G- (15)

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—v direction are

i

q"

Oy 1 i
oyl = (T | o], (16)
7-xy TIZ!
where [T 1] is
cos’ ¢ sin’ ¢ —2 sin ¢ cos ¢
[T"}=]| sin’¢ cos® ¢ 2sin¢cosdi. (17)

sinpcos¢d sindcosg cos® P — sin? ¢

The x and 1 axes form angle ¢. This matrix is also valid for
the transformation of strains,

Ex £ i
e | =T | e ). (18)
ll’xy ‘wllf

Finally, it can be demonstrated that

, } : (19)
|
i

xy

m =

&

o |
o, | =10,]| &
‘e

where [Q:,] is the transformed reduced stiffrress. The trans-
formed reduced-stiffness matrix is

. On Qu Qi
Q4= 1Qu Qn Q. (20)
Qi Q2 Qes

Q1 = Oy = 0 for a laminated symmetric composite, where

Q11 = Q) cos? ¢ + 2(Q1; + 2Qge) sin* ¢ cos?

. + Qs, sin® ¢ (21)
Q12 = (O + QO — 4Q4) sin’ ¢ cos® ¢
. + Oy, (sin* ¢ + sin* ¢) (22)
QO = Quysin* ¢ + 2(Q; + 2Q4) sin ¢ cos? ¢
_+ Q,; cos ¢ (23)
Q16 = (Q11 — Q12 — 2Q¢s) Sin @ cos’ ¢
_ + Q12— Q2 + 2Q44) sin’ ¢ cos (24)
Oz = (Q11 — Q12 — 2Q¢4) sin’ ¢ cos ¢

_ +(Q1 — QO + 2Q¢) sin ¢ cos® ¢ (25)
Qg = (Qn1 + Q2 — 201, — 2Q4) sin* ¢
X cos? d + Qg (sin® ¢ + cos* ). (26)

The transformation matrix [T~!] and the transformed re-
duced stiffness matrix [Q;] 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-
tnents.

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,

(o) = {O;)lew), (27)

where o are normal stresses, £ are normal strains, and [Q;] is
the stiffness matrix. The A, B, and D matrices are equivalent to

N
(Al = g (O k(g ~ by ) (28)
I\L
1Bi,51 =1 21 (Qii)k(h% - hi—l) (29)
N
Dyl = %;} (Qi* i — hi_y) (30)

The [A;] matrix expresses the extensional stiffnesses (in-plane
properties), the [B;] matrix the coupling stiffnesses, and the
[D;] matrix the bending stiffnesses. The letter & denotes the
number of laminae in the laminate with a maximum number
{N). The letter » 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 K* lamina is at the top.

The resultant laminate forces and moments are

N, £, k,
Ny | = (A1 ey | + Byl + |k, (31)
IN,, [y ke,
M, | € k.
M)’ = [Bn] 8‘) + [Di/] + ky . (32)
]Mxv’g xy kxy

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

N.t E.‘(
N)' 5 = [Ai,]' Ey |- (33)
a Nx)'é [ rxy

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.

| i 1 i i
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FIG. 4. Variations of longitudinal modulus of short-fiber composites against
aspect ratio for different fiber volume fractions (E,/E,, = 20). (Reprinted wirh
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

Ey _ 1+ QUdn,V,

R ) (34)
S+ 2,V

e ol A4 (35)
Em 1- 7)‘7"’;‘

_ EfE, 1 56

T EJE,, + 2(0/d) 26)

_EJE, 1 .

M EJE, v 2 37’

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,

Emndom = %Ei + %ETJ (38)

where E; and Er 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 E; and E; 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
velease) {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, rigidinternal 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 tamor 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 fibérs, 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. lts 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 et al. {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 biocompatibte 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. Damel, M. K. O. Chang, and K. P. Andriano, Mechanical properties of biodegradable polymers and
composites proposed for internal fixation of bone. J. Appl. Biomater. 1115778, Fig. 26, 1990, John Wiley &

Sons, knc.|

More in-depth research is needed concerning the optimization
of composite degradation rates.

NONABSORBABLE MATRIX COMPOSITES

Nonabsorbable matrix composites are generally used as
biomaterials to provide specific mechanical properties un-
attainable with homogeneous materials. Particulate and
chopped-fiber reinforcement has been used in bone cements
and bearing surfaces to stiffen and strengthen these structures,
To date, although they have been introduced into clinical prac-
tice, these materials have not been generally accepted and are
not in widespread use.

For fracture fixation, reduced-stiffness carbon-fiber-rein-
forced epoxy bone plates to reduce stress protection osteoporo-
sis have been made. These plates have also been used clinically,
but were found to not be as reliable or biocompatible as stain-
less steel plates. Consequently, they have not genetally been
accepted in clinical use. By far, the most studied and potentially
most valuable use of nonabsorbable composites has been in
total joint replacement.

Total joint Replacement

Bone resorption in the proximal femur that leads to aseptic
loosentng is an all-too-common occurrence associated with the

implantation of metallic femoral hip replacement components.
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
remodeling to reestablish a stable mechanical environment.
When applied to the phenomenon of bone loss around im-
plants, one can postulate that the relative stiffness of the metal-
lic componentis depriving bone of its accustomed load. Clinical
and experimental results have shown the significanr role that
the elastic characteristics of implants play in allowing the femur
to artain a physiologically acceptable stress state. Femoral stem
stiffness has been indicated as an important determinant of
cortical bone remodeling (Cheal et al., 1992). Composite mate-
rials technology offers the ability ro alter the elastic characteris-
tics of an implant and provide a better mechanical match with
the host bone, potentially leading to a more favorable bone
remodeling response,

By using different polymer matrices reinforced with carbon
fiber, a large range of mechanical properties is possible. $t. John
(1983) reported properties for +15° laminated test specimens
(Table 1) with moduli ranging from 18 to 76 GPa. However,
the best-reported study involved a novel press-fit device con-
structed of carbon fiber—polysulfone composite (Magee et al.,
1988). The femoral component designed and used in this study
utilized composite materials with documented biologic profiles.
These materials demonstrated strength commensurate with a
rotaily unsupported implant region and elastic properties com-
mensurate with a fully bone-supported implant region. These
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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 1 Typical Mechanical Properties of Polymer-Carbon
Composites {Three-Point Bending)

Polymer Ultimace strength (MPa) Modulus (GPa)
PMMA 772 55
Polysulfone 938 76
Epoxy

Stycast 535 30

Hysol 07 24
Polyurethane I8G 18

properties were designed to produce constructive bone remod-
¢ling. 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 potental for use in
load-bearing applications. An implant with appropriate elastic

7 N\ 4 N
( ) | |
\ / 7
P A M
POLYSULFONE

+ DIRECTIONAL
BRAID

UNI-DIRECTIONAL
CORE

FiG. 8. Construction derails of a femoral stem of a composite total hip
prosthesis, [Reprinted with permission from F. P. Magee, A. M. Weinstein,
J. A. Longo, |. B. Kaeneman, and R. A. Yapp, Clin. Orthapaed. Related Res.
235; 237-252, Fig. 1A, 1988, J. B. Lippincott.|

propertties provides an opportunity for a natural bone remodel-
ing response to enhance implant stabiliry.

SUMMARY

Biomedical composites have demanding properties that
allow few, it 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 rogether.
Such bonding may be accomplished by altering the surface
texture of the filler or by introducing coupling agents (i.c.,
molecules that can react with both filler and matnx}. However,
concerns abour the biocompatibility of coupling agents and the
high development costs of surface texture alteration procedures
have curtailed major developruents 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
markert 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 TuiN 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 eftected,
the mechanical properties and functionality of the device will
be unaffected, but the rissue-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—Blodgert (LB) films has elements
of both biological modification and physicochemical modifica-
tton. 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,

Lopead = Original Surface

Overcoat
* solvent coal
+ grafted surface layer
= metallization

Surface Gradient
* graft
+ inlerpanetraling network
*jon implant

Langmuir-Blodgett Overlayer
Self-Assembled Film

+ multiple layers are possible

Surface-active bulk additive
H H H H H CH, CH, CHy CH, CHy
9 799 1799971 Surface chemical reaction
PR - [EEEE

Etching and roughening

« surface chemical reaction is
also Irequently observed

FIG. 1. Schematic representations of methods to modify surfaces.
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TABLE 1| Examples of Surface-Modified Biomaterials

To Modify Blood Compatibility

Octadecyl group attachment to surfaces (albumin affinity)
Siticone-containing block copolymer additive

Plasma fluoropolymer deposition

Plasma siloxane polymer deposition

Radiation-grafred hydrogels

Chemically modified polystyrene for heparin-like activity

To Influence Cell Adhesion and Growth

Oxidized polystyrene surface

Ammonia plasma-treated surface

Plasma-deposited acetone or methanol film

Plasma fluoropolymer deposition {reduce endothelial adhesion to
1OLs)

To Control Protein Adsorption
Surface with immobilized poly{ethylene glycol) (reduce ad-
sorption;
Treated ELISA dish surface (enhance adsorption strength)
Affinity chromatography particulates (reduce adsorption or en-
hance specific adsorption)
Surface-cross-linked contact lens (reduce adsorption)

To Improve Lubricity

Plasma treatment
Radiation-grafted hydrogels
Interpenetrating polymeric networks

To Improve Wear Resistance and Corrosion Resistance

lon implantation
Diamond deposition
Anodization

To Alter Transport Properties
Plasma depositions (methane, flucropolymer, siloxane)
To Modify Electrical Characteristics

Plasma depositions (insulation layer)
Solvent coatings {insulator or conductor}
Parylene {insulation layer)

GENERAL PRINCIPLES

Surface modifications fall into two categories: (1) chemically
or physically altering the atoms, compounds, or molecules in
the existing surface (treatment, etching, chemical modifica-
tion), or (2} overcoating the existing surface with a material
having a different composition (coating, grafting, thin film
deposition) (Fig. 1). A few general principles provide guidance
when undertaking surface modification.

Thin Surface Modifications

Thin surface modifications are desirable. The modified zone
at the surface of the material should be as thin as possible.
Modified surface layers that are too thick can change the me-

chanical and functional properties of the material. Thick coat-
ings are also more subject to delamination. How thin should
a surface modification be? Ideally, alteration of only the outer-
most molecular layer (3—10 A) should be sufficient. In practice,
thicker films than this will be necessary since it is difficult to
ensure that all of the original surface is uniformly covered
when coatings and treatments are so thin. Also, extremely
thin layers may be more subject to surface reversal (see later
discussion) and mechanical erosion. Some coatings intrinsically
have a specific thickness. For example, the thickness of LB
films is related to the length of the surfactant molecules that
comprise them (25-50 A). Other coatings, such as poly(ethyl-
ene glycol) protein-resistant layers, may require a minimum
thickness (i.e., a dimension related to the molecular weight of
chains) to function. In general, surface modifications should
be the minimum thickness needed for uniformity, durability,
and functionality, but no thicker. This must be experimentally
defined for each system.

Delamination Resistance

The surface-modified layer should be resistant to delamina-
tion, This is achieved by covalently bonding the modified region
to the substrate, intermixing the components of the substrate
and the surface film at an interfacial zone, incorporating a
compatibilizing (“primer”) layer at the interface, or incorporat-
ing appropriate functional groups for strong intermolecular
adhesion between a substrate and an overlayer (Wu, 1982).

Surface Rearrangement

Surface rearrangement occurs readily. Surface chemistries
and structures can change as a result of the diffusion or transla-
tion of surface atoms or molecules in response to the external
environment {see Chapter 1.3 and Fig. 2 in that chapter). A
newly formed surface chemistry can migrate from the surface
into the bulk, or molecules from the bulk can diffuse to cover
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 ai., 1989;
Somorjai, 1990, 1991). The driving force for these surface
changes is thermodynamic—to minimize the interfacial energy.
However, sufficient atomic or molecular mobility must exist
for the surface changes to occur in reasonable periods of time.
For a modified surface to remain as it was designed, surface
reversal must be prevented or inhibited. This can be done by
cross-linking, sterically blocking the ability of surface struc-
tures to move, or by incorporating a rigid, impermeable layer
between the substrate material and the surface modification.

Surface Analysis

Surface analysis is needed. The surface-modified region is
usually thin and consists of only minute amounts of material.
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 I I I I

Langmuir—-Blodgett film deposition I I Iy v

Surface-active additives I I I Iy

Vapor deposition of carbons and metals’ v I v Iy

Vapor deposition of Parvlene ( p-xylylene) I I v v
Covalently attached coatings

Radiation grafting (electron accelerator and gamma) — —

Photografting (UV and visible sources) I — — v

Plasma (gas discharge) (RF, microwave, acoustic) I I v v
Gas phase deposition

fon beam sputtering I I v v

Chemical vapor deposition (CVD) — I I Iy

Flame spray deposition — I Iy Iy
Chemical grafting {e.g., ozonation + grafting) I I v Iy
Silanjzation I v I v
Biological modification (biomolecule immobilization) v v v i
Modifications of the original surface

lon beam etching (e.g., argon, xenon) I I v v

fon beam implantation (e.g., nitrogen) — I v v

Plasma etching {e.g., nitrogen, argon, oxygen, water I I I »

vapor)

Corona discharge (in air) I I Iy Iy

Ton exchange ot v » »

UV irradiation I % I %
Chemical reaction

Nonspecific oxidation (e.g., ozone) v Iy v Iy

Functional group modifications {oxidation, reduction) Iy — — —_

Addition reactions (e.g., acetylation, chlorination) % — —

Conversion coatings (phosphating, anodization)

‘Some covalent reaction may occur.
For polymers with ionic groups.

modification reactions. The potential for surface reversal to
occur during surface modification is also high. The reaction
should be monitored to ensure that the intended surface is
indeed being formed. Since conventional analytical methods
are often not sensitive enough to detect surface modifications,
special surface analytical tools are called for (Chapter 1.3).

Commerclalizability

The end products of biomaterials research are devices and
materials that are mass produced for use in humans. A surface
modification that is too complex will be difficult and expensive
to commercialize. It is best to minimize the number of steps
in a surface modification process and to design each step to
be relatively insensitive to small changes in reaction conditions.

METHODS FOR MODIFYING THE SURFACES
OF MATERIALS

General methods to modify the surfaces of materials are
illustrated in Fig. 1, with many examples listed in Table 2. A

few of the more widely used of these methods are briefly de-
scribed here. Some of the conceptually simpler methods, such
as solution coating a polymer on a substrate or metallization
by sputtering or thermal evaporation, are not elaborated
upon here.

Chemical Reaction

There are hundreds of chemical reactions that can be used
to modify the chemistry of a surface..In the context of ‘this
chapter, chemical reactions are those reactions performed with
reagents that react with atoms or molecules at the surface, but
do not overcoat those atoms or molecules with a new layer.
Chemical reactions can be classified as nonspecific and specific.

Nonspecific reactions leave a distribution of different func-
tional groups at the surface. An example of & nonspecific sur-
face chemical modification is the chromic acid. oxidation of
polyethylene surfaces. Other examples include the corona dis-
charge modification of materials in air; radiofrequency glow
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,
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nitrogen, carbon dioxide or water vapor environments; and
the oxidation of metal surfaces to a mixture of suboxides.

Specific chemical surface reactions change only one func-
tional group into another with a high yield and few side reac-
tions. Examples of specific chemical surface modifications for
polymers are presented in Fig. 2.

Radiation Grafilng and Photografting

Radiation grafting and related methods have been widely
used for the surface modification of biomaterials, and compre-
hensive review articles are available (Ratner, 1980; Hoffman
et al., 1983; Stannett, 1990). Within this category, three types
of reactions can be distinguished: grafting using ionizing radia-
tion sources {most commonly, a cobalt-60 gamma radiation
source), grafting using UV radiation (photografting) (Matsuda
and Inoue, 1990; Dunkirk er @, 1991), and grafting using
high-energy electron beams. In all cases, similar processes oc-
cur. The radiation breaks chemical bonds in the material to
be grafted, forming free radicals, peroxides, or other reactive
species. These reactive surface groups are then exposed to a

monomer. The monomer reacts with the free radicals at the
surface and propagates as a free radical chain reaction, incorpo-
rating other monomers into a surface-grafted polymer.

Three distinct reaction modes can be described: (1) In the
mutual irradiation method, the substrate material is immersed
in 2 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
temperatures. In this case, the materials are later contacted with
a monomer solution to initiate the graft process. (3) Finally, the
exposure to the radiation can take place in air or oxygen,
leading to the formation of peroxide groups on the surface.
Heating the material to be grafted in the presence of a monomer
or the addition of a redox reactant (e.g., Fe?*) will decompose
the peroxide groups to form free radicals that can initiate the
graft polymerization,

Graft layers formed by energetic irradiation of the substrate
are often thick (>1 um). However, they are well bonded to
the substrate material. Since many polymerizable monomers
are available, a wide range of surface chemistries can be created.
Mixtures of monomers can form unique graft copolymers
(Ratner and Hoffman, 1980). For example, the hydrophilic/
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hydrophobic ratio of surfaces can be controlled by varying the
ratio of a hydrophilic and a hydrophobic monomer in the
grafting mixture (Ratner and Hoffman, 1980; Ratner et al.,
1979).

Photoinitiated grafting (usually with visible or UV light)
represents a unique subcategory of surface modifications for
which there is growing interest. There are many approaches
to effect this photoinitiated covalent coupling. For example, a
phenyl azide group can be converted to a highly reactive nitrene
upon UV exposure. This nitrene will quickly react with many
organic groups. If a synthetic polymer is prepared with phenyl
azide side groups and this polymer is exposed simultaneously
to UV light and a substrate polymer or polymeric medical
device, the polymer containing the phenyl azide side groups will
be immobilized to the substrate (Matsuda and Inoue, 1990).
Another method involves the coupling of a benzophenone mol-
ecule to a hydrophilic polymer (Dunkirk et al., 1991). In the
presence of UV irradiation, the benzophenone is excited to a
reactive. triplet state that can covalently couple to many
polymers.

Radiation, electron, and photografting have frequently been
used to bond hydrogels to the surfaces of hydrophobic poly-
mers (Matsuda and Inoue, 1990; Dunkirk ez al., 1991) (see also
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.

RFGD Plasma Deposition and Other Plasma
Gas Processes

RFGD plasmas, as used for surface modification, are low-
pressure ionized gas environments typically at ambient (or
slightly above ambient) temperature. They are also referred to
as glow discharge or gas discharge depositions or treatments.
Plasmas can-be used to modify existing surfaces by ablation
or etching reactions or, in a deposition mode, to overcoat
surfaces (Fig. 1). Good review articles on plasma deposition
and its application to biomaterials are available (Yasuda and
Gazicki, 1982; Hoffman, 1988; Ratner et al., 1990). Some
biomedical applications of plasma-modified biomaterials are
listed in Table 3. Since we believe that REGD plasma surface
modifications have special promise for the development of
improved biomaterials, they will be emphasized in this chapter.

The specific advantages of plasma-deposited films {and to
some extent, plasma-treated surfaces) for biomedical applica-
tions are:

1. They are conformal. Because of the penetrating nature
of alow-pressure gaseous environment in which trans-
port of mass is governed by both molecular {line-of-
sight) diffusion and convective diffusion, complex geo-
metric shapes can be treated.

2. They are free of voids and pinholes. This continuous
barrier structure is suggested by transport and electrical
property studies (Charlson et al., 1984).

3. Plasma-deposited polymeric films can be placed upon
almost any solid substrate, including metals, ceramics,

TABLE 3 Biomedical Applications of Glow Discharge

Plasma-Induced Surface Modification Processes

A. Plasma treatment (etching)

1. Clean
2. Sterilize
3. Cross-link surface molecules

B. Plasma treatment (etching) and plasma deposition

1. Form barrier films
Protective coating
Electrically insulating coating
Reduce absorption of material from the environment
Inhibit release of leachables
Control drug delivery rate

2. Modify cell and protein reactions
Improve biocompatibility
Promote selective protein adsorption
Enhance cell adhesion
Improve cell growth
Form nonfouling surfaces
Increase lubriciry

3. Provide reactive sites
For grafting or polymerizing polymers
For immobilizing biomolecules

10.

and semiconductors. Other surface grafting or surface
modification technologies are highly dependent upon
the chemical nature of the substrate.

. They exhibit good adhesion to the substrate. The ener-

getic nature of the gas phase species in the plasma
reaction environment can induce mixing, implantation,
penetration, and reaction between the overlayer film
and the substrate.

. Unique film chemistries can be produced. The chemical

structure of the polymeric overlayer films produced by
the plasma deposition usually cannot be synthesized
by conventional organic chemical methods.

. They can serve as excellent barrier films because of

their pinhole-free and dense, cross-linked nature.

. Plasma-deposited layers generally show low levels of

leachables. Owing to their highly ctoss-linked nature,
plasma-deposited films contain negligible amounts of
low-molecular-weight components that might lead to
an adverse biological reaction and can also prevent
leaching of low-molecular-weight material from the
substrate.

. These films are easily prepared. Once the apparatus is

set up and optimized for a specific deposition, treatment
of additional substrates is rapid and simple.

There is a mature technology for the production of
these coatings. The microelectronics industry has made
extensive use of inorganic ‘plasma-deposited films
(Sawin and Reif, 1983).

Although they are chemically complex, plasma surface
modifications can be characterized by infrared (IR) (In-
agaki et al., 1983; Haque and Ratner, 1988), nuclear
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magnetic resonance {NMR) (Kaplan and Dilks, 1981),
electron spectroscopy for chemical analysis (ESCA)
(Chiikoti et al., 1991a), chemical derivatization studies
(Gombotz and Hoffman, 1988; Griesser and Chatelier,
1990, Chilkoti et al., 1991a), and static secondary ion
mass spectrometry (SIMS) (Chilkoti et al., 1991b,
1992).

11. Plasma-treated surfaces are sterile when removed from
the reactor, offering an additional advantage for cost-
efficient production of medical devices.

It would be inappropriate to cite all these advantages with-
out also discussing some of the disadvantages of plasma deposi-
tion and treatment for surface modification. First, the chemistry
produced on a surface can be ill defined. For example, if tetra-
fluoroethylene gas is introduced into the reactor, polytetraflu-
oroethylene will not be deposited on the surface. Rather, a
complex, branched fluorocarbon polymer will be produced.
This scrambling of monomer structure has been addressed in
studies dealing with retention of monomer structure in the final
film (Lopez and Ratner, 1991, 1992). Second, the apparatus
used to produce plasma depositions can be expensive. A good
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.
Finally, contamination can be a problem and care must be
exercised to prevent extraneous gases and pump oils from
entering the reaction zone. However, the advantages of plasma
reactions outweigh these potential disadvantages for many
types of modifications that cannot be accomplished by any
other method.

THE NATURE OF THE PLASMA ENVIRONMENT

Plasmas are atomically and molecularly dissociated gaseous
environments. A plasma environment contains positive ions,
negative ions, free radicals, electrons, atoms, molecules, and
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 of 107 to 107!%/cm?, and an operating pres-
sure of 0.025-1.0 torr.

A number of processes can occur on the substrate surface
that lead to surface modification or deposition. First, a competi-
tion takes place between deposition and etching by the high-
energy gaseous species (ablation) (Yasuda, 1979). When abla-
tion is more rapid than deposition, no deposition will be ob-
served. Because of its energetic nature, the ablation or etching
process can result in substantial chemical and morphological
changes to the substrate.

A number of mechanisms have been postulated for the depo-
sition process. A reactive gaseous environment may create free
radical and other reactive species on the substrate surface that
react with and polymerize molecules from the gas phase. Alter-
natively, reactive small molecules in the gas phase could com-
bine to form higher molecular weight units or particulates that
may settle or precipitate onto the surface. Most likely the
depositions observed are formed by some combination of these
two processes.

PRODUCTION OF PLASMA ENVIRONMENTS
FOR DEPOSITION

Many experimental variables relating both to reaction con-
ditions and to the substrate onto which the deposition is placed
affect the final outcome of the plasma deposition process (Fig.
3). A diagram of a typical inductively coupled radio frequency
plasma reactor is presented in Fig. 3. The major subsystems
that comprise this apparatus are a gas introduction system
(control of gas mixing, flow rate, and mass of gas entering the
reactor), a vacuum system (measurement and control of reactor
pressure and inhibition of backstreaming of components from
the pumps), an energizing system to efficiently couple energy
into the gas phase within the reactor, and a reactor zone in
which the samples are treated. Radio frequency, acoustic, or
microwave energy can be coupled to the gas phase. Devices
for monitoring the molecular weight of the gas phase species
(mass spectrometers), the optical emission from the glowing
plasma (spectrometers), and the deposited film thickness (ellip-
someters, vibrating quartz crystal microbalances) are also com-
monly found on plasma reactors,

RFGD PLASMAS FOR THE IMMOBILIZATION
OF MOLECULES

Plasmas have often been used to introduce organic func-
tional groups (e.g., amine, hydroxyl} on a surface that can be
activated to attach biomolecules (see Chapter 2.11). Certain
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 cepolymer surfactant
will adsorb to polyethylene via the propylene glycol block. If
the polyethylene surface with the adsorbed surfactant is briefly
exposed to an argon plasma, the poly(propylene glycol) block
will be cross-linked, thereby leading to the covalent attachment
of pendant poly(ethylene glycol) chains (Sheu et al., 1992).

HIGH-TEMPERATURE AND HIGH-ENERGY
PLASMA TREATMENTS

The plasma environments described here are of relatively
low energy and low temperature. Cansequently, they. can be
used to deposit organic layers on polymeric or inorganic sub-
strates. Under higher energy conditions, plasmas can effect
unique and important inorganic surface modifications on inor-
ganic substrates. For example, flame-spray deposition involves
injecting a high-purity, relatively finely divided (~100 mesh}
metal powder into a high-velocity plasma or flame. The melted
or partially melted particles hit the surface and solidify rapidly
(see Chapter 2.2 for additional information).

Silanization

The proposed chemistry of a typical silane surface modifica-
tion reaction is illustrated in Fig. 4. Silane reactions can ‘be
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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 artributed to their covalent, cross-linked structure. How-
ever, the link berween 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 strucrures. 1f
only surface reaction occurs (perhaps catalyzed by traces of
adsorbed surface water), a structure similar to thar 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

1
X—S5i—R
I
x
X = leaving group R = tunctional group
—Cl —{CH,;),CH;
—OCH,; —(CH,);NH;
—OCH,CH; —{CH,;),{CF,);CF;
CH;,
»-{CHZ}‘O—{";—C=CH1
8]
mcnlCHl~©
fon Beam Impiantation

The ion beam method injects accelerated ions with energies
ranging from 10! to 10° eV (1 eV = 1.6 X 107" joules) into
the surface zone of a material to alter its surface properties. It
is largely, bur not exclusively, used with metals and other
inorganic systems. lons formed from most of the atoms in the
periodic table can be implanted, bur not all provide useful
modifications of the surface properties. Important potential
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FBG. 4. The chemistry of a typical silane surface modification reaction. {A) A hydroxylated surface is

immersed in a solution conraining #-propyl trimethoxysilane (nPTMS), (B) One of the methoxy groups of
the nPTMS couples with 2 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 silane film nerwork, bur is not directly bound to the surface.

applications for biomaterials include modification of hardness
(wear}, lubricity, roughness, corrosion, conductivity, and biore-
action,

If an ion with an energy greater than a few electron volts
hits a surface, the probability that it will enter the surface is
high. High energy densities are also transferred to a localized
surface zone over short periods. Some considerations for the
ion implantation process are illustrated in Fig, 5. These surface
changes must be understood quantitatively for precise engineer-
ing of new surface characteristics. Many review articles are
available on ion implantation processes for tailoring surface
properties (Picraux and Pope, 1984; Sioshansi, 1987).

Specific examples of biomaterials that have been surface
altered by ion implantation processes are plentiful. Iridium
was ion implanted in a Ti-6Al-4V alloy to improve corrosion
resistance (Buchanan et al,, 1990). Implanting nitrogen into
titanium greatly reduces wear (Sioshansi, 1987). The ion im-
plantation of boron and carbon into type 316L stainless steel
improves the high-cycle fatigue life of these alloys (Sio-
shansi, 1987).

Langmuir—Blodgett Deposition

The Langmuir—Blodgett (LB) deposition method covers a
surface with a highly ordered layer. Each of the molecules

that assembles into this layer contains a polar head group
and a nonpolar region. The deposition of an LB film using
an LB trongh is illustrated schematically in Fig, 6. By pulling
the vertical plate through the air—warter interface, and then
pushing the plate down through the interface, keeping the
surface film at the air—warter interface compressed at all
times (as illustrated in Fig. 6), multlayer structures can be
created. Some compounds that form organized LB layers are
shown in Fig. 7. The advantages of films deposited on
surfaces by this method are their high degree of order and
uniformity. Also, since a wide range of chemical structures
can form LB films, there are many options for incorporating
new chemistries at surfaces. The stability of 1B films can
be improved by cross-linking or polymerizing the molecules
together after film formation, often through double bonds
in ecach molecule (Meller ez al., 1989). A number of research
groups have investigated LB films for biomedical applications
(Hayward and Chapman, 1984; Bird et al, 1989; Cho et
al., 1990). Many general reviews on these surface structures
are available (Knobler, 1990: Ulman, 1991).

Self-Assembled Monolayers

Self-assembled monolayers (SAMs) are surface-coating films
that spontanecusly form as highly ordered structures (two-
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dimensional crystals) on specific substrates (Maoz et al., 1988;
Ulman, 1991; Whitesides et af., 1991). In some ways SAMs
resemble LB films, but there are important differences. Exam-
ples of SAM films include n-alkyl silanes on hydroxylated sur-
faces (silica, glass, alumina), alkane thiols [e.g., CH3(CH,;),SH]
and dithiols on some metals (gold, silver, copper), amines and
alcohols on platinum, and carboxylic acids on aluminum oxide
and silver. Most molecules that form SAMSs have the general
characteristics illustrated in Fig. 8.

Two processes are particularly important for the formation
of SAMs (Ulman, 1991): a strong, exothermic adsorption
of an anchoring chemical group to the surface (typically
30-100 kcal/mol), and van der Waals interacrion of the alkyl
chains. The strong bonding to the substrate (chemisorption)
provides a driving force to fill every site on the surface and
to displace contaminants from the surface. This process is
analogous to the compression of the LB film by the movable
barrier in the trough. Once every adsorption site is filled on
the surface, the chains will be in sufficiently close proximity to
each other so that the weaker van der Waals interactive
forces berween chains can exert their influence and lead 1o
a crystallization of the alkyl groups. Molecular mobility 1s
an important consideration in this coating formation process
so that (1) the molecules have sufficient time to maneuver
inta position for a right packing of the binding end groups
at the surface and (2) the chains can enter the quasi-crystal.
The advantages of SAMSs are their ease of formation, their
chemical stability {often considerably higher than comparable
LB films), and the many options for changing the outermost

group that interfaces with the world. Although the discovery
of SAMs is relarively recent, biomaterials applications have
already been suggested (Lewandowska et al., 1989; Prime
and Whitesides, 1991).

Surface-Modifying Additives

Certain components can be added in low concentrations to
a material during fabrication and will spontaneously rise to and
dominate the surface (Ward, 1989). These surface-modifying
additives (SMAs) are well known for both organic and inor-
ganic systems. The driving force 1o concentrate the SMA at
the surface after blending the SMA with a biomaterial to be
surface modified (the bulk material) is energetdic—the SMA
should reduce the interfacial energy. To do this, two factors
must be taken into consideration, First, the magnitude of the
difference in interfacial energy between the system without the
additive and the same system with the SMA at the surface will
determine the strength of the driving force leading to a SMA-
dominated surface. Second, the mobility of the bulk material
and the SMA additive molecules within the bulk will determine
the rate at which the SMA reaches the surface, or if it will get
there at all. An additional concern is the durability and stability
of the SMA at the surface.

A typical SMA designed to alter the surface properties of
a polymeric material will be a relatively low-molecular-weight
diblock copolymer (see Chapter 2.3), The “A™ block will
be soluble in, or compatible with, the bulk matenial into
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FIG. 5. Some considerations for the ion implantation process.
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FIG. 6. Deposition of a lipid film onto 2 glass slide by the Langmuir—Blodgett technique. (A) The
lipid film s floated on the water layer. (B) The lipid film is compressed by & moveable barrier. (C)
The vertical glass slide is withdrawn while pressure is mamntained on the floating lipid film with the

maovahle barrier,

which the SMA is being added. The “B” block will be
incompatible with the bulk material and have lower surface
energy. Thus, the A block will anchor the B block into the
material to be modified at the interface. This is suggested
schematically in Fig. 9. During initial fabrication, the SMA
might be distributed uniformly throughout the bulk. After
a period for curing or an annealing step, the SMA will
migrate to the surface.

For example, an SMA for a polyurethane might have a
low-molecular-weight polyurethane A block and a poly(di-
methyl siloxane) (PDMS) B biock. The A block will anchor
the SMA in the polyurethane bulk (the polyurethane A block
should be reasonably compatible with the bulk polyurethane),
while the low-surface-energy, highly flexible, silicone B block
will be exposed at the air surface to lower the interfacial
energy (note that air is “hydrophobic”). The A block anchor
should confer stability to this system, However, if the system
is placed in an aqueous environment, a low-surface-energy
(in air) polymer (the B block) is now in contact with
water—a high interfacial energy situation. If the system,

after fabrication, still exhibits sufficient chain mobility, it
might phase invert 1o bring the bulk polyurethane or the A
block to the surface. Unless the system is specifically engi-
neered to do such a surface phase reversal, this inversion s
undesirable. Proper choice of the bulk polymer and the A
block can impede surface phase inversion.

Many SMAs for inorganic systems are known. For exam-
ple, very small quantities of nickel will completely alter the
structure of a silicon (111) surface (Wilson and Chiang,
1987). Copper will accumulate at the surface of gold alloys
(Tanaka et al, 1988). Also, in stainless steels, chromium
will concentrate (as the oxide) at the surface, imparting
corrosion resistance.

There are a number of additives that spontaneously surface-
concentrate, but are not necessarily designed as SMAs. A few
examples for polymers include PDMS, some extrusion lubri-
cants (Ratner, 1983), and some UV stabilizers (Tyler ef af.,
1992). The presence of such additives ar the surface of a poly-
mer may be unexpected and they will not necessarily form
stable, durable surface layers.



2.9 THIN FILMS, GRAFTS, AND COATINGS 115

CH,
N\
CHa H,C
H.C N\ !
R g A gecH, Ve
! r e H,C
¥ 0=C, i
N, (CH,CH,0), CH,
? s
Q0=C C=0 T CH.
% -P'O'Na’ HoG
{ » 0=P'O'Na 2
\ /_ 3 c{q,
{ < Wl HaG
AHC) (CHz), MG GO CH,
HoC  €H, o o HaG
[ CH
HaaCye CieHas 2
AOH
]
o]
Polymerizable Polymerizable Fatty Acid

Phospholipid

FIG. 7. Three examples ol molecules thar form organized Langmuir—
Blodgett films.

Converslon 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
chromated (with chromic acid). Aluminum is electrochemically

Surface interactions

77777 N

strong

anodized in chromic, oxalic, or sulfuric acid electrolytes. Anod-
ization may also be useful for surface-modifying titranium 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 biomaterials. Standard and recommended
techniques have been published (e.g., ASTM F4-86) and are
relevant for most musculoskeletal load-bearing sucgical 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 10°-10¢
titnes 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~*
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 (para-xylylene) coatings occupy 2 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 et al., 1984). The deposi-
tion method is also unique and involves the simultaneous evap-

Functional head group (e.g., CF3, -OH, HC=0)

Assembling structure (e.g., alkyl groups)

Attachment group (e.g., -COOH, silane, -SH)
interactions

ubstrate (e.g., gold, silica, Al;O3)

FIG. B. General characteristics of molecules that form self-assembied monolayers.
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post-Fabrication

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
simitar 1o & block. During fabrication, the block copolymer is randomly distrib-
ated throughout the support polymer, After curing or annealing, the & block
anchors the surface-modifying additive into the support, while the low-energy
B block migrates 1o the air—polymer interface.

oration, pyrolysis, deposition, and polymerization of the mono-
mer, di-para-xylylene (DPX), according to the following
reaction:

0
CHZ O >_ CHZ s
| = | —> CH =C>:CH

2 2
cnz—@’-— CH, —
Di-para-xylylene Para-xylylene

1) Vaporize 2) Pyrolize

i —[—CHQ——©—CH2-];

Poly (para-xylylene)

3) Depaosition

The DPX monomer is vaporized ar 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 coaring has excellent electrical
insulation and moisture barrier properties, and has been
used to protect implanted electrodes (Loeb et al., 1977h;
Nichols et al., 1984} and electronic arcuitry (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 ; ytrrium aluminum garnet (Nd : YAG), argon, and
CO,. Treatments are pulsed (100 nsec to picoseconds pulse
times) and continuous wave (CW), with interaction times often
less than | msec. Laser-induced surface alterations include
annealing, etching, deposition, and polymerization. The major
considerations in designing a laser surface treatment include
the absorption (coupling) berween 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 biocompatbility of the device
without the need for redesign, retooling tor manufacture, and
retraining of medical personnel.
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2.10 FABRICS
Shalaby W. Shalaby

The use of fabrics and other fibrous forms as biomaterials
dates back to the early Egyptians and Indians. Linen sutures
and strips was used by the Egyptians with natural adhesives
to draw the edges of wounds together to achieve proper healing
and retention of original strength. The American Indians used
horsehair, cotton, and thin leather strips (Shalaby, 1985) for
a similar purpose. More recent use of fabrics as biomaterials
was generally viewed as an extended application of the tradi-
tional woven and knitted forms of textiles. Prior to the develop-
ment of the polyethylene terepthalate-based vascular grafts
(Hoffman, 1977; Williams and Roaf, 1973), woven, nonwoven
and knitted cellulosic fabrics represented the major types of
fibrous materials used by the health care industry. Over the
past few decades, with the development of sophisticated poly-
mer and fiber processing technologies, nontraditional forms of
fabrics, and fabriclike fibrous products have become available
and used successfully as biomaterials in old and new applica-
tions (Boretos and Edeen, 1984). Hence, it is an objective of
this chapter to survey the major traditional and nontraditional
forms of fabric constructions and related products and provide
brief descriptions of the constituent materials, their processing
and properties. A list of physical and biological characteriza-
tion and test methods is also provided.

TYPES OF FABRICS AND THEIR CONSTRUCTION

Textile fabrics of woven, nonwoven, and knitted types have
been used in one or more biomedical applications. These fabrics
are made from a wide range of natural and synthetic fibers,
as described in fiber and textile science publications (Joseph,
1981, 1984; Labarthe, 1975; Moncrieff, 1975). Descriptions
of these fibers and their parent polymers are given in Tables
1-A to 1-C. The processing and characterization of fabrics are
addressed in detail in these publications. In a review of fibrous
materials for biomedical applications by Shalaby (1983), major
types of materials were highlighted. The formation and charac-
terization of unconventional constructions (some of which are
not assembled by fiber processing), such as expanded porous
poly(tetrafluoroethylene) (Gore-Tex, W. 1.. Gore and Assoc.,
Inc.) and hollow fibers, are discussed in a few reviews (Collier,
1970; Hoffman, 1977; Shalaby, 1985; Shalaby et al., 1984).
The characterization and testing of fibrous devices and fabric
surfaces have been reported in a few reviews (Cooper and
Peppas, 1982; Hoffman, 1977; Hastings and Williams, 1980).
Important aspects of these constructions are outlined in Ta-
ble 2.

Cellulose fibers from cotton or wood pulp are the natural
fibers most commonly used in the production of biomedical
fabrics and related construction. Highly absorbent cellulose
fibers, obtained in recent years by fermentation, may find use
in certain sanitary products such as napkins. The small produc-
tion of these fibers, however, may limit their application. Al-
though cellulose acetate and viscose rayon are less commonly
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

Type Chemical and physical aspects

Construction/useful

forms

Sterilization
method?

Comments/applications

Chitosan A biodegradable, partially deacetylated

product of the natural polysaccharide
chitin, based on free and acetylated
glucosamine units (commonly 70 and
30%, respectively).

Alginates Family of copolymers based on B-pD-ma-

nuronic and e-L-gluluronic acid resi-
dues, extracted from seaweed.

Regenerated fibers, used
as braids or woven
fabrics.

Regenerated fibers
mostly in nonwoven
form.

Ethylene oxide

Ethylene oxide

Used experimentally as surgical sutures

and meshes. {Skjak-Braek and San-
ford, 1989).

Used as wound-dressing components.

{Shalaby and Shah, 1991).

“The most common method of sterilization.

TABLE 1-B Typical Examples of Synthetic Nonabsorbable Polymers, Important Features, and Useful Forms

Polymer

Type

Chemical and physical aspects

Construction/useful
forms

Sterilization
method?

Comments/applications

Carbonized polvmers

Polyethylene (PE)

Polypropylene {PP}

Poly(tetrafluorceth-
ylene) (PTFE;

Nylon 6
Nylon 66

Aramids or Kelvar

Made usually by the graphitiza-
tion of organic polymers; dis-

play exceptional tensile
strength and modulus.
High-density PE (HDPE) melt-
ing temperacure (T,, = 125°).
Low-density PZ (LDPE) T,, =
110°, and linear low-density
(LLDPE).
Ultrahigh high molecular
weights PE (UHMWPE)
(T,, = 140~150°, exceptional
rensile strength and modulus.

Predominantly isotactic, T,, =
165-175°; higher fracture
toughness than HDPE.

High melting (T,, = 325°) and
high crystallinity polymer
(50-75% for processed ma-
terial).

T, = 45°, T, = 220°

Thermoplastic, hydrophitic

T, = 50°, T, = 265°

Thermoplastic, hydrophilic

A family of aromatic polyam-
ides that form liquid-crystal-
line solution.

Poly{ethylene terephthal- Excellent fiber-forming proper-

ate) (PET)

ties, T, = 265°, T, =

65-105°

Produced mostly as continu-
ous multifilament yarns or
chopped fibers.

Melt-spun into continuous
yarns for woven fabric
and/or melt blown to non-
woven fabrics,

Converted to very high tenac-
ity yarn by gel spinning.

Melt spun to monofilaments
and melt blown to nonwo-
ven fabrics.

Hollow fibers

Special procedures used (see
Table 2) for production of
expanded PTFE.

Monofilaments, braids
Monofilaments, braids

Multifilament yarns with
ultrahigh strength

Multifilament yarn for weav-
ing, knitting and braiding

E.O, G,
E.B.

E.O, G.

E.O.

E.O., A.

£E.O., G.

E.O, G.

E.O.,, G.

Used experimentally as load-
bearing composite pros-
theses.

The HDPE, LDPE and LLDP
are used in a broad range
of health care products.

Used experimentally as rein-
forced fabrics in light-
weight orthopedic casts,
ligament prostheses, and
load-bearing composites.

Sutures, surgical drapes, and
gown,

Plasma. filtration.

Vascular grafts, periodontal
inserts,

Surures

Sutures

Used experimentally in com-
posites.

Sutures, meshes and vascular
grafts.

“Most common methods of sterilization listed in a decreasing order of industrial acceptance: E.O. = Ethylene oxide, G. = GGamma 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. Absoerbable sutures and
met (T, = 225°, T, = weaving, knitting and meshes {for defect repairs
40-45°) braiding, sterilized by and periodontal inserts).
ethylene oxide.
10/90 Poly(l-lactide Thermoplastic crystalline co- Multifilament yarns, for E.O. Absorbable sutures and
coglycolide) (Poly- polymer, (T,, = 205°, T, = weaving, knitting and meshes.
glactin 910) 439 braiding, sterilized by
ethylene oxide.
Poly( p-dioxanone} Thermoplastic crystalline poly- Melt spun to monofila- E.O. Sutures, intramedullary pins
PDS) mer (T,, = 110-115°, T, = 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 T,, between 64 ment and multifilament
and 104° yans.
Isomorphic poly(hexa- A family of crystalline poly- Can be spun to monofila- E.O, G. Experimental sutures.

mers with T,, between 64
and 225°

methylene co-trans-
1,4-cyclohexane di-
methylene oxalates)

yarns.

ment and multifilament

“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
is growing rapidly. Among these are the alginates, chitosans,
and dextran, which are obtained from brown algae, crab shells,
and bacterial fermentation, respectively (Shalaby and Shah,
1991). Absorbable surgical sutures and meshes have been made
of chitosan (Skjak-Braek and Sanford, 1989). Chitosan and
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
most living tissue, has been used to produce absorbable sutures,
foams, and meshes. Another natural fibrous protein, silk, which
is produced by the silkworm, has been processed into braided
sutures. In contrast to these natural polymers, which degrade
or denature upon heating at 120°C or less, biosynthetic thermo-
plastic polyesters which can be melt processed, can be produced
by fermentation. These include poly(B8-hydroxybutyrate)
(PHB) and its copolymers with 8-hydroxyvalerate. Fibers made
of PHB were described as biodegradable materials, with
potential use in biomedical applications (see Shalaby, 1985,
p. 89).

With the exception of synthetic absorbable polymers, which
degrade to nontoxic by-products, no synthetic polymers were
manufactured specifically for the production of textile biomate-
rials. Hence, commercial textile fibers are virtually the only
available source for the production of nonabsorbable biomedi-
cal textiles. Therefore, these fabrics and fibers normally contain
typical. additives such as dyes, antistatic agents, delustrants,
photostabilizers, and antioxidants, which are used to achieve

specific textile characteristics that may not be necessary in
biomedical uses. The major polymers used in the production
of absorbable and nonabsorbable biomaterials are summarized
in Tables 1-A to 1-C. A few experimental absorbable polymers
and their projected applications are also included in those
tables.

PROCESSING AND CHARACTERISTICS OF MAJOR
TYPES OF CONSTRUCTIONS

Natural and synthetic fibers can be converted to different
forms and fabric constructions, as shown in Table 3. Woven
fabrics usually display low elongation and high breaking
strength. They are more stable mechanically than the flexible,
stretchable, knitted fabrics. The tensile or burst strength of
knitted fabrics is usually inferior to that of woven fabrics of
comparable densities. On the other hand, knitted structures
have superior elastic recovery and good wrinkle and crush
resistance and allow free circulation of gases and nonviscous
fluids. Needle felts display poor mechanical properties and
are used primarily as insulators or for liquid absorption. The
relevance of the fabric construction to the performance of
vascular grafts and new approaches to improving their func-
tional performance are discussed in the section on biomedi-
cal applications.

Fiber bonding is a major technique which is used to produce
large-volume fiber-bonded fabrics, otherwise known as nonwo-
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ven fabrics. These fabrics, made by different processes, are
used in large-volume health-care products where modest or
low fabric strength is required. Thus, they are used to produce
diapers, sanitary napkins, gauze, and bandages. Nonwoven
fabrics can also be {1) spun-bonded fabrics made directly from
thermoplastic polymers such as poly(ethylene terephthalate)
(PET), polypropylene (PP), polyethylene (PE), and nylon 6; (2)
spun-laced, light fabrics; and (3) solvent-bonded fabrics, where
a solvent is used to produce a fiber—fiber interface.

Other less common or experimental processes for producing
specialty woven fabrics and/or intricate forms of nonwoven
devices with microfiber constituents of micron dimension in-
clude (1) melt-blowing, in which a relatively low-viscosity poly-
mer such as PE or PP is extruded at high speed while being
injected with a high-pressure air jet, the resulting ultrafine
“fibrillar™ melt is collected onto a moving or rotating screen;

(2) solution-blowing, which is similar to melt-blowing except
that a polymer solution is extruded into a coagulating bath; and
(3) electrostatic spinning, in which fine streams of a polymer
solution are further subdivided into finer ones in the presence
of a strong elastostatic field before phase separation onto a
rotating mandril to eventually form microporous devices. Using
the latter process, a segmented polyurethane can be converted
to microporous vascular grafts (Berry, 1987; Fisher, 1987,
Hess et al., 1991). These fabrics and their biodegradable coun-
terparts have been evaluated as grafts for arterial reconstruc-
tion (van der Lei and Wilderuur, 1991; Hess et al., 1991).
Melt-blown, nonwoven fabrics are used in the production of
surgical gowns and masks.

In addition to the fabric constructions discussed here, micro-
porous or porous systems can be made to provide fabric-like
properties. These include the expanded Teflon and micropo-

TABLE 2 Specialty Fabrics, Their Constructions and Applications

Construction, finishing and

Composition distinct properties

Present and

potential applications References

Different types of carbon fibers
used in the form of chopped fi-
bers, continuous yarns, and oc-
casionally woven fabrics

Carbonized polymers

Collagen Highly purified, lyophilized colla-

gen fleece

High-density PE (HDPE) yarn
converted to woven tape (0.5
mm thickness, 3 mm width,
and 200 m? pore size).

Random flock made of 300 x 17
mm fibers

Knitted mesh coated with a poly(-
urethane) elastomer

Knitted, woven, and velour-type
(double, internal and external)
conduits

Polyethylene (PE}

Poly(ethylene tereph-
thate) {PET) Dacron

Polypropylene (PP} Microfabrics made by extruding
blends of PP, poly(ethylene-coa-
crylic acid) (ionomet, used as
sodium salt) and glycerine.
Sheets are extracted with water
to product PP random micro-
fiber mesh which yields non-
woven thin PP microfiber web
(microfabric) by freeze-drying
and tentering.

Poly(tetrafluoroethy-
lene) (PTFE)

Microporous, expanded forms
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.

Components of many experimen-
tal implants and devices, mostly
orthopedic prostheses

Bradley and Hastings
(1980)

Used for repair of mandibular de-
fects

Joos, Vogel and Ries (1980)

Evaluated as artificial tendons Hudge and Wade (1980)

Flocked blood pump bladder
Composite for reconstructive sur-
gery, patticularly mandibular

implants
Principal constructions for arte-
rial substitutes

Poirier (1980)
Leake et al. (1980)
Guidoin et al. {(1980)

Cell seeding substrates in blood
circulatory devices after coating
with parylene (a vapor phase-
deposited polymer of p-xyly-
lene). Rate-controlling mem-
brane in transdermal drug de-
livery.

Tittman and Beach (1980)

Vascular prostheses and sutures Snyder and Helmus (1988)
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TABLE 3 Conversion of Commercial fibers®

Major process Resulting constructions

Comments

Plain (with rib and basket variations), twill,
satin and doup (or gauze).

Pile (filling or warp) weave

Double weaves

Triaxial fabrics

Weaving

Knitting Plain single knit

Double knit (by interlock stitch)

Needle felting Needle felts {or needle-punched fabrics)

Braiding Braids with or without lightly twisted cores

Using simple or shuttleless loom.

At least 2 sets of filling yarn and 2 sets warp yarns are interfaced.
Require 3 sets of yarn to interlace at less than 90° angle, usually 2
sets of wrap yarn and one set of filling yarn.

Using filling (or weft) knitting on a flat-bed or circular machine.

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).

Mostly for surgical sutures.

?For details see Joseph {1981) and Labarthe (1975).

rous polypropylene noted in Table 2. Expanded Teflon has
been explored extensively for use in vascular prosthesis (Kogel
et al,, 1991).

CHARACTERIZATION, TESTING, AND EVALUATION

For biomedical systems, some of the characterization and
testing techniques are similar to nonbiomedical ones. However,
certain evaluation techniques can be unique to biomaterials
{Shalaby, 1983).

General Characterization Methods

General characterization methods usually address the con-
stituent polymer and fiber identity and include (1) microscopic
examination, (2) color spot testing, (3) solubility and swelling
behavior in synthetic media simulating biological fluids or com-
ponents thereof, (4) spectroscopic analysis (infrared, nuclear
magnetic resonance, UV-visible), (5) thermal analysis: thermal
gravimetric analysis (TGA), differential scanning calorimetry
(DSC), thermal mechanical analysis (TMA), and (6) diffraction
techniques {e.g., X-ray). Molecular weights of the constituent
polymers can be determined using gel permeation chromatog-
raphy, osmometry, and viscometry. The methods used to deter-
mine chemical identity, molecular weight, and concentration
and type of extractable impurities are critical to biomedical
uses of fabrics.

Biological Evaluation and Simuiated
in Vitro Testings

Biological evaluation and simulated in vitro tests are usually
designed to test prototypes or finished products. They vary
with the type of the device. However, most of them pertain to

cytotoxicity, mechanical compatibility, blood compatibility,
and degradation and retention of intended mechanical prop-
erties.

MAJOR BIOMEDICAL APPLICATIONS

From the perspective of an application site, the biomedical
uses of fabrics can be dealt with as external and internal appli-
cations.

External Applications

For applications which involve direct or close contact with
intact skin, the following types of products are being used:

Surgical gowns, made mostly from woven and nonwoven
cellulose, polyethylene, and polypropylene fibers

Masks and shoe covers made of gauze and nonwoven
fabrics, respectively

Sheets and packs based on laminates of plastic with
nonwoven fabrics

Adhesive tapes consisting of an adhesive, elastomeric film,
woven or knitted fabric strip, and nonwoven fabrics.

Internal Applications

Internal applications are primarily associated with (1)
wound repair and reconstruction of soft tissues such as sutures,
reinforcing meshes, and hemostatic devices; (2) cardiovascular
prostheses; (3) orthopedic prostheses, such as tendons and
ligaments; and (4) hollow fibers as in a typical dialysis unit.
Other applications associated with limited exposure to injured
tissues or mucous membranes include the use of dressings,
woven sponges, blood filters, and fiber-optical instruments.

From a functional viewpoint, the biomedical applications
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of fabrics can be divided into those dealing with (1) general
surgical applications, (2) cardiovascular system applications,
{3) musculoskeletal system applications, and (4) percutaneous
and cutaneous applications. Hoffman (1982) has presented a
detailed review of this functional classification. A summary of
this treatment and an update based on more recent reviews
{Shalaby et al., 1984; Shalaby, 1985; von Recum, 1986) are
given in the following paragraphs.

General Surgical Applications

General surgical applications include (1) sutures and threads
used to close wounds, (2) ligating threads to tie off bleeding
vessels, and (3} fiber- or fabric-reinforced implants for recon-
structive and reparative surgery of soft tissues. Commercial
sutures-are available as monofilaments or braid constructions.
They can be absorbable {or biodegradable), such as the polygly-
colide, braided sutures, or nonabsorbable as in case of polypro-
pylene monofilament sutures. Ligatures are similar to monofil-
ament sutures, but carry no needles. Among the common
implants for reconstructive and repairative surgery of soft tissue
are those made of silastic (a polysiloxane) reinforced with a
Dacron {polyethylene terephthelate) mesh or that has a Dacron
felr backing.

Cardlovascular System Applications

Included in cardiovascular system applications are those
dealing with vascular prostheses, prosthetic heart valves, and
heart assist devices. The most important applications of fabrics
in this category are those associated with vascular grafts (Kogel,
1991). These can be made of woven, knitted, or microporous
constructions. Other forms of vascular grafts are made of mi-
croporous. polyurethane and biodegradable polymers. For
heart assist devices, Dacron fibers are often used as a compo-
nent of a fiber-reinforced polymeric (e.g., a polysiloxane or
polyurethane) diaphragm of a blood-pumping chamber. Da-
cron and to a lesser extent Teflon (TFE), nylon 66, and polypro-
pylene have been used in prosthetic heart valves as “sewing
rings” (to suture the valve to surrounding tissues).

Musculoskeletal System Applications

Nonwoven graphite—Teflon fibrous mats have been used
as matrices for tissue ingrowth in stabilization of dental or
orthopedic implants. Similarly, these matrices have found ap-
plications in reconstructive and maxillofacial surgeries. An im-
portant application of fiber constructions is their use in artificial
tendons and ligaments. So far these applications are limited
to nonabsorbable materials. However, the use of absorbable
polymers is being explored.

Percutanecus and Cutaneous Applications

Among the most common percutaneous systems are the
shunts which have been developed to provide access to the
circulation for routine dialysis of the blood of kidney patients.
In most of these shunts, a short Dacron felt or velour cuff is
used in conjunction with a silastic tube as it exits from the blood

vessel. A successful application of fabrics in the development of
artificial skin, for use as a temporary burn dressing, consists
of a nylon velour on a synthetic polypeptide backing.
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2.11 BioLOGICALLY FUNCTIONAL

MATERIALS
Allan S. Hoffman

Polymers are especially interesting as biomaterials because
they can be readily combined physically or chemically with
biomolecules (or cells) to yield biologically functional systems
(Piskin and Hoffman, 1986). Biomolecules such as enzymes,
antibodies, or drugs, as well as cells have been immobilized on
and within polymeric systems for a wide range of therapeutic,
diagnostic, and bioprocess applications. The synthesis, proper-

TABLE ! Examples of Biologically Active Molecules That
May Be Immobilized on or within Polymeric Biomaterials

TABLE 2 Applications of Immabilized Biomolecules
and Cells

Enzymes

Antibodies, peptides, and other
affinity molecules

Drugs
Lipids
Nucleic acid derivatives and

nucleotides

Cells

Bioreactors {industrial, bio-
medical)

Bioseparations

Biosensors

Diagnostic assays

Biocompatible surfaces

Biosensors

Diagnostic assays

Affinity separations

Targeted drug delivery

Cell culture

Thrombo-resistant surfaces

Drug delivery systems

Thrombo-reststant surfaces
Albuminated surfaces

DNA probes
Gene Therapy

Bioreactors {(industrial)

Proteins/peptides Drugs
Enzymes Antithrombogenic agents
Antibodies Anticancer agents
Antigens Antibiotics
Cell adhesion molecules Contraceptives

“Blocking™ proteins

Drug antagonists

Saccharides Peptide, protein drugs
Sugars Ligands
Oligosaccharides Hormone receptors
Polysaccharides Cell surface receptors (pep-
Lipids tides, saccharides)
Fatty acids Avidin, biotin
Phospholipids Nucleic acids, nucleotides
Glycolipids Single ar double-stranded
Other DNA, RNA (e.g., antisense
Conjugates or mixtures of the oligonucleotides)
above

Bioartificial organs
Binsensors

ties, applications, and advantages and disadvantages of such
systems are discussed in this chapter.

Many different biologically functional molecules can be
chemically or physically immobilized on polymeric supports
(Table 1) (Laskin, 1985; Tomlinson and Davis, 1986). In
addition to such biomolecules, a wide variety of living cells
and microorganisms may also be immobilized. Both solid
polymers and soluble polymer molecules may be considered
as immobilization supports for covalent binding of biomalec-
ules. Solid supports are available in many diverse forms,
such as particulates, fibers, fabrics, membranes, tubes, hollow
fibers, and porous systems. When some of these solids are
water swollen they become hydrogels, and biomolecules and
cells may be immobilized within the aqueous pores of the
polymer gel network. Examples of applications of these
immobilized biological species are listed in Table 2. It can

TABLE 3 Bioreactor Supports and Designs

“Artificial cell” suspensions
(microcapsules, RBC ghosts, liposomes, reverse micelles [w/0] mi-
crospheres)
Biologic supports
(membranes and tubes of collagen, fibrin + glycosaminoglycans)

Synthetic supports
(porous or asymmetric hollow fibers, particulates, parallel plate
devices)
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TABLE 4 Examples of Immobilized Enzymes in Therapeutic

Bioreactors
Medical application Substrate Substrate action
Cancer treatment
L-Asparaginase Asparagine Cancer cell nutrient
L-Glutaminase Glutamine Cancer cell nutrient
L-Arginase Arginine Cancer cell nutrient
L-Phenylalanine Phenylalanine Toxin
lyase
Indole-3-alkane ¢ Tryptophan Cancer cell nutrient
hydroxylase
Cytosine 5-Fluorocytosine Toxin
deaminase
Liver failure
(detoxification)
Bilirubin oxidase Bilirubin Toxin
UDP-Gluceronyl Phenolics Toxin
transferase
Other
Heparinase Heparin Anticoagulant
Urease Urea Toxin

be seen that there are many diverse uses of such biofunctional
systems in both the medical and biotechnology fields. For
example, a number of immobilized enzyme supports and
reactor systemns (Table 3) have been developed for therapeutic
uses in the clinic. (Table 4) (De Myttenaere et al., 1967;
Kolff, 1979; Sparks et al., 1969; Chang, 1972; Nose et al.,
1983; Schmer et al., 1981; Callegaro and Denti, 1983; Lavin
et al., 1985; Sung et al., 1986). Some of the advantages
and disadvantages of immobilized biomolecules are listed in
Table 5, using enzymes as an example.

TABLE 5 Some Advantages and Disadvantages of
Immobilized Enzymes

Advantages
Enhanced stability
Can modify enzyme microenvironment
Can separate and reuse enzyme
Enzyme-free product
Lower cost, higher purity product
No immunogenic response (therapeutics)

Disadvantages
Difficult to sterilize
Fouling by other biomolecules
Mass transfer resistances (substrate in and product out)
Adverse biological responses of enzyme support surfaces (in vivo
or ex vivo)
Greater potential for product inhibition

TABLE 6 Biomolecule Immobilization Methods

Physical adsorption
van der Waals
Electrostatic
Affinity
Adsorbed and cross-linked

Physical “entrapment”
Barrier systems
Hydrogels
Dispersed {matrix) systems
Covalent attachment
Soluble polymer conjugates
Solid surfaces
Hydrogels

IMMOBILIZATION METHODS

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
the term “immobilization” can refer either to a temporary or
to a permanent localization of the biomolecule (or cell) on or
within a support. In the case of a drug delivery system, the
immobilized drug is supposed to be released from the support,
while an immobilized enzyme {or cell) in an artificial organ is
designed to remain attached to or entrapped within the support
over the duration of use, Either physical or chemical immobili-
zation can lead to “permanent” retention on or within a solid
support, the former being due to the large size of the biomolec-
ule (or cell). If 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;
Dean et al., 1985; Shoemaker, et al., 1987; Yang et al.,
1990; Park and Hoffman, 1990; Gombotz and Hoffman,
1986). Most of these are illustrated in Fig. 1. The same
biomolecule may be immobilized by many different methods;
specific examples of many of the most common methods
are shown in Fig. 2.

For covalent binding to an inert solid polymer surface, the
surface must first be chemically modified to provide reactive
groups (e.g., —OH, —NH,, —~COOH) for the subsequent immo-
bilization step. If the polymer support does not contain such
groups, then it is necessary to modify it in order to permit
covalent immobilization of biomolecules to the surface. A wide
number of solid surface modification techniques have been
used, including ionizing radiation graft copolymerization,
plasma gas discharge, photochemical grafting, chemical modi-
fication (e.g., ozone grafting), and chemical derivation (Hoff-
man, 1984; Gombotz and Hoffman, 1987; Hoffman et al.,
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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 ]. Feijen, in D. Williams,
ed., Critical Reviews in Biocompatibslity. CRC Press, 1985, pp. 225-260.)

1987; Hoffman, 1987). Soluble polymers may be chemically
derivitized or synthesized de novo with similar functional
groups.

A chemically immobilized biomotecule may also be attached
via a spacer group, sometimes called an “arm” or a “leash”
(Cuatrecasas and Anfinsen, 1971). Most often the spacer arm
reactive end groups are amine, carboxylic acid, and/or hy-
droxyl groups. Such spacer groups can provide greater steric
freedom and thus greater specific activity for the immobilized
biomolecule, especially in the case of smaller biomolecules.
The spacer arm may also be biodegradable and therefore will
release the immobilized biomolecule as it degrades (Ko-
pecek, 1977).

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
drug molecule, which may be attached to the polymer back-
bone via a biodegradable spacer group (Ringsdorff, 1975;
Kopecek, 1977; Goldberg, 1983). In another example, an
immunodiagnostic microtiter plate usually will be coated
first with an antibody and then with albumin, each physically
adsorbed to it, the latter acting to reduce nonspecific adsorp-
tion during the assay.

It is evident that there are many different ways that the
same biomolecule may be immobilized to a polymeric sup-
port. Heparin and albumin are two common biomolecules
which have been immobilized by a number of widely differing
methods. These are illustrated schematically in Figs. 3 and
4. Some of the major features of the different immobilization
techniques are compared and contrasted in Table 7. The
important molecular criteria for successful immobilization
of a biomolecule are that a large fraction of the available
biomolecules should be immobilized, and a large fraction of
those immobilized biomolecules should retain an acceptable
level of bioactivity over an economically and/or clinicaily
appropriate time period.

CONCLUSIONS

It can be seen that there is a wide and diverse range of
materials and methods available for immobilization of biomol-
cules and cells on or within biomaterial supports. Combined
with the great variety of possible biomedical and biotechnologi-
cal applications, this represents a very exciting and fertile field
for applied research in biomaterials.
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FIG. 4. WVanous 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 $/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

“Excepr for drug delivery systems.
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CHAPTER

Some Background Concepts

Taomas A. HorBeTT, BUDDY D. RATNER, JEFF M. SCHAKENRAAD, AND FREDERICK J. SCHOEN

3.1 INTRODUCTION
Buddy D. Ratner

Much of the richness of biomaterials science lies in its inter-
disciplinary nature. The two pillars of fundamental knowledge
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
present sufficient background material so that a reader might
reasonably follow the arguments presented later in this volume
on biological interaction, biocompatibility, material perfor-
mance and biological performance.

In as short a time as can be measured after implantation in
a living system (<(1.sec), proteins are already observed on
biomaterial surfaces. In seconds to minutes, 2 monolayer of
protein adsorbs to most surfaces. The protein adsorption event
occurs well before cells arrive at the surface. Therefore, cells
see primarily a protein layer, rather than the actual surface of
the biomaterial. Since cells respond specifically to proteins,
this interfacial protein film may be the event that controls
subseguent bioreaction to implants. Protein-adsorption is also
of concern for biosensors, immunoassays, marine fouling, and
a host of other phenomena. Protein adsorption concepts are
introduced in Chapter 3.2.

After proteins adsorb, cells arrive at an implant surface
propelled by diffusive, convective, or active (locomotion) mech-
anisms. The cells can adhere, release active compounds, recruit
other cells; or grow. These processes probably occur in response
to the proteins on the surface. Cell processes lead to responses
{some desirable and some undesirable) that physicians and
patients observe with implants. Cell processes at artificial sur-
faces are also integral to the unwanted buildup of marine
organisms on ships; and the growth of cells in bioreactors used
to manufactiure biochemicals. Cells at surfaces are discussed
in Chapter 3.3.

After cells arrive and attach at surfaces, they-may multiply
and organize into tissues. Synthetic materials can interact with
or distupt living tissues. The organization of tissues must be
understood to appreciate the response to synthetic materials
implanted in those tissues. Tissue structure and- organization
are reviewed in Chapter 3.4.

3.2 PROTEINS: STRUCTURE, PROPERTILS,
AND ADSORPTION TO SURFACES
Thomas A. Horbett

The importance of proteins in biomaterials science stems
primarily from their inherent tendency to deposit on surfaces
as a tightly bound adsorbate, and the strong influence these
deposits have on subsequent cellular interactions with the sur-
faces. It is thought that the particular properties of surfaces,
as well as the specific properties of individual proteins, together
determine the organization of the adsorbed protein layér, and
that the nature of this layer in turn determines the cellular
response to the adsorbed surfaces. Since the cellular responses
largely determine the degree of biocompatibility of the material,
the properties of proteins and their behavior at interfaces need
to be understood by those interested in biomaterials. Figure 1
illustrates the interaction of a cell with an adsorbed protein
layer on a solid substrate.

It'is also worth noting that this subject has other important
aspects, including the fact that the intetfacial behavior of pro-
teins is a fundamental, general property of proteins and en-
zymes that needs to be understood to fully appreciate protein
behavior. In addition, phenomena. at the air—water interface
{e.g., interfacial coagulation and foaming), at the oil-water
interface {e.g., the ““receptor” proteins located in cell mem-
branes that serve many important signalling functions), and
at the solid-liquid interface in nonbiomaterial settings {e.g.,

Biomaterials Science
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FIG. 1. Cell interacnion with an adsorbed protein layer on a solid substrate,
The cell is shown as a cireular 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
rriangles. The receptor protems 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 tniangle,
indicatng that the solunon and solid-phase forms of this same protein have a
different biological acaviry. The figure is schemaric and not 1o 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 1831, 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 2 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 thermodynamic stability of the pro-
tein variants and the changes in surface activity was found
{Horbert, 1993,

STRUCTURE AND PROPERTIES OF PROTEINS
RELEVANT TO ADSORFTION

The soluble proteins present in biclogical fluids such as
blood plasma and peritoneal exudate are the type of proteins
that are primarily involved in adsorption to implanted mareri-
als. Insoluble proteins, such as collagen, which form the struc-
tural basis of tissue, are not normally free ro diffuse ro 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 acds 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 keal 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 tension’
(i!:HJ
Isoleucine —CH—CH,—CH, Neutral 0.73 ~15.2
Phenylalanine o Neutral 0.61 -17.3
——(’:Hl~<\ /
Valine —~CH—CH; Neutral 0.54 -3.74
|
CH,
Leucine ~—CH,CH—CH; Neutral 0.53 —-21.9
CH;
Tryptophane Neutral 0.37 -9.6
“CHZ—ICF—@
HC.
N 7
H
Methionine —CH,—CH,—S—CH, Neutral 0.26 -3.01
Alanine —CHj Neutral 0.25 0.96
Glycine —H Neutral 0.16 1.12
Cysteine —CH,SH —SH: 8.3 Oto -1 0.04 0.69
Tyrosine —OH: 10.9 Ot —1 0.02 -15.1
«—cHz-Q—OH
Proline | | Neutral ~0.07 -0.49
HC . CH,
H,
Threonine —CH—OH Neutral —0.18 0.59
CH,
Serine -—CH,—OH Neutral ~0.26 0.76
Histtdine —NH-—: 6.0 0to +1 -0.40 1.03
—CHZ/\/ NH
N::.J
Glutamic acid —CH,—CH,—CO,H —CO,H: 4.3 Oto—1 -0.62 0.86
i
Asparagine —CH,—C—NH; Neutra) ~0.64 1.17
O
| e d
Glutamine -—CH,—CH,—C—NH, Neutral ~0.69 1.21
Aspartic acid ~—CH,—CO,H —CO,H: 3.9 Oto -1 -0.72 0.96
Lysine -—CH,—CH,—CH,—CH,—NH,; —NH,: 10.8 Oto +1 -1.1 0.92
N ‘ L
Arginine —CH,—CH,—CH,—NH—C—NH, —NH,: 12.5 0to +1 -1.8 1.03

“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).

*The values are the surface tension lowering of water solutions of the amino acids in units of ergs/cm?/mole per liter (Bull and Breese, 1974).
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transfer from water to an organic phase, whereas the double-
ringed indole group in tryptophan contributes 3.4 kcal. The
diverse character of the amino acid side chains, together
with the variations in the proportions of the amino acids
present in each particular protein, means that such physico-
chemical properties as their solubility and ability to interact
with surfaces are also diverse.

An important consequence of the primary sequence and its
inherent diversity in chemical nature is the fact that, unlike
most synthetic polymers, each protein has a single, distinct,
three-dimensional structure that it will assume under physio-
logical conditions {see Table 2). These shapes are dictated by
the formation of multiple noncovalent bonds formed through-
our the protein’s three-dimensional structure that leads to a
metastable state. With soluble proteins, these shapes are often
roughly spherical or globular in outline, although the important
plasma protein fibrinogen violates this somewhat because it is
elongated into a “three bead on a string” structure. More
important here than the particular structure assumed by a
protein is the fact that a unique arrangement of the amino acid
sequence in three-dimensional space exists for each protein.
Furthermore, the spatial arrangement results in the hydropho-
bic residues preferentially located “inside” the protein where
they are shielded from water, while the ionized and polar
residues are usually on the outside of the protein and in contact
with the aqueous phase.

This spatial arrangement of the amino acids in proteins has
a direct bearing on the interaction of proteins with surfaces
because it means that the many residues “buried” inside the
protein may not be able to participate in bond formarion with
the surface. For these interior residues to interact with the
surface, the protein would have to unfold. Furthermore, it
means that the type of residues that initially contact the inter-
face have essentially been narrowed to the largely polar residues
at the protein surface. The extremely wide range of chemical
interactions theoretically possible because of the many different
types of amino acid residues in the protein sequence does not
necessarily come into play because there is a strong, overriding
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/cm®. In comparison with water’s density of 1.0, or the
density of most synthetic polymers of about 1.1, this basic
fact about proteins reflects their tightly folded structure. It is
therefore convenient to think of proteins in a physicochemical
sense as guite compact, externally charged wax droplets in
water, in which the interior hydrophobic core is analogous
to wax and the surface amino acids are the charged species.
It is in this way that the polyelectrolyte behavior of proteins
is expressed. That is, owing to their large size and correspond-
ing large number of charged amino acid side chains of
varying acidity or basicity, proteins have on them a large
number of charges, both positive and negative, and these
are distributed around the exterior of the protein. Therefore,
depending on the pH and ionic strength of the media, a
large range of charge interactions can be expected between
the protein and a surface. The polyelectrolyte behavior is
expressed most clearly in the degree of adsorption. Many
proteins exhibit a maximum in the amount adsorbed to

neutral or slightly charged surfaces at a pH at which the
net charge on the protein is minimal, i.e., near the isoelectric
pH. On surfaces which themselves carry a large net charge,
however, the interactions are dominated by the degree of
opposition of charge on the protein and the surface, so that
negatively charged proteins adsorb preferentially to positively
charged surfaces and positively charged proteins adsorb pref-
erentially to negatively charged surfaces.

The structural singularity of a particular protein generally
applies only under conditions that are at least approximately
physiological, i.e., in the range of 0 to 45°C, pH § to 8, and
in aqueous solutions of about 0.15 M ionic strength. Beyond
these conditions, proteins are subject to the phenomena of
denaturation, a word which is meant to indicate that they
lose their normal nature or structure. The natural or “native”
protein can be made to undergo a transition to the denatured
form simply by heating it, for example. The denatured protein
is quite different than the native protein, and, in particular,
generally loses the “inside/outside” nature reflected in the pref-
erential location of polar residues on the surface and nonpolar
residues on the inside of the molecule. In-addition, the protein
also loses the singularity of its structure when it is denatured.
Instead, it will tend to become much more like a random coil
that is characteristic of synthetic polymers. Denatured proteins
typically lose their solubility, become much less dense, and lose
biological functions such as enzyme activity. The stability of
selected proteins listed in Table 2 is seen to vary greatly.

The retention of a protein’s native structure upon adsorp-
tion, even under physiologic conditions, is one of the more
interesting aspects of protein behavior at interfaces, for the
unfolded protein, with many more exposed hydrophobic amino
acid residues, is clearly capable of forming many more bonds
per molecule with a surface than the native protein. The multi-
ple bonding involved in adsorption to surfaces is a major fea-
ture that distinguishes the adsorption of proteins from the
adsorption of small molecules. Generally, proteins adsorbed
at the solid interface are not denatured (see the following dis-
cussion).

ADSORPTION BEHAVIOR OF PROTEINS AT
SOLID-LIQUID INTERFACES

The adsorption of proteins to solid surfaces qualifies for one
of the traditional definitions of adsorption in that it represents a
preferential accumulation of the protein in the surface phase.
The protein adsorbed to the surface does not merely reflect
the retention of a thin layer of the adjacent protein solution;
it is ot sorption as might occur on a porous, absorptive matrix
uch as filter paper. This can be seen from the fact that the
concentration of protein in the surface phase is much higher
than the bulk phase from which it came. Thus, for example,
typical values for adsorption of proteins are in the range of 1
ug/cm?, a plateau or monolayer value typically reached at
higher bulk concentrations (see Fig. 2). To convert this two-
dimensional value into an equivalent volumetric concentration
unit, we can assume a monolayer of a typical protein for which
a100-A (or 1076 ¢m) diameter is a good approximation. Then,



TABLE Z Properties of Selected Proteins

Protein Function Location Size Shape” pl 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 AG, = —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 $ 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 AG, = —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 53 AG, = —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 AG, = —16.8 kcal/mole Much less active at

thase (glu —
ileu) variant
alpha subunit

(12)

air—water inter-
face than wild type

“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 and Mackey, 1972; (10) Norde and Lyklema, 1991, p. 14; (11) Stryer,

1981, p. 191; (12) Yutani et al., 1987.
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a 1-cm? arca containing 1 ug corresponds to a local protein
concentration of 1/107% = 10¢ ug/em? or 1 g/em?. Given that
the density of a pure protein is 1.4 g/cm’, this layer is indeed
tightly packed. Furthermore, the 1 g/cm? is equivalent to 1000
mg/ecm?, which is far higher than the bulk protein concentration
of solutions from which such adsorbates form (trypically 1
mg/ecm?). Thus, the surface phase is often 1000 times more
concentrated than the bulk phase, corresponding to high local
concentration indicative of the existence of a very different
state of matter and thus truly deserving of a special term,
namely, the adsorbed state,

A second major feature of the adsorbed phase is the selectiv-
ity of the process that leads to enrichment of the surface phase
in one protein versus another. Here, we are speaking about
adsorption as it typically occurs to biomaterial surfaces, namely
trom a complex mixture of proteins in the bulk phase. Since
there is a imited amount of space on the surface of the solid
and it can only accommodate a small fraction of the total
protein rypically present in the bulk phase, there is comperition
for the available surface sites. The monolayer of adsorbed
protein 1s the limiting amount that can be adsorbed, resulting
in competition for sites on the surface (see Fig. 2). Second, as
has been discussed earlier, the proreins vary a great deal in
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their fundamental amino acid sequences and three-dimensional
structures and therefore have very different abilities to adsorb
to surfaces; their “surface acuvity” differs (see Table 2).

Therefore, depending on the two major driving forces for
adsorption, namely, the relative bulk concentration of each
protein and its intrinsic surface acavity, the outcome of the
competitive process of adsorption 15 an adsorbed layer that
is richer in some proteins than others; the surface composition
differs from the bulk coraposiuon. Furthermore, because the
proteins have different affinities for each type of surface,
the outcome of the competition is different on each surface,
Our concept of the adsorbed layer formed on solid surfaces
exposed to mixtures of proteins, then, is one in which
variable degrees of enrichment of each of the proteins occur,
so that, for example, some surfaces may be richer in albumin
while others have more fibrinogen. Table 3 contains some
surface enrichment data for the adsorption of plasma proteins
to several surfaces.

The adsorption of proteins 1o solid surfaces is largely irre-
versible and therefore leads to the immobilization of the protein
species in the surface phase since they are no longer free to
diffuse away. This is somewhat different from the idea one
has with gas adsorption, because there the molecules can often

Prrrerreciioesred

L O ¢ substrate

Side View

Adsorbed Protein Molecules

Top View

FIG. 2. Adsorption isotherms and the monolayer concepr,
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TABLE 3 Enrichment of Proteins Adsorbed
on Polyethylene Exposed to Blood Plasma

Protein Enrichment?
Fibrinogen 1.3
y-globulin 0.53
Albumin 0.88
Hemaglobin® 79

“Enrichment was calculated as the ratio of the
surface fraction of the protein compared with the
bulk fraction. The fraction in each case was calcu-
lated as the amount of each protein divided by the
total amount of all of the proteins listed in the table.
The data were measured in the author’s laboratory
using radiolabeled proteins to measure their adsorp-
tion from blood plasma.

*Hemoglobin is not considered a ‘“‘normal”
plasma protein, but is nonetheless present (typically
at 0.01 mg/ml or less) in most plasma and serum
preparations as a result of leakage from the red cells
during preparation of the protein fraction of blood.
In vivo, it would normally be present only in trace
amounts unless a disease that caused hemolysis ex-
isted.

desorb from the surface if the pressure is lowered. When the
solution phase variable corresponding to pressure is lowered—
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
rinsing. Effectively or operationally, the adsorption is irrevers-
ible unless some drastic change in the solvent is made, such
as the introduction of a detergent that binds strongly to the
adsorbed protein as well as the underlying substrate. The fact
that the proteins are effectively immobilized by the adsorption
process means that any of the processes they are normally
exposed to in the bulk phase will proceed very differently in
the surface phase, if only because the diffusion of one of the
species is now halted. Furthermore, since transport is generally
hindered near a solid interface, the approach and departure of
species with which the protein may interact is greatly altered.
Perhaps the most relevant consequence of the immobilization
of a protein in the field of biomaterials is the often-noted
phenomenon by which an adsorbed protein is able to cause a
cell for which it has a receptor to adhere to the adsorbed
protein—solid interface, whereas the same protein in the bulk
phase is not bound by the cell (illustrated in Fig. 1). This is
the case for fibrinogen and platelets; i.e., platelets adhere to
adsorbed fibrinegen, but do not bind dissolved fibrinogen.!
Table 4 contains a list of the platelet adhesion proteins present

'This applies to plateiets thar have not been previously activated by agonists
such as ADP or thrombin. Platelets exposed to agonists do bind bulk-phase
fibrinogen. See last section of 3.2 for further discussion.

in blood plasma (line 3¢) and the receptors affected by the
protein (line 3a).

The orientation of proteins in the adsorbed phase must
also be considered because the proteins are not uniform in
properties or structure across their surface. Indeed, the exis-
tence of regions that are enriched in one of the categories of
side chains discussed earlier, e.g., a “patch” of acidic residues,
is a feature that influences the functions of proteins. Similarly,
particular sequences of amino acids in the protein are well
known to bind specificially to a variety of agents, especially
to cell-membrane bound receptors. As far asis known, proteins
are not very free to rotate once adsorbed, owing to multiple
bonding, and therefore a fixed portion of the surface of the
protein is exposed to the bulk phase. The degree of uniformity
of such orientation is, however, not known. For example, it
is not known whether all the proteins are oriented the same
way in order to optimize the bonding of certain favorable
regions with the surface.

The reactions of proteins in the adsorbed phase may be
broadly classed into noncovalent reactions represented by
structural transitions, and covalent reactions, such as. those
that occur with protein complement C3 on hemodialyzer mem-
branes. In the latter case, the adsorption renders this protein
subject to proteolytic cleavage by other proteins in the comple-
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-
how prevents an inhibitor that normally is present, and nor-
mally prevents further activation, from doing its job.

TABLE 4 Principles Underlying the Influence of Adsorbed
Plasma Proteins on Platelet Interactions with Biomaterials

1. Synthetic foreign materials acquire bioreactivity only after first in-
teracting with dissolved proteins. The principal means by which
the transformation from an inert, nonthrombogenic polymer to a
biologically active surface takes place is the interaction of the
proteins with the surface, which then mediates cefl adhesion.

2. Platelets are a major example of why and how adsorbed proteins
are influential in cell-biomaterials interactions.

3. Sensitivity of platelets to adsorbed proteins is due to:

a. Receptors (IIb/1lfa and Ib/IX) bind specifically to a few of
the adsorbed plasma proteins, mediating adhesion.

b. Concentrating, localizing, immobilizing effects of adsorbing
proteins at the interface accentuate the recepror—adhesion pro-
tein interaction,

c. Adhesion proteins in plasma for platelets: fibrinogen, fibro-
nectin, vitronectin, and von Willebrand factor.

4. Principles of protein adsorption to biomaterials:

a. Monolayer adsorption and consequent competition for avail-
able adsorption sites means that not all proteins in the
plasma phase can be equally represented.

b. Driving forces: intrinsic sutface activity and bulk phase con-
centrarion.

c. Surfaces vary in selectivity of adsorption.

d. Biological activity of the adsorbed protein also varies on dif-
ferent surfaces.
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TABLE 5 Enthalpy of Adsorption of Proteins to Surfaces

Enthalpy of
Protein Surface” adsorption Reference
HSA a-Fe, 0, +1.9 mJ-m2atpHS  Norde, p. 275 in
+7.0 mJ-m~2 at pH 7 Andrade (1985)
RNMNase PS-H +4 m]-m~% at pH § Norde, p. 278 in

—2mJ-m~2 at pH 11 Andrade (1985)

“The o-Fe,0; surface referred to is hematite. PS-H is an abbrevia-
tion for negatively charged polystyrene latex particles of high surface
charge density.

Clotting factor XII also requires a surface to become active
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
change induced by the adsorption process is one of the better-
known cases in which a noncovalent change induced by adsorp-
tion occurs, but in general it is thought that all proteins that
adsorb to solid surfaces may undergo. limited conformational
change. Given the metastable condition of the protein molecule,
and the driving force for better adsorption through further
bond formation that would arise from. partial exposure of
residues in the protein interior, a change in the protein’s struc-
ture might seem to be likely. However, many proteins and
enzymes retain at least some of their biological activity in the
adsorbed state, and the solid phase immunoassay technique
relies on the use of adsorbed antibody or antigen whose struc-
ture cannot be totally altered for this method to work in the
binding of antigens or antibodies. Therefore, conformational
changes upon adsorption seem to be limited in nature; adsorp-
tion to solid surfaces does not seem to result in a fully dena-
tured protein.

The kinetics of adsorption of proteins to solid surfaces
generally consist of a very rapid initial phase that is diffusion
limited, followed by a slower phase upon approach to the
steady-state value. In the initial phase, the proteins typically
adserb as quickly as they arrive at the relatively empty
surface, so that plots of amount adsorbed versus time!’? in
this regime have the linearity characteristic of a diffusion-
controlled process. In the later, slower phase, it is presumably
more difficult for the arriving proteins to find and fit into
an empty spot on the surface.

The thermodynamics of protein adsorption are not easily
characterized because the process appears to be essentially
irreversible. Thus, when one exposes solid surfaces to a
series of increasing concentrations of protein solutions, and
then rinses away the bulk protein solution, an increasing
amount of protein is retained on the surface until a plateau
is reached at higher concentrations, as shown in Fig. 2,
where typical adsorption isotherms are shown. Because the
adsorption is irreversible, the calculation of an equilibrium
binding constant from a plot of adsorption versus bulk
concentration, and its conversion to a free energy value in
the usual way, is not a valid method to obtain thermodynamic

information. However, direct measurements of the heat of
adsorption have been made for several proteins on a variety
of surfaces and under various conditions of pH and tempera-
ture (see Table 5). The enthalpy of the adsorption process
has been observed to vary a great deal, even being positive
in some cases. The observation of positive enthalpies upon
spontaneous adsorption to certain surfaces must mean that
the process is entropically driven in these cases. The net
negative free energy characteristic of a spontaneous process
means that T AS is greater than the positive AH term in
the formula AG = AH — T AS. More generally, all protein
adsorption processes are thought to be strongly driven by
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
limited unfolding of the protein on the surface.

THE IMPORTANCE OF ADSORBED PROTEINS
IN BIOMATERIALS

Table 4 summarizes the principles underlying the influence
of adsorbed proteins in biomaterials used in contact with the
blood. All of the principles listed also apply in other environ-
ments such as the extravascular spaces, albeit with other pro-
teins and other cell types (e.g., macrophages in the peritoneum
adhere via other receptors and other adhesion proteins). The
platelets therefore provide a ““case study,” and we close this
chapter by considering this case.

The sensitivity of platelet—surface interactions to adsorbed
proteins is fundamentally due to the presence of adhesion recep-
tors in the platelet membrane that bind to certain plasma pro-
teins. There are only a few types of proteins in plasma that
are bound by the adhesion receptors. The selective adsorption
of these proteins to synthetic surfaces, in competition with the
many nonadhesive proteins that also tend to adsorb, is thought
to mediate platelet adhesion to these surfaces. However, since
the dissolved, plasma-phase adhesion proteins do not bind
to adhesion receptors unless the platelets are appropriately
stimulated, while unstimulated platelets can adhere to adsorbed
adhesion proteins, it appears that adsorption of proteins to
surfaces accentuates and modulates the adhesion receptor—
adhesion protein interaction. The type of surface to which the
adhesion protein is adsorbed affects the ability of the protein
to support platelet adhesion (Horbett, 1993). The principles
that determine protein adsorption to biomaterials include
monolayer adsorption, the intrinsic surface activity and bulk
concentration of the protein, and the effect of different surfaces
on the selectivity of adsorption.

More generally, all proteins are known to have an inherent
tendency to deposit very rapidly on surfaces as a tightly bound
adsorbate that strongly influences subsequent interactions of
many different types of cells with the surfaces. It is therefore
thought that the particular properties of surfaces, as well as
the specific properties of individual proteins, together deter-
mine the organization of the adsorbed protein layer, and that
the nature of this layer in turn determines the cellular response
to the adsorbed surfaces.
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3.3 CELLS: THEIR SURFACES AND

INTERACTIONS WITH MATERIALS
Jeff M. Schakenraad

THE CELL MEMBRANE

The mammalian cell is a highly organized structure. 1t is
composed of organelles, including a nucleus containing genetic
informaton (DNA, chromatin); mitochondria, the “power
plants” of the cell; the Golgi apparatus, the assembly area
of glycoproteins and lipoproteins; the endoplasmic reticulum
(smooth and rough), involved in protein synthesis and cellular
transport; and lysosomes containing proteolytic enzymes. The
remainder of the cell is cytoplasm (cytosol), containing the
cytoskeleton involved in cell movement.

The cell membrane surrounds the organelles and cytoplasm.
Different membrane regions correspond to different functions,
such as absorption, secretion, fluid transport, mechanical at-
tachment, and communication with other cells and extracellu-

lar matrix components. The membrane is a dynamic structure
composed of a double layer of phospholipids in which proteins,
glycoproteins, lipoproteins, and carbohydrates “float” (Fig. 1).
Intrinsic (integral) and extrinsic proteinacecus structures can
be distinguished, according to their position in the membrane.
During the past 60 years, several membrane models have been
proposed: The Danielli-Davson model (bilayer sandwich,
1935), the unit membrane model (1959) by Robertson, and
at present the fluid mosaic model, which postulates integral
proteins embedded in the lipid bilayer, but free to move later-
ally, and possibly projecting out of the bilayer at one surface
or the other.

Transport through the cell membrane (De Robertis, 1981)
can occur as passive permeability, using the electrical gradient
over the membrane, owing to unequal ion distribution. A trans-
membrane potential of about —50 to ~100 mV is maintained
by the exchange of Na* and K" aver the membrane. Active
transport can take place by using the “sodium pump,” a mecha-
nism that transports K™ into and Na™ out of the cell, against
their respective concentration gradients, using energy provided
by ATP. A third transport mechanism uses transport proteins,
carrier, and fixed-pore systems.

Communication with the world outside the cell primarily
takes place via receptors. Many receptors can only be acti-
vated by the binding of a specific molecule {e.g., antigen-
antibody binding). This specific binding induces a response
by the receptor molecule by interacting with the enzyme
adenylate cyclase, which in turn activates a second messenger
system on the inside of the cell by producing cyclic AMP
from ATP. This second messenger takes care of further
communication within the cell to create an appropriate
response to the original trigger.

Microfilaments in the cytoplasm, made of actin, myosin,
actinin, and tropomyosin can be connected with the cell mem-
brane via integrin structures (Fig. 2). This microfilament net-
work is responsible for 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).
Some integrins can bind to the RGD sequence (asginine, gly-
cine, aspartic acid) of fibronectin or other adhesive proteins
(e.g., thrombospondin, vitronectin, osteopontin). These adhe-
sive proteins, in turn, can bind to solid substrates, extracellular
matrix components, and other cells. This specific receptor is
thus used to connect the cytoskeleton with extracellular adhe-
sive sites, via the intermediate fibronectin.

The adhesive protein laminin can connect epithelial or endo-
thelial cells to their basal lamina (Gospodarowicz et af., 1981).
Proteoglycans such as heparan sulfate, chondroitin sulfate and
dermatan sulfate are associated with the basolateral cell mem-
brane (Rapraeger et al., 1986).

The extracellular matrix, the actual cellular glue, occurs in
two forms: interstital matrix (e.g., in connective tissue) and
basement membrane (e.g., in epithelium and endothelium). It
has collagenous molecules, glycoproteins, elastin, proteogly-
cans and glycoaminoglycans as its major constituents, its many
functions include mechanical support for cellular anchorage,
determination of cell orientation, control of cell growth, main-
tenance of cell differentiation, scaffolding for tissue renewal,



142 3 SOME BACKGROUND CONCEPTS

FIG, 1. Cell membrane consisting of a double layer of phospholipids (PL}, in which prateins (P), lipoproteins,
glycoproteins, etc. “float.” Some proteinaceous structures connect the outside of the cell with the inside le.g.,
integrins (1) or other specific receptor sites (R)]. These receptots 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 plague.
tween cells and extracellular matrix (illustrated by Fig. 3; Beck 3. Hemidesmosome: structure similar to desmosome, be-
and Lloyd, 1974): tween cells and extracellular matrix material.

Cell

Integrin

Fibronectin

Substrate 2/ 44 4
/////////////r/ ( /
FIG. 2. Integrin, cellular recepror site for fibronectin. The « and B subunits of the integrin are
only operative if calcium-is ptesent.
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Tight junction

Desmosome

Gap junction

FIG. 3. Cell-cell conract sites. The desmosome represents the strongest mem-
brane contact. Elements of the cyroskeleron make contact with the cell membrane
at the desmosome. The gap juncuon will allow diffusion of seluble products.
The tight junction prevents transport of solubles.

4, Tightjunction (zonula occludens): <§5-nm gap. Structure
formed when adjacent cell membranes adhere to each
other, creating a barrier 1o diffusion.

Adhesive sites berween cells and solid substrata can be de-
scribed as (Culp, 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 excracellular marrix 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, 1n 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-
tes (Fig. 5):

T
B

AP 30-50 nm

Ly

substratum

substrotum

FIG. 4.  Cell—substratum contact sites. (A) Focal adhesion sites are predomi:
nantly found at the boundaries of cellular extentions. The integrin connects the
cytoskelecon 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, fibronecting ECMC,
extracellular marrix contact; C, close contacr; 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 (G,4,) and repulsive electrostatic forces {G,). A secondary
minimum can be observed at approximarely 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+ Gypw

in which G is the sum of energy forces involved; Gypy is —H.a/
6D, which represents the van der Waals interaction between a
particle with a radius 4 and a distance D to a flat substratum;
H is the Hamaker constant; and G (:) Z, - Z, is the electrostatic
interaction between a particle and a solid plate, in which Z,
and Z, 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. 3). 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 et al., 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

Relative spreading
o
o

0 10 50 100
ys(mJ,m’z)

FIG. 6. Cell spreading as a function of substratum surface free energy (v,,
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 ceils and negatively charged substrata (Mar-
oudas, 1975). However, these results were obtained from in
vitro experiments. The high jonic 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 um) 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
wm. 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 wm) result in cell orientation. If the grooves are
wider than approximately 120 pum, 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 art 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, galvanoraxis,
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 =Y T Ya T Vi

in which AF,y, is the interfacial free energy of adhesion, y
is the cell-solid interfacial free energy, vy, is the cell-liquid
interfacial free energy and v, is the solid—liquid interfacial free
energy. If AF,y, < 0, adhesion and spreading are energetically
favorable, while if AF,y, > 0, adhesion and spreading are
unfavorable. Figure 7 illustrates the relationship between AF, 4,
and substratum surface free energy (or wettability). It should
be noted that hydrophobic substrata (y, < 40 erg-cm™%) 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
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FIG. 7. Interfacial free energy of adhesion (AF,4) as a function of substratum
surface free energy (y,). 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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metals, ceramics, and carbon (Jansen ez al., 1989); or found
the inverse relation: better adhesion on hydrophobic sur-
faces (Harbett and Schway, 1988). Some of the discrepancies
found can probably be explained by the fact that different
parameters (adhesion, spreading, growth) were investigated,
different cell types were used, or additional adhesive proteins
were used.

Baier {Baier, 1975) described a related phenomenon involv-
ing a hypothetical zone of optimal biocompatibility (biological
interaction) (Fig. 8). A nonadhesive zone between 20-30 m}/
m~2 critical surface tension (A) represents the hydrophobic
substrata. The area marked as “B” represents biomaterials
with good adhesive properties. It is obvious that there is a
similarity with cell spreading (Fig. 6). Only materials with a
minimal surface tension (or surface free energy) can provide
good adhesive opportunities for cells, from a thermodynamic
point of view.

Cell adhesion has also been described by the Langmuir
adsorption isotherm (Eckl and Gruler, 1988), in which cellular
adsorption and desorption is a rate-controlled process using a
high-affinity receptor. The thernsodynamic approach could not
be proved valid under these circumstances.

BIOCOMPATIBILITY

A biocompatible material has been defined as a material
that does not induce an acute or chronic inflammatory
response and does not prevent a proper differentiation of
implant-surrounding tissues (Williams, 1987) (see also Chap-

ter 5.2 on in vitro and Chapter 5.3 on in vivo assessment
of biocompatibility). It is recognized that some adverse tissue
reaction around the implanted biomaterial is inevitable, ow-
ing to surgical trauma during insertion. This definition implies
that biocompatibility depends on the purpose of the implant.
For example, the inside of a Teflon vascular prosthesis is
designed to present a blood-compatible surface, which means
it should not cause adhesion or activate the clotting or
complement cascade. The outside of this prosthesis, however,
must firmly attach to surrounding fibrous tissue, but not
induce excessive fibrous “hyperplaxia.” Thus, two goals are
incorporated into a single device.

Terms such as “bioinert” or “bioactive,” rather than “bio-
compatible,” more accurately describe the features required of
an ideal biomaterial or device. These terms better describe the
action or nonaction required from surrounding tissue and thus
are related to the choice of material and material characteristics
(hydrophilic/hydrophobic). In the early stages of developing a
new biomaterial or device, materials scientists should take into
account their demands on physicochemical properties and re-
lated cell biological requirements, in addition to mechanical
properties, polymer—chemical limitations, surgical require-
ments, and sterilization procedures.
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3.4 TISSUES
Frederick |. Schoen

The previous chapter by Schakenraad emphasized some
aspects of cell structure, function, and interaction with materi-
als. Here, we describe how the functicnal structure of cells,
tissues, and organs are adapted to the complex yet highly
organized and regulated activities that constitute mammalian
physiology. The underlying principle of organization of biolog-
ical systems is that structure is adapted to perform a specific
function. (Alberts et al., 1989; Borysenko and Beringer; 1989;
Darnell et al., 1990; Cormack, 1987; Fawcett, 1986; Weiss,
1989; Wheater et al., 1987). The key concepts of functional
tissue organization include:

1. Compartmentalization of structure into intracelluiar
and extracellular regions having well-defined
purposes, and the role of membranes in providing
barrier between these regions.

2. Cellular specialization, called differentiation.

.- Grouping of cell types into the basic tissues.

4. Partition and integration of specialized tissues into
functional units called organs.

5. The relative capabilities of different types of cells to
undergo regeneration following tissue injury.

6. Regulation and coordination of body function
through communication among cells, tissues, and
organs.

(%]

This chapter summarizes the concepts of structural and
functional adaptation at the subcellular, cellular, tissue, and
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organ levels, and describes the methods by which cells and
rissues are studied, The microscopic study of tissue structure,
called histology, will be emphasized.

ORGANIZATION OF CELLS AND TISSUES

Celi and Tissue Comparimentallzation

The structurat elements of the body ate cells and the extra-
cellular matrix they secrete. Although connective tissue cells
are particularly active in production of extracellular matrix,
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virtually all cells secrete extracellular matrix, whose molecules
are constantly remodeled.

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-
posed of deoxyribonucleic acid (DNA) (Fig. 1}. The partition-
ing of the cell interior into membrane-bound units allows
material to be segregated into regions of different chemical
environment that can be modified by selective molecular and
ionic transport. This allows regionally specialized functions.
Thus, cells are composed of distinct compartments of aqueous
solutions of complex proteins (including enzymes), called or-
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FIG. 1. A rypucal cell, demonstrating organelles and their distribution, as well as several specializations ol 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-
meability. All cells are separated from the external environment
by a limiting membrane, the plasmalemma, which acts as a
selective barrier,. recognizing and admitting some molecules
and ions, while excluding others.

The relative amount and types of organelles reflect and
support the specific functions of the cell. The most important
organelles of almost all human body cells are the nucleus (the
location of genetic material), mitochondria (the major sites of
breakdown of macromolecules for energy generation), endo-
plasmic reticulum (the site of synthesis of proteins and glyco-
proteins used both interpally and for export), the Golgi com-
plex (which modifies synthesized compounds, especially by
adding carbohydrates to- proteins and packing proteins into
membranes for export), and lysosomes (which usually contain
proteolytic enzymes for intracellular digestion of damaged cel-
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,
a complex network of protein filaments (including actin and
myosin) that provides structural support for all cells, and in
some cells is specialized for contraction (it is particularly well
developed in muscle cells) or motility (in macrophages and
sperm). The cytoskeleton also provides anchoring points for
other cellular structures.

The plasmalemma and membranes surrounding the organ-
elles are complex structures composed of a lipid bilayer inte-
grated with structural and functional proteins. Although it is
generally similar to organellar membranes, the plasmalemma
has different lipids, proteins, and carbohydrate groups that
project from the cell surface; some serve as receptors capable
of selectively linking with substances outside the cell. Many
important cell functions are mediated by receptors, including
phagocytosis, antibody production, antigen recognition, cell—
cell and cell—extracellular matrix interactions, and recognition
of biochemical signal molecules (e.g., hormones or other media-
tors) that impinge on the cell from the external environment.
Protein distribution in the plasmalemma is heterogeneous,
thereby focusing membrane activities in specific sites.

The plasmalemma has morphologic specializations that in-
clude junctional complexes between cells that are in close prox-
imity. For example, one such complex type is the gap junction,
which permits the transport from cell to cell of substances of
very low molecular weight, including regulatory molecules such
as cyclic adenosine monophosphate (cAMP) and ions such as
Ca?’. Gap junctions are prominent in epithelia (especially
liver), nerve cells, smooth muscle cells, and cardiac muscle
cells. In contrast, tight junctions have lateral cell specializations
that limit the passage of substances through the spaces separat-
ing adjacent cells lining ducts or glands, thereby sealing the
lumen from the extracellular environment. Desmosomes are
rigid structural anchors between adjacent cells of various types.
The plasmalemma also has a glycocalyx, a coat formed by the
oligosaccharide side chains of membrane glycolipids and glyco-
proteins.

Cell—cell contact phenomena are heterogeneous and form
a continuum with cell-extracellular matrix interactions. Cell—-
cell and ceil--matrix interactions have a high molecular speci-
ficity, requiring initial recognition, physical adhesion, electrical

and chemical communication, cytoskeletal reorganization,
and/or cell migration. Moreover, adhesion receptors may also
act as transmembrane signaling molecules which can transmit
information about the environment to the genome, thereby
mediating the effects of signals initiated by growth factors
or compounds controlling tissue differentiation. Moreover, in
both cell—cell and cell-matrix interactions, the other cells or
components of the extraceltular matrix {ligands) with which
cells interact are immobilized and not in solution. However,
soluble (secreted) factors also modulate cell—cell communica-
tion in the normal and abnormal regulation of tissue growth
and maturation. Cell surface adhesion molecules fall into sev-
eral structural families, including the calcium-dependent cell--
cell adhesion molecules, calcium-independent cell—cell adhe-
sion niolecules related to the immimoglobulins, the integrin
adhesion receptors, and the vascular selectins.

Cell Differentiation

Basic functional attributes of nearly all cells include nutrient
absorption and- assimilation, respiration, synthesis of macro-
molecules, growth, and reproduction. However, some cells
have specialized capabilities, such as irritability, conductivity,
absorption, or secretion of molecules not essential to the cells
that synthesize them (e.g., hormones, structural proteins, in-
flammatory mediators). Multicellular organisms are:.composed
largely of individual cells with -marked specialization of struc-
ture and function. These differentiated cells collectively define
a division of labor in the performance and coordination of
complex functions carried out in architecturally distinet and
organized tissues.

Differentiated cells have developed new and usually well-
defined structural and/or functional characteéristics associated
with increasing specialization. For example, striated muscle
cells have cross-banded filaments that slide on one another,
causing cellular contraction; renal tubular epithelial cells
have large numbers of mitochondria that generate intracellu-
lar fuels to drive pumps performing absorption and secretory
functions; and skin keratinocytes, in order to function as a
protective barrier, lose virtually all their organelles to become
scalelike structures filled with durable, nonliving keratin (a
cytoskeletal protein). The immune system is composed of
differentiated cells with specialized functional characteristics.
When cells are attacked by infectious microorganisms (e.g.,
bacteria, parasites, and viruses), specialized cells called phago-
cytes detect, migrate to, and attempt to ingest and destroy
these microorganisms or other foreign material. Polymorpho-
nuclear leukocytes (also called PMNs or neutrophils) are
particularly active against bacteria, and macrophages react to
other types of organisms and foreign material. Lymphocytes,
nonphagocytic but critical cells of the immune system, pro-
duce antibodies, attack infected or foreign cells, and regulate
the immune response.

The adaptive structural changes that occur during cellular
differentiation are usually irreversible. Moreover, increased
structural and functional specificity is generally accompanied
by not only a loss in the capacity for specialization in other
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
ovum is absolutely undifferentiated and has the capacity to
divide extensively, ultimately giving rise to progeny that com-
prise all the cells of the body. Conversely, nerve cells and heart
muscle cells are highly specialized; neither can reproduce itself
or regenerate following injury beyond fetal life.

Every diploid cell (i.e., having two sets of chromosomes)
within a single organism or within the body has the same
complement of genes, which code for all possible characteristics
of all cells and extracellular substances (except ova and sperm)
that comprise the body (called the genotype). Cellular differen-
tiation involves an alteration in gene expression. The physical
and biolagical characteristics that are expressed in a particular
cell constitute the phenotype. The term “modulation” is often
used to describe less dramatic functional and morpholagical
changes that occur through differential gene expression as an
adaptation to an altered environment in cells that are already
differentiated (e.g., activated cells).

Cells exist in a spectrum of physiological states (with resting,
or increased or decreased function) reflected by specific mor-
phologic appearances. These changes in activity, largely re-
garded as normal, highlight the dynamic nature of mammalian
functional structure. Cell populations respond to stimuli that
call for a great increase in physiological function either by
increasing their number (hyperplasia) or increasing their size
(hypertrophy), or both. Greatly increased cellular activity un-
der physiologic circumstances. includes the dramatically en-
Jarged smooth muscle cells of the myometrium that prepare
the uterus for labor, the enlarged cells of the biceps muscles
following exercise, the changes that breast lobular epithelium
undergoes in preparation for factation, 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
muscle cells can develop abnormalities in subcellular metabo-
lism which can cause them to fail, and hyperplastic growth
can sometimes result in precancerous and ultimately cancer-
ous lesions.

Extracellular Matrix

The functions of the extracellular matrix include: (1) me-
chanical support for cell anchorage; (2) determination of
cell orientation; (3) control of cell growth; (4) maintenance
of cell differentiation; (3) scaffolding for orderly tissue re-
newal; (6) establishment of tissue microenvironment; and (7)
sequestration, storage, and presentation of soluble regulatory
molecules. Matrix components markedly influence the main-
tenance of cellular phenotypes, affecting cell shape, polarity,
and differentiated . function through receptors for specific
extracellular matrix molecules on cell surfaces. Cells com-
municate with various matrix components using surface
receptors and peripheral and integral membrane proteins;
the resultant changes in cytoskeletal organization and possibly
in production of other second messengers can modify gene
expression. Conversely, cells produce and secrete matrix
molecules, often vectorially. These functions are accomplished

by reciprocal instructions between cells and matrix, an inter-
action termed ‘“‘dynamic reciprocity.”

Extracellular matrices are generally specialized for a partic-
ular function, such as strength {tenden), filtration (kidney
glomerulus), or adhesion (basement membranes generally).
The extracellular ‘matrix consists of large molecules linked
together into an insoluble composite. The extracellular matrix
is composed of (1) fibers (collagen and elastic) and (2) a
largely amorphous interfibrillary matrix (mainly proteogly-
cans, noncollagenous glycoproteins, solutes, and water).
There are two types of matrices: the interstitial matrix and
the basal lamina; the major components of each are collagen,
a cell-binding adhesive glycoprotein, and proteoglycans. The
interstitial matrix is produced by mesenchymal cells and
contains fibrillar collagens, fibronectin, hyaluronic acid, and
fibril-associated proteogtycans. The basal lamina is produced
by overlying parenchymal cells. Basal laminae contain a
meshlike collagen framework, laminin, and a large heparan
sulfate proteoglycan. To produce additional mechanical
strength, the extracellular matrix becomes calcified during
the formation of bones and teeth. Although matrix turnover is
quite slow in normal mature tissues, type-specific extracellular
matrix components are turned over and remodeled in re-
sponse to appropriate stimuli, such as tissue damage and
repair.

The fibrillar components of the extracellular matrix include
collagen and elastic fibers. Collagen represents a family of
closely related but genetically, biochemically, and functionally
distinct glycoproteins, of which at least fifteen different types
have been identified. Fibrillar collagens. also called interstitial

TABLE 1 The Basic Tissues: Classification and Examples

Basic Tissues Examples

Epithelial tissue

Surface Skin epidermis, gut mucosa
Glandular Thyroid follicles, pancreatic acini
Special Rerinal or olfactory epithelium

Connective tissue
Connective tissue proper
Loose Skin dermis
Dense (regular, irregular) Pericardium, tendon
Special Adipose tissue

Hemopoietic tissue, blood Bone marrow, blood cells
and lymph

Supportive tissue Cartilage, bone

Muscle tissue

Smooth Arterial ot gut smooth muscle
Skeletal Limb musculature, diaphragm
Cardiac muscle Heart

Nerve tissue Brain cells, peripheral nerve
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G. BASIC BODY ORGANIZATION

FIG. 2.  Early phases of embryological development, demonstrating both essential layering thar gives rise to the basic ussues
and the early derivation of tubular structures, (From D, H. Cormack, Ham's Histology, 9thed. Lippincort, 1987, with permission. !
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3 SOME BACKGROUND CONCEPTS

FIG. 3. Photemicrographs of histologic sections of the basic tissues. (A} Epithelium (skin epidermis, cutancous surface at
top;. Mataration oceurs by proliferation of basal cells {(arrows) and their migration to the surface to eventually become nonliving
keraun. (B} Full cross section of skin: K, kerarin: e, epidermus; and d, dermis. {C) Connective nssue (bone}, Verrebral trabecule
tarrow) 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, x142; C, #375; D and E, x349.
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FIG. 3.—continued

collagens (types I, 11, [1l and V), have periodic cross-striations,
Type I, the most abundang, is present in most connective tissues,
Type Ul collagen is a major component of hyaline cartilage.
The fibrillar collagens provide a major component of tissue
strength. Most of the remaining collagen types are nonfibrillar,
the most common of which is type 1V, a major constituent
of all basement membranes. Elastin fibers confer an elastic
tlexibility to tissues.

In the amorphous matrix, glycosaminoglycans (GAGs),
with the exception of hyaluronic acid, are found covalently
bound to proteins {as proteoglycans). Proteoglycans serve as
maijor structural elements of the extracellular matrix; some
proteoglycans are bound to plasma membranes and appear to
be involved in adhesiveness and receptor binding. A set of
large noncollagenous glycoproteins is important in binding
cells to the extracellular matrix, including fibronectins (the
best understood of the noncollagenous glycoproteins), lami-
nins, chondronectin, and osteonectins. Fibronectins, found
almost ubiquitously in the extracellular matrix, are synthe-
sized by many different cell types. The circulating form,
plasma fibronectin, is produced mainly by hepatocytes. Fibro-
nectin’s adhesive character makes it a crucial component of
blood clots and of pathways followed by migrating cells.
Thus, fibronectin-rich pathways guide and promote the mi-
gration of many kinds of cells during embryonic development
and wound healing.

Basement membranes provide mechanical support for
resident cells, serve as semipermeable barriers between
tissue compartments, and act as regulators of cellular
attachment, migration, and differentiation. They consist of
a discrere zone of amorphous, noncollageneous glycoprotein
mattix {including laminin), proteoglycans, and type IV col-
lagen.

Basic Tissues

The basic tissues play specific functional roles and have
distinctive microscopic appearances. They have their origins
in embryological development, a stage of which is the forma-
tion of a tube with three layers in its wall: (1) an outer layer
of ectoderm, (2) an inner layer of endoderm, and (3) a middle
layer of mesoderm (Fi