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Preface

Research in electrochemical science and technology has brought
about tremendous achievements. Beyond the traditional applications
in electronics, energy devices, aerospace, and automotive areas,
developments in electrochemistry are very important for many practi-
cal biomedical applications. In particular, developments related to
medical devices, implants, sensors, antimicrobially active materials,
drug delivery systems, etc. have significantly advanced in the past
few decades.

The aim of this volume of Modern Aspects of Electrochemistry is
to review the electrochemical aspects of the latest developments of
various materials used in biomedical applications.

Competent scientists/researchers in their respective fields from all
around the world were invited to write this volume.

In Chapter 1, by Ingrid MiloSev, properties of CoCrMo alloy for
biomedical applications are thoroughly analyzed. This alloy is one of
the most important alloys used in orthopedic and dental implantol-
ogy, due to its hardness, high wear resistance, and superior corrosion
resistance under physiological conditions. The chapter discusses the
electrochemical characterization of CoCrMo alloy under various
conditions simulating physiological circumstances, and results
in vitro and in vivo obtained thus far are critically evaluated. In addi-
tion, MiloSev discusses in detail the tribocorrosion behavior of
CoCrMo alloys, which is of tremendous significance for orthopedic
implants. It is believed that this chapter will bring to the readers basic
concepts and open a new window for future directions related to the
biomedical applications of CoCrMo alloys.

Chapter 2 by Magagnin, Cojocaru, and Secondo is devoted to the
exploitation of electroless methods for generating metallic nanostructures
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for biomedical technologies. Electroless deposition is a very viable
route for the synthesis of metallic nanostructures. This chapter dis-
cusses electroless deposition of Au, Ag, Cu, Ni, Co, etc. for a number
of biomedical applications. Applications to sensors and microdevices,
preparation and use of nanostructured metals for supporting and wiring
biomolecules for DNA analysis, and disease screening are discussed.
The use of nanostructures, such as nanorods and nanoparticles, is ana-
lyzed in view of their potential applications to nano-biotechnology.
Metallic nanostructures, developed via electroless deposition, may in
the future play a fundamental role in the understanding of different
interactions of biological systems at the nanolevel.

Sannakaisa Virtanen discusses corrosion behavior, surface
modification, and biocompatibility of biodegradable Mg alloys in
Chapter 3. Magnesium and its alloys are very attractive for applica-
tions as biodegradable implants, since they readily corrode in body
fluids. On the other hand, the corrosion products, namely Mg(II) ions,
are considered to be nontoxic. This chapter analyzes basic concepts
of Mg corrosion vis a vis possible biomedical applications as
implants. Hydrogen evolution, an increase in pH in the vicinity of the
corroding surface, and nonuniform propagation of dissolution of Mg
are analyzed. Importantly for the present volume of Modern Aspects
of Electrochemistry, Virtanen discusses surface modifications in
order to tailor the degradation and biological performance of Mg
alloys. Conversion coatings, e.g., MgF,, Ca-phosphate coatings, pro-
tein coatings, or self-assembled monolayers as possibilities for the
surface modification of Mg alloys are analyzed.

Chapter 4 by Norman, Thakur, and Thundat provides an overview
of the current literature on combined electrochemical-microcantile-
ver measurements, which may have significant applications in the
biomedical field. These devices have the potential to exhibit fast and
reliable detection of small concentrations of molecules in biofluids.
Nanoscale actuators are needed for a wide range of applications such
as robotics, artificial muscles, prosthetic, micromechanical, and
microfluidic devices. They can be operated under physiological con-
ditions, making them particularly well suited for biomedical applica-
tions. As this chapter clearly states, in order to achieve improved
performance for biomedical applications, development of microcan-
tilever sensors that allow for measurements in complex real-life
samples must be continued in the future.
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Preface vii

In Chapter 5 by Djoki¢, treatments of various surfaces with silver
and its compounds for biomedical applications are described. The
antimicrobial properties of silver are well known. Silver or its com-
pounds have been applied as coatings for devices used as topical
wound dressings, urinary catheters, endotracheal tubes, cardiac
valves, etc. In this chapter, electrochemical, chemical, and physical
treatments of various surfaces with silver and their antimicrobial
properties for biomedical applications are discussed.

This new volume of Modern Aspects of Electrochemistry brings
to scientists, engineers, and students new concepts and summarized
results related to surface treatments for biomedical applications,
which may have significant influence for future practical
applications.

Edmonton, AB, Canada Stojan S. Djoki¢
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Chapter 1
CoCrMo Alloy for Biomedical
Applications

Ingrid MiloSev

1.1 Introduction

Metallic materials used in biomedical applications have become
increasingly important as the number of various implanted devices,
e.g., orthopedic, cardiovascular, dental, and ophthalmological
implants, constantly increases. In addition to titanium-based alloys
and stainless steel, cobalt—chromium-molybdenum alloy (CoCrMo)
is one of the most important materials used in orthopedic applica-
tions, i.e., total hip replacements. The increasing number of
implanted hip replacements is the result of the prolongation of the
average life expectancy and an active lifestyle in older age. Among
the diseases of the joint that in most cases require surgical treat-
ment, osteoarthritis is the most important. After implantation of a
hip prosthesis, pain is reduced and the functionality of the joint is
recovered. The average lifetime of the implanted prosthesis is about
15 years. Compared to implants used in the 1970s, the lifetime of
contemporary hip prostheses progressively increases because of
progress in surgical techniques, treatment, material manufacturing,
and quality control. The ultimate goal is to produce hip prostheses
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2 1. Milosev

that would endure the average postsurgical lifetime of more than
20 years and enable the patient to live an active lifestyle without
pain. To achieve this goal, understanding alloy behavior in vitro and
in vivo is crucial.

As metallic materials were introduced into biomedical applications
in the 1940s—1950s, it was recognized that corrosion resistance is of
special importance. Early in vitro studies were performed in saline and
simulated physiological solutions, first mainly as static experiments.
Retrieval studies soon showed that some corrosion or corrosion-
initiated localized damage occurred at the metal components, and
in vitro studies were then conducted in a way to study possible local-
ized phenomena. In this chapter, the progress of early electrochemical
studies is summarized. It was also recognized early that the passivity
of an alloy to be used in the human body is based on the formation of
a thin passive film, but its characteristics were not known in detail. As
the applications of CoCr-based alloys in orthopedics intensified, the
interest in these materials increased as well. More sophisticated elec-
trochemical and surface analytical techniques were introduced in the
late 1990s and 2000s. In this chapter, these studies are reviewed,
including the most important results concerning the composition,
structure, and thickness of the passive oxide layer formed at the
CoCrMo alloy surface in simulated physiological solutions. The
majority of results are related to simple saline simulated physiological
solutions. The effect of phosphate ions is described in detail. It was
recognized, however, that a simple saline solution does not entirely
mimic in vivo conditions and that the effect of biomolecules should be
taken into account. As a model for biomolecules, the effect of a
complexing agent is discussed, followed by the effect of proteins,
mainly albumin. The formation and distribution of organometallic
compounds, as the most important compounds formed between metal
ions and proteins in vivo, is presented. It becomes clear that to
approach closely an in vivo situation, in vitro experiments should be
conducted in media containing biomolecules and living cells.

Tribocorrosion experiments can be regarded as a bridge between
the in vitro and in vivo situation. These experiments, conducted in
various media with special emphasis on the change in wear
mechanism caused by the presence of proteins, are presented. Finally,
studies performed on retrieved metal components are described to
identify the types of corrosion processes in vivo.
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1.2 CoCrMo Alloys and Their Properties

1.2.1 Development and Chemical and Physical
Properties of Cobalt-Based Alloys

Alloying of cobalt was developed most notably by E. Haynes at the
beginning of the twentieth century. Haynes developed a series of cobalt—
chromium alloys named Stellites [1]. In 1913, cobalt—chromium—tungsten
alloys (CoCrW) were patented. In the 1930s the cobalt-based alloy
Vitallium was patented and used for the manufacture of parts for air-
craft engines. In the original specification, it contained 30% Cr, 7%
W, and 0.5% C; later the tungsten was replaced by 5% Mo. A similar
alloy was developed also by Krupp in Germany. The composition of
these older alloys—Stellites, Vitallium, and HS—is given in Table 1.1.
Molybdenum is added to refine grain size, enhance solid solution
strengthening, and increase corrosion resistance. The composition of
CoCrMo alloys has not changed significantly since that time. The
largest change is related to the stricter control of the content of
carbon and, consequently, the more homogeneous distribution of
hard carbide grains and increased abrasion resistance of the
alloy. There are six ISO 5832 (International Organization for
Standardization) standards for Co-based alloys, which correspond to
various compositions and manufacturing processes. Four of these
are mainly used in orthopedics [2-5]. Today, the cast and wrought
alloys ISO 5832-4 and 5832-12 are primarily used in orthopedics.
According to the American Standards for Testing and Materials
(ASTM) classifications, these alloys are denoted as F-75 and F-1537,

Table 1.1 Composition of original Co-based alloys [1]
Composition/wt (%)

Alloy Co Cr Mo Ni Fe Mn W C Si
Stellite 1 CoCtW 50 33 13 25

Stellite 8 CoCrMo 63 30 6 0.2

Vitallium CoCrMo  62.5 30 5 0.5 0.5 0.2
HS-21 CoCrMoNi  Bal. 27-30 5-7 2-5 0.75 1 0.2-0.35

HS-25 CoCrNi Bal. 19-21 9-11 3 2 0.05-0.15
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respectively. These two alloys have almost identical composition but
differ in microstructure. There are two types of wrought alloys, low-
and high-carbon, which differ in carbon content. Other Co-based
alloys include CoCrWNi and CoNiCrMo wrought alloys, but these
alloys are less appropriate for use in orthopedics because of their poor
wear properties [6, 7]. Moreover, these two alloys contain nickel,
which raises concerns about biological reactivity.

Cast alloys have a chromium-rich matrix and larger grains. With
hot isostatic pressing, the grain size can be reduced to 8 pum. Cast
alloys exhibit an inhomogeneous, large-grained, cored microstruc-
ture. The dendritic regions are Co rich, whereas the interdendritic
regions can be a quaternary mixture consisting of various Co-rich,
Cr-rich, and Cr- and Mo-rich phases [1]. Wrought alloys have a face-
centered cubic structure that exhibits an austenitic microstructure
with finely distributed small block carbides.

Cobalt-based alloys are very tough materials. They can be described
as wear- and corrosion resistant and are stable at elevated temperatures.
Many properties stem from the crystallographic nature of cobalt, the
formation of a solid solution with chromium and molybdenum, and
consequent formation of extremely hard carbides [1, 7]. Co-based alloys
exhibit relatively high density (8.9 gem™) and high elastic modulus
(210253 GPa). These properties are less attractive compared to
Ti-based alloys, which exhibit lower density (4.5 gcm™) and an elastic
modulus (110 GPa) closer to that of bone. However, a combination of
high corrosion resistance, wear resistance, high hardness (300400
Vickers hardness), and ultimate strength (655-1,300 GPa) is the basis
for the applications of Co-based alloys in joint replacements [7].

1.2.2  Use of CoCrMo Alloys in Orthopedics

In addition to its use in engineering, in the 1930s Vitallium was also
used for the preparation of metallic dental casting as an alternative to
gold alloys, which had already become very expensive [1]. Vitallium
was introduced to orthopedics by Smith-Peterson in 1937 [1]. At
about the same time, H. Bohlman, using the work of Venable and
Stuck, designed a corrosion-resistant short stem made of Vitallium
[7]. In 1938 Philip Wiles designed the first total hip arthroplasty
made of stainless steel [2]. A steel ball was secured to the femur with
a bolt and a stainless steel acetabular liner was secured with screws.
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This design was rather disappointing because the stainless steel used
at that time was insufficiently corrosion resistant. Long-stemmed
prostheses appeared in the 1950s and provided less stress concentra-
tion. The design of the Wiles prosthesis was adopted in 1951 by G.K.
McKee and J. Watson-Farrar, at first using stainless steel, and later a
CoCrMo alloy. This design was a so-called metal-on-metal combina-
tion comprising a metal femoral head articulating within a metal
acetabular inlay. The cast CoCrMo alloy was considered satisfactory
for total hip replacements [8]. In the mid-1960s, poly(methyl meth-
acrylate) (PMMA) cement was used for fixation in hip arthroplasty
for the first time. The relatively high torque and frictional forces
resulted in the generation of metallic debris and early loosening. In
1960, John Charnley developed a “low friction” arthroplasty using an
acetabular shell made of polytetrafluoroethylene (PTFE, Teflon).
Unfortunately, this design resulted in early failures because of the poor
wear resistance of PTFE. Charnley then replaced PTFE with high-
density polyethylene, which was not as friction free as PTFE but much
more wear resistant. The femoral component was made of stainless
steel and had a 22-mm head [9]. The prototype of this prosthesis was
developed in 1962 and still remains the gold standard of hip arthro-
plasty with metal-on-polyethylene articulation. The basic Charnley
design was later modified by Muller (so-called Charnley—Muller pros-
theses) [10]. Stainless steel was replaced by CoCrMo alloy, and the
prostheses had a variable neck size and larger head size. The Charnley
prosthesis, which was the basic archetype, was followed by hundreds
of different designs and modifications. In the past 15 years, CoCrMo
alloy has been mainly used as a bearing surface, i.e., for the manufac-
ture of the femoral head in metal-on-polyethylene bearings where it
articulates against the interior of a polyethylene cup, and for the manu-
facture of femoral head and acetabular inlay in metal-on-metal bearings
of total joint replacements and surface replacements.

1.3 Early In Vitro Investigations and Relationship
to In Vivo Failures

The high corrosion resistance of a metal or alloy to be used in the
human body as a dental or orthopedic implant was immediately rec-
ognized as one of the most important prerequisites. “High strength
materials with extreme inertness are required,” as was noted by Hoar
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and Mears [11]. None of the implant materials is perfect in the sense
of fulfilling all mechanical, chemical, and safety requirements com-
pletely. Because body fluids, such as blood, plasma, and lymph, all
contain a considerable concentration of chloride ions, it was impor-
tant to recognize under which conditions the breakdown of passivity
may occur in vivo [11]. The authors emphasized that “even if no
visible breakdown occurs, i.e., the metal is in the passive state, per-
haps in many years in vivo transfer of metal to surrounding tissue
may be appreciable” [11].

Hoar and Mears investigated various stainless steel, CoCrMo, and
Ti-based alloys in 0.17 M NaCl and Hanks’ physiological balanced
salt solution [11]. Hanks’ “physiological” or balanced salt solution
fairly closely imitates (from the chemical aspect) the fluid in muscle
and bone [12]. Resting potentials (potential of an isolated specimen
after 480 h in stagnant solution open to the air) and breakdown poten-
tials (at which the anode showed a sharp increase of current when
potential was gradually raised) were measured. Stainless steels
exhibit breakdown potentials ~50-150 mV below the resting poten-
tial. Thus, film breakdown can always be expected where these alloys
are used in aerated solutions of 0.17 M chloride content. The resting
potential for Vitallium was 0.5 V, far less negative than the break-
down potential at 0.87 V. Thus, film breakdown is very unlikely.
Titanium alloys exhibit breakdown potentials >6 V, which is far more
positive than the resting potential in the range of 0.3-0.5 V. However,
under abrasion, scratching, or crevice conditions, healing of the oxide
layer by repassivation may take some time. In a crevice, the long and
narrow electrolytic path between it and the surface cathode may lead
to such a large ohmic drop through the solution that its repassivation
is not possible. The authors concluded that stainless steels (even of
the higher Cr-Ni quality) are “unlikely to resist all breakdown by
pitting when exposed to the body fluids (or other media containing
chloride) indefinitely; cobalt-based alloys may well withstand such
exposure for long times; titanium and (especially) some of its alloys
should withstand such exposure for an indefinite period” [11].

A.T. Kuhn reviewed corrosion of CoCr alloys in aqueous environ-
ments, among them also physiological media (0.9% NaCl and
Ringer’s solution) [13]. The literature data were divided into the
following categories: simple corrosion, stress corrosion, crevice
corrosion and pitting, fretting corrosion, couple corrosion, and corro-
sion in vivo. Various CoCr alloys (Wironit, Vitallium, and Wironium)
that were immersed for 2 months in solution containing 9 gl-' NaCl
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in an open beaker at 37°C showed only minimal corrosion (less than
0.2 ppm) [14]. Although the alloy was not susceptible to stress corro-
sion, crevice and pitting corrosion were observed. Co-based alloys
become more susceptible to crevice corrosion as Ni content increases
from 0% to 25%. Alloys with at least 20% Cr were more crevice
attack resistant when Mo content was 5% or more. The resistance of
Co-based alloy to pitting was high [15], but fretting corrosion may
harm the passive oxide layer.

Corrosion rates of metals in vivo based on the concentration of
metal ions in surrounding tissue after implantation in animals are
much higher than in vitro [16, 17]. This conclusion was achieved by
the authors presumably for two reasons. The first reason is chemical;
i.e., the composition of the environment is more corrosive than that
found in a simulated physiological solution. The second reason is that
crevice conditions are somewhat established by the surrounding tis-
sue. Therefore, in the following studies the occurrence of possible
corrosion processes under specific circumstances, e.g., crevice and
galvanic corrosion, was investigated in more detail. Alloys of cast
CoCrMo, wrought CoCrMo, wrought CoNiCrMo, and Ti—-6Al-4V
alloys were incorporated in specimens simulating couple and crevice
corrosion conditions [18]. The specimens were implanted in dogs for
30 months. No substantial evidence of corrosion activity on the sur-
faces of the metal was observed, except for a tarnish film on the
titanium alloy when coupled to a cast CoCrMo alloy. Because the
tarnish film was not observed in vitro, the authors concluded that
in vitro studies alone are not completely definitive and that a pros-
thetic device which is a composite of the cast CoCrMo and
Ti-6A1-4V alloys may be inappropriate [18].

The use of combinations of dissimilar metals in multi-alloy hip
prostheses leads to conditions in which galvanic corrosion may
appear. To check this possibility, cyclic polarization curves were
measured for individual and coupled CoCrMo and Ti—6A1-4V alloys
in 0.9% NaCl [19]. Galvanic coupling did not significantly enhance
corrosion tests. The resistance of CoCrMo alloy to pitting and crevice
corrosion was even improved by coupling to titanium alloy. No exag-
gerated corrosion caused by the coupling was noted on retrieved
Sivash prostheses that incorporated both these alloys [19]. Based on
potential versus time curves measured in isotonic saline solution of
low pH (1.5) to accelerate corrosion, a conclusion was reached that
CoCrMo alloys should not be used in combination with stainless steel
but may be used in combination with titanium alloy [20]. The specimens
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were fabricated from a CoCrMo alloy (HS21) cylinder force fit in a
large titanium alloy, or a stainless steel cylinder, to give a surface-to-
area ratio of 1:4 and a crevice between metals. As similar results were
obtained by other authors [21, 22], it was concluded that the corro-
sion rate in a stable passive region is not significantly increased by
coupling; thus, what is of interest is how coupling affects the resis-
tance of the alloys to pitting or accelerated general corrosion, i.e., to
local or general passive film breakdown.

Potentiostatic polarization curves for individual specimens in
0.9% NaCl (pH 7) showed that stainless steel is very susceptible to
pitting [21]. No pitting was observed for Co- and Ti-based alloys,
although the Co-based alloy indicated possible susceptibility to pitting
or crevice corrosion [21]. Lucas et al. investigated susceptibility of
surgical CoCr alloy to pitting corrosion in vitro and in vivo [23]. The
in vitro study comprised cyclic polarization curves in 0.9% NaCl at
37°C at pH 7.0 under both aerated and deaerated conditions. Current
hysteresis, as a typical feature of pitting corrosion according to the
protection potential theory, was observed only for alloy passivated in
phosphoric acid, but not for a nonpassivated alloy. However, no evi-
dence of pitting corrosion was revealed. Also, the examination of the
nonbearing surface of hip prostheses made of cobalt alloy after in vivo
implantation up to 6 years showed no features uniquely identified as
the result of pitting corrosion. Casting microporosity was observed on
retrieved femoral heads, which could mistakenly be identified as pit-
ting corrosion. Because passivating treatment either changed the sur-
face chemistry of the oxide layer or increased it, it was hypothesized
that current hysteresis is related to the breakdown of this preestab-
lished passive film followed by a repassivation. This behavior should
not be associated with pitting corrosion as is normally taken to be the
case by application of the protection potential theory. Based on these
results, it was concluded that CoCrMo alloy will not undergo pitting
under static conditions. However, when the alloy is either severely
cold worked or subjected to fretting or a cyclic loading condition,
pitting corrosion has been observed in vitro [24, 25].

Forged CoCrMo alloy exhibited higher resistance to pitting and
crevice corrosion in media containing chlorides than cast alloy, which
was ascribed to a more homogeneous and finer-grained structure [26].
This alloy also exhibits total resistance to stress corrosion cracking in
the elastic and even plastic range. Under movements of parts made of
forged and cast alloys, no galvanic corrosion was observed, as both the
cast and forged alloys remained in the stable passive state.
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1.4 Electrochemical Studies on Individual Metals
in Simulated Inorganic Physiological Solution

In their early study, Hoar and Mears emphasized that the extremely
slow release of cobalt and titanium into the surrounding environment is
caused by the passage of cations through their passivating oxide film,
without breakdown [11]. It was also noted that all the alloys protect
themselves by formulation of a passive film [27]. In this chapter the
properties of the passivating oxide layer formed on CoCrMo alloy
under simulated physiological solution in the light of more recent stud-
ies and sophisticated electrochemical and surface analytical techniques
are discussed. First, electrochemical behavior of the individual metal
components—Co, Cr, and Mo—of the CoCrMo alloy is presented. The
effect of the presence of chloride ions, which are abundantly present in
simulated physiological solutions, is also discussed. Then, the results
for the CoCrMo alloy are presented, accompanied by discussion of the
effect of particular metal components.

1.4.1 Electrochemical Studies on Cobalt

Cyclic voltammograms (CVs) for Co metal recorded in 0.9% NaCl
(NaCl), simulated Hanks’ physiological solution (SPS), and phos-
phate buffer solution (PBS) are depicted in Fig. 1.1. The composition
of the solutions used is given in Table 1.2. CVs recorded in chloride-
based solutions—NaCl and SPS—are very similar, with much shorter
passive range compared to nonchloride-containing phosphate buffer.
Let us first discuss the behavior in the latter solution. The CV shows
typical features of anodic behavior of cobalt in alkaline solutions,
which is relatively complex and depends on the potential range. It can
be divided into active dissolution, passivity, transpassivity, and oxy-
gen evolution [30, 31, 43-47]. At pH 7-10, the primary passivity is
caused by the formation of CoO or, more likely, the hydrated oxide,
Co(OH),:

Co+2H,0 — Co(OH), +2H" +2e¢",
E, =0.166-0.0591 pH (SHE) (1.1)

The shape of active/passive transition (the height of the anodic
peak) and the extent of the passive region are dependent on the
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Fig. 1.1 Cyclic voltammograms (CV) recorded for cobalt (a), molybdenum
(b), and chromium (c) in 0.9% NaCl, simulated Hanks’ physiological solution
(SPS), and phosphate buffer solution (PBS). dE/dt=50 mV s~'. Inset in (c) depicts
CV with expanded current density scale
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Table 1.2 Composition of various media used to study the behavior of CoCrMo
alloy

Solution (pH)* Composition References

0.9% NaCl, pH=7.4 9.08 g1-! NaCl This work
(adjusted by conc. HCI1
and conc. NaOH)

0.14 M NaCl, pH=7.4 8.2 gl NaCl [28]
(adjusted by conc.
HCI and conc. NaOH)

0.14 M NaCl, pH=7.4 8.2 gI”! NaCl [29]
(adjusted by conc.
HCI and buffered
via the use of Tris")

Hanks’ simulated physiological 8 gl™' NaCl, 0.4 gl*' KCI, [This work,
solution (SPS), pH=7.4 0.35 gI”' NaHCO,, 30-38]
(adjusted by 1 M 0.25 gI' NaH,PO,-H,O,

NaOH, nonbuffered) 0.19 g1 CaCl,2H,0,

0.19 g1 MgCl,, 0.06 gI!
MgSO,-7H,0, 1 gI™! glucose
Simulated physiological fluid ~ 0.14 M NaCl, 1 mM KH,PO,, [29]

(SBF), pH=7.4 (adjusted 2.5 mM CaCl,, 3 mM KClI,
by conc. HCI and buffered 1.5 mM MgSO,, 4.2 mM
via use of Tris) NaHCO,, 0.5 mM Na SO,
Saline phosphate buffer 0.14 M NaCl, 1 mM KH,PO,, [28, 39, 40]
solution (SPBS), pH=7.4 3 mM KCl, 10 mM
Na HPO,
Saline phosphate buffer 8 gl! NaCl, 0.2 gI-! KCl, [41]
solution (SPBS), pH=7.4 1.15 gI"' Na,HPO,, 0.2 g1"'
KH,PO,
Phosphate buffer solution 0.1 M Na,HPO_H,0, 0.1 M [This work,
(PBS), pH=7.4 K,HPO, 42]

*Not additionally buffered
"Tris, tris(hydroxymethyl)aminomethane

composition of the solution and pH. In KOH solutions, the height of
the anodic peak was linearly dependent on the concentration of KOH
[45]. In borate solutions of different pHs (from 7.45 to 11.0), the
height of the anodic peak decreased with increasing pH, indicating
that the Co(OH), layer became more protective [43]. In PBS the
broad passivity region extends from —0.2 V to 0.8 V Ag/AgCl
(Fig. 1.1); current density is independent of potential. In borate buffer,
three different regions were recognized depending on the potential in
the passive region: primary, secondary, and tertiary passivity [43].
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Primary passivity is related to the formation of CoO or, more likely,
Co(OH),. The thickness of this layer, 2.5 nm, is almost independent
of potential in the passive region. In the second half of the passive
region, a bilayered oxide, CoO/Co,0,, is formed [43—45, 47]. The
outer layers of the oxide film, largely Co(OH),, are converted to the
more passive cobalto-cobaltic oxide [44]:

Co(OH), + OH™ — CoOOH +H,0 +e¢ (1.2)
3Co(OH), +20H™ — Co,0, +4H,0 +2¢” (1.3)

At even more positive potentials (1.3-0.059 pH), in the tertiary
passive region bilayered oxide CoO/Co,O, (cobaltous/cobaltic) is
formed, leading to the lowest values of current density in the passive
region [43].

2Co(OH), +20H" — Co,0, +3H,0+2¢" (1.4)

The thickness of this layer increases with potential from 1.5 to
3.5 nm. Burke et al. reported that at about 0.6 V (RHE) a hydrous
Co(Il) film is gradually converted to Co(IlI)-containing species as
C0304, CoZOs, and CoOOH [44]. The final anodic transition occurs
just before oxygen gas evolution:

CoOOH (orange )+ OH™ — CoO, (dark brown )+ H,0+2¢” (1.5)

Transpassive dissolution occurs at 1.1 V (SHE) and is nearly inde-
pendent of pH [43].

Other authors differed between the primary and secondary passivity
region in borate buffer (pH=9.3) [47-49]. The primary region was
ascribed to the formation of Co(Il) oxide/hydroxide with thickness
between 1.0 nm [47] and 2.5 nm [30, 43]. Secondary passivity in the
transpassive region is caused by formation of Co(III) species (Co,0,).
It is reflected in a significant increase in oxide thickness up to 4 nm
[43, 47] and 6 nm [48, 49].

In PBS, two reduction peaks appear, at —0.88 V and —1.05 V
(Fig. 1.1a). Up to the anodic potential limit of 0.2 V, the peak at
—1.05 V was the only cathodic peak. For more positive anodic limits,
the peak at —0.88 V appears as well. These results suggest a two-
layered film structure. It was proposed that the outer layer is first
reduced to hydrated Co** ions before the inner CoO layer is reduced
to metallic cobalt [43].

In the presence of chloride ions, the behavior of cobalt changes
considerably. In 0.05 M KOH the values of corrosion density increased
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linearly with ¢, indicating increased dissolution [45]. The authors
proposed that the increase in CI~ concentration leads to the dissolution
of the outer Co(III) oxide layer according to the following reactions:

Co(OH), +Cl" — Co(OH), (C1) (1.6)
Co(OH), (Cl),~ — HC00, (aq)+H" +CI” (1.7)

During the anodic sweep in NaCl and SPS, the oxidation of cobalt
starts at approximately —0.8 V (Fig. 1.1a). The passive range in SPS
is established at —0.4 V without an active/passive transition. It extends
to —0.3 V in NaCl, and to —-0.1 V in SPS, where the current density
starts to increase at the breakdown potential, E. Compared to PBS,
where the passive range extends up to 0.8 V, the presence of chloride
ions thus significantly narrows the passive region of cobalt. At poten-
tials more positive than E, current hysteresis is observed in both NaCl
and SPS solutions, indicating that under these conditions cobalt is
subjected to localized pitting corrosion. However, the passive range in
SPS is approximately 200 mV more positive, indicating a higher resis-
tance to localized breakdown compared to NaCl solution. The reason
for this behavior clearly lies in the solution composition. Namely, SPS
contains phosphate ions that obviously incorporate in the oxide layer
and thus contribute to the passivation process, similar to what Burke
et al. suggested for chloride-free solutions [44]. The anodic sweep was
markedly different in neutral phosphate solution (pH="7) where the
first anodic peak was omitted compared to more alkaline NaOH solu-
tion (pH=13) [44]. One possible explanation would be that the activity
of the cobalt oxide decreases with decreasing pH. Another possible
explanation is the formation of an insoluble cobalt compound,
presumably phosphate, before the formation of CoO/Co(OH),. The
formation of this compound is supported by the fact that the peak
potential is located 30 mV more negative than the equilibrium poten-
tial of Co(OH), formation. The formation of insoluble cobalt phos-
phate, or at least the incorporation of phosphate ions into the oxide
layer, may lead to the reduced activity of cobalt oxide in phosphate
solution [30, 44]. A similar mechanism seems to be valid in phos-
phate- and chloride-containing phosphate solution (Fig. 1.1a).

Other ions present in SPS may act as promoters of pitting corrosion
of cobalt [32]. For example, bicarbonate ions (also present in SPS) are
aggressive toward Co(Il) oxide film and cause pitting of the metal
[50]. The passive layer is composed of both CoCO, and Co(OH),.
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Under the influence of HCO ions, the dissolution of CoCO, results in
the formation of Co (CO ) in the upper range of the Co(II) region. At
higher potentials where Co(Ill) is formed in the oxide film, the metal
passivates, and bicarbonate causes relatively little film breakdown.

1.4.2 Electrochemical Studies on Molybdenum

CVs for Mo metal recorded in NaCl, SPS, and PBS are depicted in
Fig. 1.1b. Compared to Co, Mo metal shows rather different behavior
in all three solutions. In nonchloride-containing alkaline solutions,
the behavior of Mo is rather complex. The presence of different
molybdenum species on the metal surface with increasing electrode
potential after polarization in 0.5 M NaOH solution was confirmed by
X-ray photoelectron spectroscopy (XPS) [51]. In the lower potential
range molybdenum(III) species are formed (Mo(OH),), which are
gradually transformed to Mo(IV) oxide, MoO,. The formation of spe-
cies of different valence may be observed in PBS as two anodic peaks
appear at —0.65 V and —0.4 V (see Fig. 1.1b). The oxidation of Mo(III)
and Mo(IV) oxides occurring in the transpassive range, which in PBS
begins at —0.1 V, results in the formation of Mo(VI) species [51]. At
the same time the XPS peak assigned to Mo(III) increases, which the
authors ascribed to the disproportionation reaction, e.g.,

3MoO, +20H™ +2H,0 - MoO;” +2Mo(OH),  (1.8)
3MoO, +3H,0 — MoO; +2Mo(OH), 1.9)

In the reverse cycle in PBS, a cathodic peak appears at —0.8 V
(Fig. 1.1b).

The passivity of molybdenum in 0.15 M NaCl was ascribed to the
formation of MoO, or Mozog, presumably the former, which starts at
-0.6 V (Ag/AgCl) and protects the surface up to about 0 V (Ag/
AgCl) [52]; this agrees well with the curve for NaCl presented in
Fig. 1.1b. The composition of the oxide film was confirmed by sur-
face-enhanced Raman spectroscopy (SERS) [52]. After oxidation at
potentials higher than —0.1 V, the presence of molybdate and/or hep-
tamolybdate species has been identified [52]. In aqueous solutions,
molybdate is in equilibrium with heptamolybdate:

7Mo0O;” +8H" — Mo,0S, +4H,0 (1.10)
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Although the curves recorded for Mo in NaCl and SPS are more
similar than that in PBS, they differ in several features. The potential
limiting the passive region is most positive in NaCl and shifts to more
negative values in SPS and PBS. The transpassive peak is more pro-
nounced in phosphate-containing solution, as reported also by Wang
etal. [52]. In NaCl, a current hysteresis appears, indicating the process
of localized corrosion. In the reduction cycle, a cathodic peak forms
at about —0.45 V for anodic potential limits more positive than 0.5 V
and may be thus related to the reduction of molybdate species.

1.4.3 Electrochemical Studies on Chromium

CVs for Cr metal recorded in NaCl, SPS, and PBS are depicted in
Fig. 1.1c. CVs are similar to those for Mo but extend to more positive
potentials. In the passive range, Cr metal shows quite similar CVs in
all three solutions regardless of the presence of chloride ions. The
lack of an active—passive peak indicates that the air-formed layer is
not easily removed by cathodic reduction or that the chromium sur-
face is immediately passivated upon immersion in the electrolyte.
The passivation is the result of the formation of chromium(III) oxide,
as confirmed by X-ray photoelectron spectroscopy (XPS) in sulfuric
acid [53, 54], SERS in 0.15 M NaCl [55], and by X-ray absorption
near edge structure (XANES) in sulfuric acid, borate buffer, and
sodium hydroxide [56]. The thickness of the passive layer was esti-
mated at a few nanometers and increases linearly with potential: from
0.5 to 2.5 nm in sulfuric acid [53], from 0.3 to 1.2 nm in boric acid
solution (pH 6.48-8.42) [57], and from 1.0 to 3.5 nm in sulfuric acid
[54]. The layer grows according to the high field mechanism.
Electrochemical capacitance is inversely proportional to the applied
potential. Thus, the passive layer behaves as a simple dielectric with
a dielectric constant of ~25 and an ionic resistivity of ~10" Q cm.
Comparison of SER spectra of well-crystallized Cr,O, and that of the
passive layer formed in 0.15 M NaCl showed that the passive layer is
highly disordered with a spectrum that closely matches amorphous
Cr,0O, [55]. Some Cr(OH), was also present. Other authors also
confirmed that the passive layer of chromium is highly hydrated [53,
54, 57]. Moffat and Latanision proposed that it consists of chromic
ions bridged together by a network of water, hydroxide, and oxide
ligand [53]. Haupt and Strehblow proposed a Cr,O, matrix containing
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some water [54]. Seo et al. [57] proposed that the passive layer equals
Cr,0, and that only the uppermost layer is hydrated.

At E>0.5V, Cr undergoes transpassive oxidation accompanied by
the formation of species of higher valence. According to thermody-
namics [58], the oxidation to Cr(IIl) to chromate CrO 42‘ is expected
in neutral and alkaline solutions, whereas dichromate species Cr,0_*
are formed in acidic solution. Both chromate and dichromate species
are highly soluble in an aqueous environment. Based on the surface
analytical data from XPS [53, 54], XANES [56], and SERS [55], it is
now clearly established that the transpassive oxidation of chromium
(IIT) oxide results in the formation of CrO,*" species according to the
reaction:

Cr,0, +5H,0 — 2CrO%> +10H" +6¢,
E, =1.386—-0.0985 pH+0.0197log[ CrO} | ~ (1.11)

Schmuki et al. used XANES to investigate the oxide on Cr in
borate buffer (pH 8.4) [56]. The Cr(VI) species was detected in the
film at potentials more negative than the potential of transpassive dis-
solution. The Cr(VI) is trapped as CrO,> in the outermost part of the
film, possibly as a consequence of O anion inward migration. The
fraction of the Cr(VI) in the oxide film was found to be about 3%.

As the anodic potential limit exceeds 0.4 V, a small reduction peak
appears at 0.2 V (Fig. 1.1c), indicating that the layer becomes redox
active with the solid state reduction of a higher valence species, i.e.,
Cr(VI) to Cr(IIT) [53, 59]; this correlates with the transition of the elec-
trode capacitance at the same potential [53]. The charge associated with
this peak increases with the potential and the peak potential shifts to
more positive values [53]. Interestingly, Metikos-Hukovi¢ and Ceraj-
Ceri¢ proposed that, at ~0.1 V saturated calomel electrode in borate
buffer pH 8.2, a solid state transformation of p-type Cr,O, to n-type
CrO, occurs [60]. Similar behavior as for pure chromium metal is
observed on stainless steels, where passivity is largely based on the
formation of Cr,O, oxide as an inner part of the passive layer [61-63].

Cr spontaneously passivates and yields a broad passivity region
extending from —1.0 V to 0.4 V in PBS and 0.5 V in SPS and NaCl
(Fig. 1.1c). In none of these solutions is chromium subjected to local-
ized pitting corrosion, as was the case with Co metal. Thus, the Cr,0O,
layer is highly protective even in chloride-containing solutions. The
potential at which the current density starts to increase at the end of
the passive region is most negative for PBS and most positive for
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NaCl. Another detail worth mentioning is the shape of the curve in
the transpassive region where the formation of higher-valence species
occurs. In NaCl, once the current density start to increase at the end
of the passive region, it increases progressively. In SPS and PBS, a
shoulder/peak is observed at 0.9 V and 0.8 V, respectively (Fig. 1.1c).
Similar behavior is observed for Mo metal. Thus, phosphate ions shift
the onset of the transpassive range to more negative potentials,
presumably because of the formation of Mo and Cr phosphate, which
then leads to increased formation of higher-valence species, as
explained in Sect. 1.5.

1.5 Electrochemical Studies on CoCrMo Alloy
in Simulated Inorganic Physiological Solution

1.5.1 Composition, Thickness, and Structure
of the Oxide Layer

CVs for CoCrMo alloy and individual metal constituents in SPS are
depicted in Fig. 1.2. Cobalt and molybdenum show a much narrower
range of passivation than chromium and alloy, which show similar
behavior. As for chromium metal, CoCrMo alloy passivates sponta-
neously in air, resulting in the formation of a thin (1.8-nm) oxide film
containing mainly Cr,O,, with a minor contribution from Co and Mo
oxides, as confirmed by XPS [33, 64]. Because this layer cannot be
reduced cathodically, it remains at the surface of the alloy also upon
immersion in the electrolyte. The air-formed molybdenum species
disappear quickly in 0.15 M NaCl and are replaced by Co(OH),, and
Cr,0, may be partially transformed into Cr(OH), [64].

Because of the presence of this spontaneously formed oxide layer,
the alloy reaches passivity without going through an active—passive
transition. The passive range extends from —0.9 V and extends up to
0.5 V (Fig. 1.2). In the cathodic cycle, a small peak at 0.2 V is observed
for anodic potential limits more positive than 0.4 V. The absence of
cathodic peaks corresponding to the reduction of Co and Mo oxides
(as observed for metals) indicates that the formation of these oxides is
strongly suppressed by the formation of chromium oxide.

Composition, thickness, and structure of the oxide layer formed by
electrochemical oxidation were investigated by XPS. The investigations
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Fig. 1.2 Cyclic voltammograms recorded for cobalt, molybdenum, chromium, and
CoCrMo alloy in simulated Hanks’ physiological solution (SPS). dE/dt=50 mV s™!

were performed in a close correlation to the polarization curve of
CoCrMo alloy recorded in SPS (Fig. 1.3). In the cathodic region the
current is dominated by the reduction of water and, partially, of dis-
solved oxygen. As already mentioned, there is no active/passive
transition and the passive range is established immediately following
the Tafel region. The passive range extends from —0.3 V to approxi-
mately 0.6 V, at which potential it is interrupted by the current density
increase. At 0.75 V a current peak appears, related to the transpassive
oxidation. This process is followed by oxygen evolution at higher
potentials. Based on the XPS spectra recorded at various potentials
according to the polarization curve the composition of the oxide film
is determined. The results are expressed as cationic fractions deduced
from deconvoluted XPS spectra. In the lower potential range,
E<0.3 V, the passive film consists predominantly of Cr,O, and
Cr(OH), (Fig. 1.4) [29, 33, 64]. This layer is hydrated, as evidenced
from the shape of the oxygen Ols XPS peak, which contains a
significant amount of OH™ content [29, 33].

Between —0.3 V and 0.3 V, the oxide layer thickness increases
linearly with potential with a rate of 1.5 nm V! (Fig. 1.3). It reached
3.1 nm at 0.3 V. Thickness of the oxide film formed in SPS as a func-
tion of potential obtained by various methods is presented in Fig. 1.5.
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Fig. 1.4 Cationic composition of the passive layer after oxidation of CoCrMo
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Hodgson et al. also observed that, up to 0.2 V, the oxide thickness
increases moderately with the potential at a rate of approximately
1.0 nm V' [29]. This increase in thickness is almost entirely related
to the increase in Cr,0,/Cr(OH), thickness. Although chromium
amounts to 28wt% in the base alloy, it accounts for the predominant
cationic fraction in the oxide layer (Fig. 1.4) and protects the underly-
ing alloy. The degree of protectiveness can be confirmed by the two
orders of magnitude higher value of polarization resistance for
CoCrMo alloy compared to pure cobalt (and three times higher than
for pure chromium) [30, 34, 65]. Electrochemical impedance spec-
troscopy (EIS) measurements performed at various potentials in
accordance with the polarization curves show that the polarization
resistance increased markedly with increasing potential and reaches
a maximum value at the middle of the passive range [30].

At potentials more positive than 0.3 V, there are significant
changes in the composition and thickness of the oxide layer. In this
range (at about 0.5 V), the current density starts to increase, first
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gradually, and then abruptly, and thus limits the passive state
(Fig. 1.3). These changes in current density are related to the changes
in composition and thickness of the oxide film. Namely, in this poten-
tial range both Co and Mo oxides enter the passive layer (Fig. 1.4),
whereas in the lower potential range cobalt and molybdenum remain
unoxidized, and their oxidation starts at £>0.3 V. Co is present
mainly as CoO and Mo as MOO3. At 0.6 V, cobalt content reaches a
maximum of 55% and then decreases again at higher potentials.
Similar results were reported by Hodgson et al., with low cobalt con-
centration at £<0.5 V, reaching a maximum of ~20% at 0.5 V, and
then decreasing again [29]. The incorporation of cobalt in the film
formed on CoCrMo in saline phosphate buffer solution (SPBS) was
detected at 0.25 V Ag/AgCl but not in the film formed at 0.007 V
[41]. These results indicate that cobalt is released mainly into the
solution and does not significantly contribute to oxide growth.

Up to 0.5 V the cationic fraction of molybdenum is very small, but
it increases at higher potentials, reaching approximately 10%
(Fig. 1.4) [29, 33]. Although MiloSev and Strehblow detected only
Mo(VI) species [33], Hodgson et al. reported that both Mo(IV) and
Mo(VI) were detected at lower potentials, but that Mo(IV) tend to
disappear at E>0.5 V and only Mo(VI) remained [29]. In contrast, Li
et al. reported that the passive film formed on CoCrMo alloy in
0.15 M NaCl is generated of only Cr and Co species, and no Mo species
were detected in the film [64].

Formation and incorporation of Mo- and especially Co-oxides into
the passive layer at E>0.3 V is accompanied by a significant increase
in layer thickness (Fig. 1.5). In this potential range it increases more
steeply, with a rate of 4.8 nm V' [33] and 10 nm V' [29].

The existence of different regions recognized in polarization and
surface analytical measurements were corroborated also by electro-
chemical impedance measurements which showed that the surface
oxide formed on MP35N alloy (Co-35Ni—20Cr-9Mo) undergoes two
distinct changes as the potential is increased in phosphate-buffered
saline [66]. The first change at 0.4 V SCE located at the end of pas-
sive range was associated with solid state oxidation reactions involv-
ing the conversion of Cr(Ill) to Cr(VI) and of Co(Il) to Co(II). At
this potential a significant change increase in oxide capacitance
occurred, in agreement with reported changes in layer thickening rate
(Fig. 1.5) [29, 33]. The second change was at about 0.6-0.7 V (SCE),
corresponding to the release of chromate and nickel ions [66].
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The third region in the polarization curve corresponds to the
transpassive region at £>0.7 V, where the current density abruptly
increases with potential (Fig. 1.2). This behavior, consistent with the
transpassive oxidation observed for chromium metal [53, 54, 56], is
related to the formation of Cr(VI) species, as evidenced by the chro-
mium Cr 2p XPS peak at 578.7 eV. Change in oxide composition is
reflected in the change in EIS parameters at this potential [66]. At the
same time the content of cobalt decreases again, indicating that
the majority of oxidized cobalt is released to solution (Fig. 1.4). The
formation of a certain amount of Co,0, and/or Co,0, in the transpas-
sive range cannot be excluded, but their identification is ambiguous
because of the small chemical shift between Co(IIl) and Co(IV) spe-
cies and to the low Co content in the passive layer [33]. In the reverse
cycle, a cathodic peak is observed at 0.2 V (Fig. 1.2). This peak is
observed only for anodic potential limits more positive than 0.4 V
(Fig. 1.1c), indicating that it is related to the solid state reduction of
Cr(VI) species, consistent with the behavior of chromium metal [53].

Changes in the passive layer occurring during primary and sec-
ondary passivity were monitored by a method for simultaneously
evaluating both the polarization and impedance behavior [67]. Small
incremental steps in potential (50 mV every 10 or 100 s) are applied
to an electrochemical interface and the current response is collected
digitally. The data are subjected to a numerical Laplace transform
technique to obtain the frequency dependent admittance (reciprocal
impedance) of the interface. Using this method it was observed that
the oxide film formed on CoCrMo alloy in 0.9% NaCl solution
already begins to thin at 0.2 V (Ag/AgCl), i.e., at potentials well
below the breakdown potential typically reported for this alloy,
i.e., E>0.5V (Ag/AgCl). This technique was further developed by
introducing voltage-dependent EIS using time-domain techniques
and non-ideal time-transient function, the generalized Cauchy-
Lorentz function and dispersion parameter, which is a measure of the
non-ideality of the surface, and KW V-Randles function [68]. These
changes in thickness were related to distinct and sudden change in
morphology, as evidenced by electrochemical atomic force microscopy
(ECAFM) [69] and scanning electrochemical microscopy (SECM)
studies [70]. In ECAFM, the sample is placed in a fluid of the atomic
force microscope (AFM) cell, which is under electrochemical
control. In the range from —1.0 to —0.5 V (Ag/AgCl), the surface
remains free of oxide and exhibits a polished appearance (Fig. 1.6).
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Fig. 1.6 ECAFM results for a cast CoCrMo alloy in PBS. In the center is the
potentiostatic polarization curve; the AFM images (in deflection mode) are shown
at various electrode potentials (Reprinted from J. Gilbert, Z. Bai, J. Baeringer, and
S. Megremis, Medical Device Materials: Proceedings of the Materials and
Processes for Medical Devices Conference, ASM International, Anaheim, 2004,
p- 139, with permission from ASM International [69])

For E>-0.5 V (Ag/AgCl), the oxide overgrows the surface, fills in
many of the minor scratches, and becomes smooth and flat. The film
continues to develop until about 0.3 V, at which point the film sud-
denly begins to undergo breakdown. By 0.5 V the film has completely
broken down and transpassive behavior is taking place. This change
in morphology at 0.3 V may be related to a change in chemistry of
the oxide layer as well, i.e., incorporation of Co- and Mo-oxide in the
layer [28, 29, 33].

In-depth distribution and thickness of the passive oxide layer can
be revealed using XPS in combination with sputter depth profiling.
Sputter depth profiling of the passive layers formed on CoCrMo alloy
in SPS at two different oxidation potentials, i.e., 0.1 V and 0.6 V,
confirmed that the Co- and Mo-oxides are located primarily at the
oxide—electrolyte interface (Fig. 1.7). Sputter depth profiles were
presented separately for oxide and metal components of individual
metals. At the surface, chromium oxide is the major constituent of the
passive layer; i.e., it is enriched in the layer compared to its bulk
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Fig. 1.7 Depth profiles of CoCrMo alloy after oxidation at 0.1 V (a) and 0.6 V
(b) for 1 h in simulated Hanks’ physiological solution as a function of sputtering
time. Sputtering time relative to Ta,O, standard is 0.01 nm s~ (Reprinted from
A. Kocijan, I. MiloSev, and B. Pihlar, J. Mater. Sci. Mater. Med. 15 (2004) 643,
with permission from Springer [38])

content. Cobalt oxide is present in approximately 25%, whereas
molybdenum oxide is present as a minor constituent in about 5%.
After oxidation at 0.1 V, Co-oxide is detected up to 0.8-nm depth
(Fig. 1.7a). Once the Co- and Mo-oxides are sputtered away, the
composition of inner part of the layer is revealed. The oxide thickness
was determined as 2.1 nm relative to Ta,O, as the intensity of the
oxygen signal decrease to one half. After oxidation at 0.6 V, the thick-
ness of the oxides increases significantly (Fig. 1.7b). Both Co- and
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Mo-oxides are present primarily at the outermost surface up to 12 nm
depth. After sputtering the outermost layer, the content of Cr in the
passive layer formed at 0.6 V remains practically unchanged across
the whole passive layer. The thickness of the layer formed at 0.6 V
was determined as 13.5 nm (Fig. 1.5) [35].

To complement and correlate the electrochemical processes occur-
ring at the solid surface and those resulting in the dissolution, mea-
surements of dissolved metal ions in solutions are carried out. In the
lower potential range, where the formation of Cr,0,/Cr(OH), pre-
dominates, electrochemical oxidation for 2 h at —=0.1 V in 0.14 M
NaCl detected only small amounts of Co, as measured by inductively
coupled plasma mass spectrometry (ICP-MS) [29]. Dissolved Cr and
Mo could not be detected indicating that the dissolution of these ele-
ments is below the detection limit of the method used. Oxidation at
potentials within the transpassive range, 0.75 V, however, strongly
accelerated dissolution (about 300-fold compared to passive range).
All alloying elements were now detected in the electrolyte. The ratio
of dissolved alloying elements was near to the stoichiometric compo-
sition of the alloy. However, periodic cycling between two potentials
in the passive region (0.2 V/0.2 V), and especially between reducing
and passivating potentials (—0.8 V/-0.1 V), leads to the selective dis-
solution of cobalt. Therefore, the active dissolution potential is
mainly dominated by the cobalt component of the alloy. Smith and
Gilbert revealed that during transpassive oxidation the Co:Cr:Mo
molar ratio in the solution was 82% Co to 14% Cr to 5% Mo, i.e.,
significantly greater than the alloy concentration (75% Co, 28% Cr,
and 5% Mo), thus implying preferential dissolution of Co [70].

It was suggested that Cr and Mo precipitate at the sample surface
as hydrated oxides or oxychlorides and the Co ions remain solvated
in solution, explaining the elevated Co levels compared to the alloy.

Similar results were reported for accelerated corrosion of vital-
lium in 0.9% saline solution and 10% solution of calf serum in
saline [71]. After accelerated corrosion, performed at 500 mV (SCE)
for 30 min, cobalt was rapidly excreted from the alloy in a higher
concentration compared to that in bulk alloy.

The solubility and electrochemical behavior of CoCrMo alloy in
SPS is dependent on pH [32, 34, 72]. Concentrations of dissolved
metals after 30 days immersion in SPS of pH 2.0 and 6.8 were mea-
sured for CoCrMo alloy and its metal constituents Co, Cr, and Mo
using inductively coupled plasma mass spectrometry (ICP-MS) [32, 34].
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At pH 6.8, the concentration of dissolved cobalt decreased from
608.0 ng cm™ for Co metal to 0.734 ng cm™ for alloy, i.e., four orders
of magnitude. A similar result was observed for molybdenum: the
concentration of dissolved molybdenum decreased from 64.3 pg cm
for Mo metal to 0.040 pg cm™ for alloy. In contrast, the concentration
of dissolved chromium remained very low, i.e., 0.004 pg cm™ for Cr
metal and 0.040 pg cm™ for the alloy. This finding suggested that the
oxide films formed on cobalt and molybdenum metals are much more
soluble than those formed on Cr and CoCrMo alloy. By lowering the pH,
the dissolution of both Co and Cr was increased by about 80% [34].

1.5.2 Effect of Phosphate Ions

In this section, the effect of phosphate ions in simulated physiological
solution on the electrochemical behavior of CoCrMo alloy is ana-
lyzed. The discussion of the results for the alloy is based on those for
individual metal components presented in Sect. 1.4. CVs for CoCrMo
alloy recorded in NaCl, SPS, and PBS are shown in Fig. 1.8.
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Fig. 1.8 Anodic part of cyclic voltammograms (VCVs) recorded for CoCrMo
alloy in 0.9% NaCl, simulated Hanks’ physiological solution (SPS), and phos-
phate buffer solution (PBS). dE/df=50 mV s™!
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The alloy behaves most similarly to chromium, and to a certain
extent also to molybdenum (Fig. 1.1). The most pronounced differ-
ences between CVs are observed in the transpassive range. Phosphate
ions induce an increase in current density and a shift in the onset of
transpassive range to more negative potentials. In PBS, a pronounced
peak at 0.8 V is formed. In SPS, which also contains phosphate ions,
onset of transpassivity is shifted to more positive values. A shoulder,
rather than a peak, appears at 0.88 V. In NaCl, the potential of the
current density increase is shifted to even more positive values. Once
the increase is started, it proceeds steadily, without a peak or shoul-
der. The features observed in the transpassive range are obviously
related to the composition of solution, i.e., presence of phosphate
ions and formation of metal phosphates, e.g., orthophosphate CrPO,
and metaphosphate Mo(PO,),. It was observed experimentally that
the peak in the transpassive region increases with increasing phos-
phate concentration [42]. Because this peak is mainly related to the
formation of Cr(VI) species, it implies that increasing phosphate
concentration leads to a higher production of chromate ions. This
hypothesis was corroborated experimentally by measuring the con-
centration of CrO,* by UV/vis absorption spectroscopy during 4 h
oxidation at 0.74 V (SCE) in PBS [42]. The transpassive dissolution
of chromium oxide starts with the dissolution of Cr,O, via reaction
(1.12). In the presence of phosphate ions, reaction (1.13) takes place
and leads to the formation of an additional amount of chromate ion,
as evidenced also by increased current density of the peak in the
transpassive region.

Cr,0, +100H™ — 2CrO’™ +5H,0 +6e~ (1.12)
CrPO, +80H™ — CrO; +4H,0+PO] +3e”  (1.13)

Increased formation of CrO;  species at higher PBS concentration
might be thus explained by the presence of a CrPO, underlayer
beneath the Cr,O, oxide. Interestingly, the deposition of chromium
orthophosphate was identified experimentally after exposure of
CoCrMo pellets to human serum [73] and in vivo in the periprosthetic
tissue of hip prostheses [74].

Various types of phosphate solutions, with or without chloride
ions added, are presented in Table 1.2. The difference in behavior of
CoCrMo alloy in 0.14 M NaCl solution and saline phosphate buffer
(SPBS) was investigated by Mufioz and Mischler [28]. In both solutions
the EIS diagrams exhibit a typical passive state shape characterized



28 1. Milosev

a o 256408
Cocmanats
S840 « Cortis Ko
206406 Cocmmpns
o a0e0n -  CoCrtia PBS A8
] E .1se.06 Ll
g AL ot el é
s « Cas o 106406
206408 A Gt 05 &

— + otk PRS-AD

f(‘- a_..\
00800

BOEDE 0.0E+00 S.0E+05 *.0E+06 1 SE+06 2.06+00 2 SE+06 J.0E+06 J1.SE+06
T (Ohmem)
b. 10000000 0 16000000
1000000 - 1060000
. -
3
H i. o
i : g B 10000
- 4 " -
H £ ¥ /1 5 §
§ - £ HE £
i 2 % Eotita NaClsAn 5
. 20 Cacma s
B 8 Y Cotrito PASAD 8
: o it
o “ty o N
1E03 1E02 1EDY 1E+DOD 1E+01 TE+OF 16400 1 E+04 1E0S 1EDY VELZ 1 E01 VESQ0 1E+DN 1E+0? 1603 1Fe04 1F 08
freg (Hz) freq (Hz)

Fig. 1.9 Nyquist plots (a) and Bode plots (b) of CoCrMo in different solutions
at =0.1 V vs. SCE and OCP, pH 7.4, and 37°C (Reprinted from A. Igual Munoz
and S. Mischler, J. Electrochem. Soc. 154 (2007) C562, with permission from
The Electrochemical Society [28])

by high impedance values with capacitive behavior (Fig. 1.9). The
equivalent circuit implied two time constants in series. One time
constant was attributed to the oxide resistance (R, )/capacitance (C, )
parallel combination across the oxide and the second is attributed to
the charge transfer resistance (R  )/double-layer capacitance (C, )
parallel combination.

At the open circuit potential, OCP, and potential in the passive range
(=0.1 V SCE), the addition of phosphate increased the value of R as
well as CPE_ . The increase in R, was much higher at the potential
in the passive region (—=0.1 V SCE) than at the OCP, i.e., two to three
orders of magnitude compared to a slight increase at the OCP.
Therefore, the outer layer formed in the presence of phosphate
increases the corrosion resistance. This effect was related to the for-
mation of a phosphate-rich layer covering the electrode surface and
blocking the mass transport of oxygen or reaction products to and
from the electrode surface. Indeed, the presence of phosphate in the
oxide layer was confirmed by XPS [28]. In the passive region in
SPBS, the resistance of the outer layer exceeds that of the inner layer,
whereas in the NaCl solution the resistance of the inner layer remains
significantly larger than that of the outer layer, indicating that the
kinetics remains under mass-transport control through the oxide film.
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Fig. 1.10 Mixed potential theory applied to interpret the effect of albumin and
phosphates on CoCrMo corrosion potential and corrosion current. Phosphate ions
act as anodic inhibitors (arrow 0). Albumin acts as a cathodic inhibitor (arrow 1)
but can accelerate the anodic oxidation of the metal by binding metal ions (arrow 2)
(Reprinted from A. Igual Munoz and S. Mischler, J. Electrochem. Soc. 154 (2007)
C562, with permission from The Electrochemical Society [28])

Besides potential, immersion time (1-24 h) is also an important
parameter: it modifies the interface behavior of CoCrMo alloy by
increasing the resistance of the film in phosphate-containing solution
[39]. The presented results suggest that the addition of phosphate
modifies the nature of the inner passive film at OCP but apparently
not at —0.1 V, i.e., in the passive region.

A corrosion mechanism was proposed taking into consideration the
mixed potential theory to interpret the effect of phosphate on corro-
sion current and corrosion potential (Fig. 1.10). The adsorption of
phosphate decreases the corrosion current density and shifts the poten-
tial to more positive values. Therefore, it acts as an anodic inhibitor.
The concentration of phosphate ions affects the formation of oxide
layer on CoCrMo alloy, as evidenced by EIS data reflecting the
adsorption and blockage of surface by phosphate ions at the electrode—
electrolyte interface [42]. Charge transfer resistance, R , changed as a
function of phosphate concentration and immersion time [42]; it
increased from 280 kQ c¢m? (2 h; 0.05 M PBS) to 1,230 kQ cm?
(8 h 40 min; 0.1 M PBS), indicating that the presence of the phosphate
ions is governing the corrosion behavior of CoCrMo alloy. The addi-
tion of calf serum produced no significant effect, which is in contrast to
titanium, where the competition between the adsorption mechanisms
of proteins and those relating to phosphate ions was evident [75].
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1.5.3 Addition of Complexing Agents

A simple inorganic solution cannot completely mimic the in vivo
situation. The complexing agent (such as EDTA and citrate) consti-
tutes a simple model of physiological conditions in which serum
proteins in vivo complex metal ions [76]. Studies on stainless steel in
the presence of ethylenediaminetetraacetic acid (EDTA) and citrate
have shown that metal cations tend to form soluble complexes, leav-
ing behind a thinner and depleted passive layer [35-37]. The addition
of a complexing agent caused an increase in the current density
recorded for CoCrMo alloy in SPS (Fig. 1.3). At the same time,
decreased content of cobalt in the passive layer was observed as a
consequence of the complexation reaction of dissolved Co cations
[31, 38]. Not only the composition but also the thickness of the passive
film is strongly affected by the addition of a complexing agent.
In EDTA containing SPS, significant changes occur (compare
Figs. 1.7 and 1.11). In the absence of a complexing agent, the thick-
ness of the oxide layer on CoCrMo alloy formed in SPS at 0.1 V and
0.6 V was 2.1 nm and 13.5 nm, respectively; addition of EDTA
caused a decrease in thickness to 1.6 nm and 7.5 nm [38].

Stimulation of the anodic dissolution process was found to be
strongly related to the stability constant of the complex and the metal
involved [31, 38]. Citrate is a complexing agent for Co** with the
stability constant of log K =5 [77]. Co forms strong complexes with
EDTA, with logarithms of stability constant of Co* 16.3 and Co*
41.4 [77]. Indeed, EDTA induces stronger stimulation of anodic pro-
cess on Co than citrate [31]. No literature data exist for stability con-
stants for complexes of Mo with EDTA; however, a similar effect is
observed as for Co, indicating that the addition of a complexing agent
strongly affects the dissolution of Mo as well. Theoretically, EDTA
may form very strong complexes also with Cr** ions [77], but because
of the very slow dissolution of the strongly protective Cr,O, layer, the
amount of Cr(III) species available for complexing is small.

A phase diagram of the layer formation, electric transfer, and
dissolution with complex formation is presented in Fig. 1.12. Anodic
oxidation of the alloy yields the formation of the various cations
Me**, which become part of a passivation oxide layer. The cations
may be transferred across the oxide—electrolyte interface, thus lead-
ing to the corrosion rate of metal (reaction 1). Oxide growth requires
the formation of O* ions at the oxide—electrolyte interface. These
ions may migrate within the oxide under the influence of the high
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Fig. 1.11 Depth profiles of CoCrMo alloy after oxidation at 0.1 V (a) and 0.6 V
(b) for 1 h in simulated Hanks’ physiological solution containing 50 mM EDTA
as a function of sputtering time. Sputtering time relative to Ta,O, standard is
0.01 nm s7! (Reprinted from A. Kocijan, I. Milo$ev, and B. Pihlar, J. Mater. Sci.
Mater. Med. 15 (2004) 643, with permission from Springer [38])

electrical field strength of some 10° V cm™ to the metal surface to
grow new oxide at both sites (reaction 2). Electron transfer across
the passive layer (reaction 3) is required for oxide formation and cor-
rosion in the passive state through the action of an oxidant such as
dissolved oxygen or hydrogen ions. Complexing of cations with X~,
e.g., citrate, enhances the dissolution rate of cations according to
reaction (4). Complex formation reduces their positive charge, thus
decreasing the activation energy for their transfer from the O>~ matrix
of the oxide. The fast formation of complexes with a high stability
constant is therefore the reason for an increased dissolution rate and
the related thinning of the oxide layer.
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Fig. 1.12 Phase diagram of a passive film showing corrosion (1), film formation
(2), redox reaction (3), and dissolution with complex formation, transfer, and
further complexation (4a, 4b)

1.6 Electrochemical Studies of CoCrMo Alloy
in Simulated Physiological Solution
Containing Biomolecules

1.6.1 Effect of Proteins

In the previous section, the effects of inorganic anions and complexing
agents were discussed. In this section, the effect of proteins, or more
particularly albumin, playing the most significant role is discussed.
Albumin is generally regarded to mean serum albumin or plasma
albumin. The word albumin is used to describe any protein or a group
of proteins that are water soluble, moderately soluble in concentrated
salt solutions, and experience heat denaturation. Albumins are
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commonly found in blood plasma and are unique among plasma
proteins in that they are not glycosylated. Human serum albumin is
the most abundant protein in human blood plasma. It comprises about
half of the blood serum protein and is mainly responsible for the
maintenance of blood pH and osmotic pressure. The reference range
for albumin concentrations in blood is 3.4-5.4 g per 100 ml. Its serum
half-life is approximately 20 days; it has a molecular mass of 67 kDa,
its isoelectric point at 25°C is 4.7, and dimension is 14x4 x4 nm*
[78]. Albumin when ionized in water at pH 7.4, as found in the body,
is negatively charged. According to X-ray crystallographic data, the
albumin structure is predominately a-helical (67%), with the remain-
ing polypeptide occurring in turns and extended or flexible regions
between subdomains with no [-sheets. Albumin comprises three
homologous domains that assemble to form a heart-shaped molecule
[79]. When heated, albumin goes through two structural stages. The
first stage (up to 65°C) is reversible; the second stage (>65°C) is
irreversible but does not necessarily result in a complete destruction
of the ordered structure. The onset temperature of conformation
change is 58.1°C. Above 65°C, B-sheets are formed. Perhaps the
most outstanding property of albumin is its ability to bind reversibly
with an incredible variety of ligands such as fatty acids, hematin, bili-
rubin, charged aromatic compounds, cysteine, glutathione, and vari-
ous metals. Because of these properties, serum albumin, mostly
bovine serum albumin (BSA), is considered as a model protein in
biocompatibility studies.

The effect of adding BSA (0.5 gI™") to 0.14 M NaCl and SPBS on
polarization curves is presented in Fig. 1.13 [28]. In NaCl, the addi-
tion of albumin slightly increases the current density in the whole
potential range, but this increase is more pronounced in SPBS, espe-
cially in the cathodic region. In SPBS, the addition of albumin shifts
the corrosion potential to more negative values and increases the cor-
rosion current density. The addition of 0.5 gl BSA to SPBS
increased the value of i approximately fivefold. Because the value
of i is higher in pure NaCl solution than in SPBS, the addition of
the same BSA concentration to NaCl solution induces a smaller
increase, i.e., from 9.6 to 11.5 pA cm= [28].

It is evident that both phosphate ions and albumin play a significant
role in the electrochemical properties of the metal-oxide—electrolyte
interface. Both species specifically competitively adsorb on the alloy
surface, which is not surprising because at pH 7.4 albumin is nega-
tively charged as phosphate ions. Thus, both species compete for
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Fig. 1.13 Potentiodynamic curves for CoCrMo alloy in 0.14 M NaCl and PBS
solutions with or without 0.05 g1-' albumin (pH 7.4, 37°C) (Reprinted from
A. Igual Munoz and S. Mischler, J. Electrochem. Soc. 154 (2007) C562, with
permission from The Electrochemical Society [28])

adsorption. However, their effect on corrosion is quite different.
The corrosion mechanism was proposed and presented in Fig. 1.10.
Albumin acts as a cathodic inhibitor because its adsorption impedes
the access of the oxidant to the metal surface. At the same time it
increases the dissolution rate of metal because it limits the adsorption
of phosphate, thus accelerating corrosion. Although phosphate retains
its inhibitive behavior at the OCP, the effect of albumin is different at
OCP compared to its behavior at —0.1 V, i.e., in the passive range
(Fig. 1.9). At OCP albumin completely suppresses the effect of phos-
phate whereas in the passive range it has no significant effect [28].



1 CoCrMo Alloy for Biomedical Applications 35

T ’ " . " M R O
-1 4
0o0gL ' BSA fit
v
0.8 - 02gL"BSA - -
04agL ' BSA ¢ d
0.6 -1 % ol -
1.2g9L7 BSA e
- 20g9L" BSA - 7=
5 041 %4 = -
o — = 4.0glL  BSA ' 1
g i
) 4 / i
2 0.2 £ )
» k
> J -
> 0.0 i 1)
s ]!
-0.2 1 — 'X' / -
L7
-
D414 SEmrmare= -
i
-0.6 TR -
. - Y . ; ! : .
107 10°  10* 107  10® 10  10*  10° 1027 10"
I(A cm'?)

Fig. 1.14 Potentiodynamic polarization curves of Co-28Cr—-6Mo in PBS solu-
tions and various BSA concentrations (0—4 g1') from —0.25 V to 1 V versus Ag/
AgCl with a scan rate of 0.167 mV s™' in aerated conditions at 37°C and pH of
7.4 (Reprinted from S. Karimi, T. Nikchi, and A. Alfantazi, Corrosion Sci. 53
(2011) 3262, with permission from Elsevier [41])

Auger profiles of CoCrMo layer oxidized at —0.1 V (passive range)
show a double-layer structure with an inner oxide layer covered by an
adsorption layer (outer layer) containing albumin [28]. As a result of
adsorption, larger effects of phosphate ions and albumin are expected
on the electrical properties of the outer layer. Indeed, the capacitance
of the outer layer is increased by a factor of 10 and 5, respectively.
Although albumin increases the R resistance by a factor of 50 in the
NaCl solution, the phosphate has a much larger impact and increases
the resistance of the outer layer by three orders of magnitude.
Albumin is less efficient in reducing the reaction rate, probably
because its larger size does not allow the formation of a compact film,
as is the case of a phosphate-rich layer.

Karimi et al., on the other hand, observed a significant effect of
BSA in the passive range as well (Fig. 1.14) [41]. The addition of BSA
was studied in the broad concentration range from 0.2 to 4.0 gl™! in
SPBS at 37°C. For concentrations >0.4 gl-!, the addition of BSA
strongly affected the polarization curves by shifting the corrosion
potential to more negative values and decreasing the cathodic current



36 1. Milosev

Table 1.3 Activation energy values (E /kJ/mol) obtained from the potentiodynamic
curves and EIS results on a CoCrMo alloy at temperatures from 298 to 333 K in
different NaCl solutions

Potentiodynamic curves EIS
NaCl 49.4 34.5
NaCl+5 mg I"' BSA 28.8 31.5
NaCl+20 mg I"' BSA 29.5 30.5
NaCl+50 mg I"' BSA 28.3 32.6
NaCl+500 mg 1! BSA 45.2 43.1

BSA Bovine serum albumin
Source: Reprinted from C. Valero Vidal, A. Olmo Juan, and A. Igual Muiioz,
Colloids Surf. B: Biomaterials 80 (2010) 1, with permission from Elsevier [40]

density. Therefore, BSA acts as the cathodic inhibitor. The addition of
BSA strongly decreased the current density in the second half of the
passive range, i.e., for E>0.1 V, which is related to the introduction of
Co-oxide in the film. In the absence of BSA, no cobalt was detected in
the oxide layer formed at 0.007 V (Ag/AgCl) (mid-passive range), but
in the presence of 4.0 gl™' BSA, cobalt (1.7at.%) was detected in the
layer, as analyzed by XPS [41]. The increase in cobalt content could
be explained by the adsorption of BSA to the surface of alloys and its
affinity to react with cobalt [73]. In the solution containing BSA, a lower
concentration of chloride and phosphorus were also detected. It seems
that protein acts as a negatively charged barrier film and blocks anions,
such as chloride and phosphate, from reaching the surface.

To investigate the adsorption mechanism, dependence on tempera-
ture and BSA concentration from 0.005 to 0.5 gl was studied in
0.14 M NaCl [40]. This concentration range is smaller compared to
that studied by Karimi et al. (0.2-4.0 gl~") [41]. With increasing tem-
perature and BSA concentration (up to 0.05 gl'), the corrosion rate,
i.» increased. The activation energy, E , of the corrosion process was
obtained from linear variation of the rate of metal dissolution reaction
assigned as corrosion current density, i, with temperature (Arrhenius
equation) (Table 1.3). The highest activation energy was obtained in
NaCl solution, 49.4 kJ mol™', and it decreased when adding 0.005,
0.02, and 0.05 gI-' BSA to around 28 kJ mol-'. Hence, the addition of
BSA to the saline solution caused a decrease in the corrosion activa-
tion energy of 21 kJ mol™', which indicates that the adsorption of
protein to the CoCrMo surface and subsequent formation of a complex
with metal ions from the passive film reduced the activation energy
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and enhanced the corrosion rate of the alloy [80, 81]. Thus, by the
addition of BSA, a less protective layer was formed on the CoCrMo
surface than in pure saline solution. This observation further indicates
that the adsorption of BSA molecules onto the CoCrMo surface
occurred by a charge transfer mechanism, probably chemisorption
[82], in agreement with the results obtained by Omanovic et al. for
adsorption behavior of serum proteins albumin and fibrinogen on Ti
[83], albumin on stainless steel [80], and B-lactoglobulin on stainless
steel [81].

When the concentration of the BSA was increased to 0.50 g1, the
activation energy increased again (Table 1.3). Obviously, different
electrochemical behavior occurs in high and low BSA-containing
solutions. Similar behavior was observed by Alfonso et al. [84] on
stainless steel: at lower BSA concentration the complexing effect
of BSA was predominant and favored metal dissolution, whereas at a
higher BSA concentration the predominant effect was the adsorption
of the protein on the surface.

The adsorption of proteins onto the CoCrMo surface has been
described by the Langmuir isotherm:

BT
r — ADS™ max ¢ (114)

1+ B, .C

ADS

where ¢ (mol cm™) is the equilibrium concentration of the adsorbate
in the bulk solution, I" (mol cm™) is the amount of protein adsorbed,
i.e., surface concentration, I, . (mol cm™2) is the maximum value of
I, and the parameter B, . (cm’ mol™) reflect the affinity of the adsor-
bate toward adsorption sites [80, 81, 83]. Equation (1.14) can be
rearranged to give

eI e (1.15)

F BADSFmax 1—‘max
A plot of ¢/T" versus concentration should give a straight line with
parameters I~ and B, . derived from the slope and intercept,
respectively. Saturated surface concentration I'__increases with tem-
perature, indicating strong adsorption of BSA toward the CoCrMo
surface. B, . shows some scatter in data but strongly increases at
333 K, indicating a higher affinity of the denatured structure of BSA
molecules in the bulk solution for the surface, possibly resulting in

multilayer adsorption [80, 81, 83].
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The calculated values of Gibbs free energy of adsorption, AG, .,
range from —51.3 kJ mol-! at 298 K to —57.2 kJ mol~! at 333 K. Such
high values again indicate that the molecules have a strong adsorption
of BSA onto the CoCrMo surface, i.e., chemisorption. Enthalpy,
AH, = 2.04 kJ mol!, and entropy, AS DS = 176 Jmol™', of adsorption
suggested that the adsorption process of BSA onto the CoCrMo
surface is an endothermic process and that the molecule suffers struc-
tural changes when adsorbing on the metallic surface. The structure
and hence dimensions of the molecule change when the protein
adsorbs onto a surface. The induced structural changes can lead to a
considerably entropy gain, which appears to be a driving force for the
adsorption of BSA [83].

The ability of the surface to induce conformational changes or
denaturation of proteins is important to the biocompatibility of a
given material [85]. Several factors can drive the protein adsorption
process:

(a) Electrostatic protein—protein and surface—protein interactions,
which may be repulsive or attractive

(b) Dehydration of the surface and protein

(c) Structural changes in the protein

Changes of conformation are generally more important on hydro-
phobic than on hydrophilic surfaces; i.e., a protein molecule with low
conformational stability (soft protein), such as albumin, adsorbs on a
great variety of surfaces (hydrophilic or hydrophobic), even under
adverse electrostatic conditions. In contrast, high stability protein
(hard protein) adsorbs mainly on hydrophobic surfaces. On hydro-
philic surfaces, the hard protein adsorbs only under favorable elec-
trostatic interactions. Furthermore, interactions between proteins and
surfaces, resulting in adsorption, can be affected by a number of
factors, such as temperature, conformation of the protein in solution
and its bulk concentration, pH, ionic strength, and the surface charac-
teristics of the material onto which adsorption occurs [86, 87].

The effect of BSA adsorption as a function of medium (pure water,
pH=8-8.4, and 0.1 M PBS, Na,HPO, +NaH_PO,, pH=7) and mate-
rial (chromium and molybdenum) was investigated by Pradier et al.
[88]. Significant changes in adsorption of BSA were observed in PBS
compared to water, as indicated by amide bands in Fourier transform
infrared reflection—adsorption spectra (FT-IRRAS) (Figs. 1.15 and
1.16). In pure water, short times of immersion (a few minutes)
resulted in higher BSA adsorption on Cr than on Mo. For longer
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Fig. 1.15 IRRAS spectra of chromium and molybdenum surfaces after immer-
sion in a 5 mg I"' BSA—water solution for 2, 5, 20, and 60 min. The samples were
rinsed and dried before analysis (Reprinted from C.M. Pradier, F. Karman, J.
Telegdi, E. Kalman, and P. Marcus, J. Phys. Chem. 107 (2003) 6766, with permis-
sion from ACS Publications [88])

times (20 min, 1 h), the amount of BSA was similar on both surfaces
(Fig. 1.15). Spectra show peaks ascribed to vibration modes v,._, and
Vi Oy centered at 1,658 cm™ and 1,545 cm™, respectively (amide
I and amide II). These peptide-characteristic signals increase with
immersion time. The band at a maximum at 1,658 cm™' can be fitted
with two components at 1,680 cm™ and 1,658 cm™'. The former is
characteristic of B-turns and bends of partially unfolded BSA mole-

cules, and the latter is ascribed to H-bonded Co in a-helices and
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Fig. 1.16 IRRAS spectra of chromium and molybdenum surfaces after immersion
in a 5 mg 1" BSA-phosphate buffer solution for 5, 20, and 60 min. The samples
were rinsed and dried before analysis (Reprinted from C.M. Pradier, F. Kdrman,
J. Telegdi, E. Kdlman, and P. Marcus, J. Phys. Chem. 107 (2003) 6766, with
permission from ACS Publications [88])

suggests the presence of packed hydrophobic helical domains. With
increasing immersion time the component at 1,658 cm™ significantly
increases, indicating the tendency to form dense peaks of proteins on
chromium; a similar trend was not observed on Mo. Significant
changes in adsorption of BSA were observed in PBS (Fig. 1.16).
A strong decrease (factor ~3) of the amide bands was observed in
comparison to the results obtained in pure water (Fig. 1.15).
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XPS analysis was also explored to study the chemical composition
of the metal surface [88]. After immersion in water containing
20 mg 1! BSA, the chromium surface was covered by a thin layer of
Cr(OH),, whereas Mo was covered by oxide MoO,. Deconvolution of
the carbon signal confirmed that chemically intact (and not decom-
posed) BSA molecules were adsorbed at the surface. A nitrogen peak
at 400.9 eV confirmed the presence of amine or amide groups of the
protein. In the presence of phosphate, the adsorption was strongly
diminished, indicating that adsorbed phosphates block the adsorption
of BSA. Reyes et al. reported that the BSA diffusion coefficient
decreased by a factor of 4 in a 0.1 M phosphate-buffered solution
compared to pure water [89]; this is a kinetic parameter that explains
a low rate of BSA adsorption from a phosphate-containing solution.

Finally, the data show conformational changes of the BSA mole-
cules that are different on two substrates: the BSA structure is more
compact on Cr than on Mo. There are several possible reasons. At pH
in the range 7-8.3, both surfaces are presumably negatively charged.
Chromium is covered by a hydroxide layer, although the layer on Mo
is only slightly hydroxylated. It is assumed that the BSA internal
structure is reorganized to optimize its interactions with the hydro-
philic Cr surface. Lu and Park showed that the a-helix structure is
favored on hydrophilic surfaces [90]. The authors proposed the fol-
lowing main difference in the adsorption mechanism of BSA on Cr
and Mo [88]. When coming in contact with the metal surface, nega-
tively charged BSA molecules undergo partial unfolding to present a
maximal number of positive groups such as the N-terminal and lysine
residue toward the surface: this occurs on both Cr and Mo during the
first 20 min of immersion. Further adsorption of proteins tends to
proceed so as to minimize the surface energy in two possible ways.
One path is to occupy the free surface areas, which probably occurs
on Mo. The other possibility is the formation of a second layer of
proteins on top of the already attached ones. This mechanism is pre-
dominant on Cr because it enables the formation of a more compact
helical structure, as experimentally observed on Cr.

1.6.2 Formation of Organometallic Compounds
and Distribution of Proteins

It was early recognized that organic molecules play an important role
in the behavior of metals and alloys in a physiological environment.
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After implantation, the first event of the interaction between tissues
and the metallic device is the adsorption of plasma constituents, espe-
cially proteins, onto the metal surface. Proteins encounter the surface
depending upon the product of their concentration and their self-
diffusion velocity, which is approximately inversely related to the
square root of their molecular weight [76]. Thus, protein—surface
interactions in vivo or in vitro from mixed solutions can be regarded
as a succession of events. The early arrivers (low molecular weight/
high concentration) are potentially displaced by late arrivers (high
molecular weight/low concentration). This process, known as the
Vroman effect, implies that even after the total surface concentration
of protein reaches a steady-state value, the composition of the film at
the interface continues to change.

Svare et al. showed that the presence of cysteine inhibited the
electrochemical passivation of nickel and improved the passivation
tendency of copper [91]. Proteins, including albumin, had little or
no effect on passivation of these metals. Relatively few studies have
considered the effect of proteins on the electrochemical (corrosion)
behavior of metals. The majority of these studies have been per-
formed on stainless steels [35, 92-95]. Proteins increased the cor-
rosion rate of the stainless steel and commercially pure (c.p.)
titanium but did not have an effect on Ti—-6Al-4V alloy [93].
Stainless steels were subjected to pitting corrosion in the presence
of proteins [92].

Proteins can have a significant effect on the passivation behavior
of individual metals and alloys because they can act as complexing
agents for dissolved metal ions, thus stimulating the dissolution rate
of a base alloy and, consequently, suppressing the formation of the
protective oxide layer (see Sect. 1.5). Iron and stainless steel AISI
304 were susceptible to localized corrosion in the presence of com-
plexing agent and various proteins (albumin, y-globulin, transferrin,
and fibrinogen) [35]. All proteins, and especially complexing agent
EDTA, increased the dissolution of individual metals and alloys. The
effect of particular proteins differed on various metals and alloys,
which is probably related to different stability constants of complexes
between individual metal ions and various proteins. These constants
are known for complexes between complexing agents such as EDTA
and individual metal ions (Sect. 1.5), and for complexes between
individual amino acids and metal ions [96], but are far less well
known for complexes between proteins and metal ions.
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In the following text the effects of protein on metal dissolution,
predominant products, site of formation, binding to proteins, and
route of distribution are discussed. The dissolution of metal ions and
their distribution and binding to proteins have been studied by com-
bination of immersion tests in vitro with metal powders, metal salts,
or corrosion products, or in vivo by injecting metal salts into animals.
Concentration of released metals and their binding to proteins was
then determined by analytical methods. The mechanism was also
analyzed in the serum of patients with hip replacements.

Metal salt solutions (CrCl, and CoCl,) were incubated with 1:20
dilution of murine serum proteins for 24 h [97]. Free metal was then
removed by dialysis and the percentage of protein-bound metal ions
was measured. Chromium and cobalt have similar protein-binding
affinity and bind to protein in proportion to the added concentration
ratio. The form taken by the corrosion products of CoCrMo metal
powder upon dissolution in serum in vitro and in vivo in rats was
studied by Woodman et al. [98]. Concentrations of dissolved metals
were much higher in serum solution compared to saline (factor of
10). The predominant form of corrosion products of chromium are
organometallic complexes with proteins. Two principal serum protein
peaks were observed: o, macroglobulin and albumin [98]. In general,
organometallic compounds have two components: one is an organic
moiety, and the other is the metallic moiety [76]. The association
between the two can be weak or strong, i.e., from chelation, coordina-
tion, to ligand formation. The production of the organometallic com-
pounds by implants is controlled by a dynamic equilibrium established
between the alloy and the intermediate organometallic compound, as
well as between the alloy and inorganic ions. The release of chro-
mium was strongly dependent on the surface area of the powder
whereas cobalt release was not. The reason for this behavior lies in
the fact that the organometallic complex may form either on the sur-
face or in solution. If it is formed on the surface, then the ratio of the
implant surface area available for equilibrium will govern both the
formation rate and the equilibrium concentration, as is apparently
the case for complexes formed between chromium and serum pro-
teins [98]. The complexing is controlled at the interface of the metal-
lic spheres with the serum, and any increase in surface area of powder
will increase the equilibrium concentration of those metals released
from the alloy. If the complex forms preferentially in solution, then
only the rate of formation is affected, as is apparently the case for
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cobalt. The increase in surface area will not produce any increase in
equilibrium concentration. Instead, cobalt may complex in solution.

The rate of corrosion depends on the rate of removal of the inter-
mediate organometallic compound [76]. If more is removed by the
deposition in tissues, then corrosion could proceed at an increased
rate. Because the removal of the intermediate compound is a rate-
limiting step, differences seen between biological response to powder
and bulk implants probably reflect different surface (interface) reac-
tion conditions.

In the presence of 0.1% bovine albumin and fibrinogen, increased
dissolution of copper was observed, whereas the dissolution of chro-
mium showed only a small increase [95]. It seems that different met-
als behave differently in the presence of different proteins. Two
mechanisms may be operative: proteins may abstract metals ions
from the oxidized layer, or they can act as catalysts, oxidizing the
metals with internal disulfate groups, and forming a protein—metal
complex, with the disulfide bonds being subsequently reformed by
oxidation with oxygen. Although in many cases this would not lead
to a loss of structure by the protein, repeated activity of this nature is
likely to lead to cross-linking and precipitation. Because albumin is a
smaller and more flexible molecule than fibrinogen, and contains free
sulfhydryl groups, it is reasonable to expect that cross-linking will
occur more readily with albumin than fibrinogen (despite that it is
less stable in solution).

Different metals bind differently not only to proteins but also to
cells [99]. Nickel almost exclusively binds to albumin and not to
cells, whereas cobalt binds to cells and albumin. The valence of chro-
mium affects its binding ability. Cr’** from CrCl, binds to cells in very
small quantities, whereas Cr®* from K,Cr,O, binds strongly to cells.
All the metals (Ni, Co, Cr) bind strongly to albumin, which is the
most abundant protein in serum and tissue. The fact that metals bind
to albumin means that they could become widely distributed in the
body, which helps to explain the dissemination of the corrosion prod-
ucts from the site of implant. This predicted behavior was confirmed
in in vivo experiments in which metal salts or corrosion products
generated by fretting corrosion of stainless steel were injected in
hamsters and the concentration of nickel, cobalt, and chromium in the
serum, attached to red cells, and attached to white cells was deter-
mined [100]. Metals are transported rapidly from the intramuscular
site with high levels in the blood by 2 h. The level of metal in the
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blood varied considerably with nickel being transported in high
concentration to the blood, chromium with a valence of 6+ being
transported to the blood at intermediate concentrations, and cobalt
and chromium with a valence of 3+ being transported less to the
blood. The highest amount of cell binding was observed with chro-
mium 6+. Cobalt showed negligible binding to blood cells. When all
the metal salts injected together were compared with the individual
salts injected alone, there was no difference.

These results indicated that each metal behaves independently of
the presence of other metals. Metals behave differently in the pres-
ence of different proteins, but dependently on pH, i.e., protein charge
[94]. As Zwitter ions, proteins have a positive charge in solution
acidic to their isoelectric point (pI) and a negative charge in solution
basic to their pl. The average pl of albumin is 4.5; gamma globulin
has a wide range of isoelectric points with an average at 8. Although
alteration of pH in saline solution (pH 3, 5, and 8) did not affect the
corrosion rate, in protein solutions significant changes were observed.
In protein solution acidic to the pl, the presence of positively charged
albumin did not alter the corrosion rate as compared to that in saline.
However, the presence of negatively charged proteins in solutions
basic to their pl decreased the degree of corrosion. In saline solution,
the release of nickel and chromium was proportional to their compo-
sition in the alloy, but in the albumin solutions at pH 5 and 8, the
Ni:Cr ratio was significantly higher, indicating a preferential release
of nickel.

Determination of the specific protein carrier of metal degradation
products is an essential component in the assessment of the long-term
biological effects of total joint replacement devices [101]. The pro-
cess of protein adsorption onto the surface of biomaterials is dynamic.
More prevalent serum proteins such as albumin initially dominate the
biofilm that forms immediately upon implantation through reaction
of the metal surface with proteins, forming a proteinaceous film.
Initially adsorbed proteins are then replaced over time with less abun-
dant proteins that have greater affinity for the implant surface, such
as immunoglobulin [76, 102]. The kinetics of metal release from, and
protein binding to, Co- and Ti-based alloy spherical particles during
a 1-week immersion in human serum was investigated [101]. Cr was
released from Co-based alloy at an order of magnitude higher than
the release of Ti from Ti-based alloys. Obviously, there is a higher
binding capacity of human serum for Cr from Cr-based alloy, relative
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to Ti from Ti-based alloys. Both Cr and Ti released from Co- and
Ti-based alloys exhibited a bimodal binding pattern, preferential
binding to both low molecular weight proteins (<32 kDa) and to
higher molecular weight proteins in the 180- to 250-kDa range. In the
range between 77 and 140 kDa only Cr was found, indicating that
there were distinct differences in the biofilm composition between
the two alloys.

This mechanism was checked in human serum from patients with-
out and with joint replacements containing elevated serum levels of
Cr and Ti [102]. Cr and Ti were bound to serum proteins within
specific molecular weight ranges in both patient groups. Two molecu-
lar ranges were found to bind Cr (at 70 and ~180 kDa) in patients
with CoCr prostheses, whereas a single molecular weight range (at
~70 kDa) was found to bind Ti in patients with Ti alloy prostheses.
Higher molecular weight proteins dominated by immunoglobulins
(=180 kDa) have the greatest affinity for Cr. This metal-protein bind-
ing was reproduced in vitro by adding CrCl, at concentrations of
~100 and 1,000 ppb Cr, which are orders of magnitude higher than
that in the serum of patients with CoCr implants (=3 ppb Cr). This
finding suggests that protein binding is initiated in the periprosthetic
space where metal concentrations are typically two to three orders of
magnitude higher than that observed systemically in the serum.

1.6.3 Effect of Biomolecules and Cell Cultures

The existence of biomolecules and cells influences the interface
behavior between metal and solution and should be taken into
account when evaluating the corrosion phenomena and biocompati-
bility of metals. A biomolecule adsorption layer containing proteins
and cells probably forms on the surface of the metal, and it is of inter-
est to determine its role and properties.

In fetal bovine serum, which contains a number of inorganic com-
pounds, various proteins, hormones, insulin, and other compounds,
the CoCrMo alloy exhibited higher corrosion resistance than in
0.1 M sulfate solution [103, 104]; this was concluded based on the
measurements of polarization resistance, which was higher in serum
than in inorganic solution. Furthermore, the OCP value was more nega-
tive for about 250 mV. Considering the difference in pH of 1.1
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between the two solutions (7.1 for serum and 6.0 for sulfate solution),
a shift of about 60 mV could be expected. This higher difference
could be explained by the rate of oxygen reduction (cathodic reac-
tion), which is significantly lower in serum than in inorganic solution.
This fact could be the reason why the OCP recorded in serum remains
more negative. The lower oxygen reduction current in serum can be
attributed to an increase in corresponding Tafel slope or to a decrease
in the exchange current density. The adsorption of organic species
from serum onto the electrode surface may cause the blocking of
terminal oxygen atoms at the interface passive film—electrolyte,
which, consequently, hinders the charge transfer responsible for the
passive film dissolution.

To more closely simulate the in vivo conditions and to study the
effect of cell cultures, Hiromoto et al. developed an electrolytic cell
that enabled the electrochemical measurements to be performed dur-
ing culturing cells on specimens [105]. The passive region of the
CoCrMo alloy was not significantly affected by the composition of
the solution, i.e., inorganic ions in the Hanks’ solution and proteins
and amino acids in the E-MEM +FBS solution (Eagle’s minimum
essential medium with 10vol% fetal bovine serum) did not appar-
ently affect its corrosion resistance [106]. The oxide layer was
enriched in Cr and Mo oxides regardless of the medium tested. After
oxidation up to 0.12 V (SCE), i.e., at the beginning of the passive
region, the thickness of the oxide layer formed in MEM +FBS solu-
tion was 3.0 nm, comparable to other solutions (Fig. 1.5). In the
transpassive region changes were observed depending on the solution
composition. The concentrations of Cr and Mo were smaller than in
the primary passive film and the thickness was greater. It seems that
the reactions in this region are accelerated by the presence of inor-
ganic ions such as H PO,"~ and SO,>” and biomolecules, or difference
in pH, or both. In MEM, the preferential dissolution of cobalt may
occur as a result of the preferential binding to serum proteins, leading
to the relative increase of Cr concentration in the film. After oxidation
to 0.665 V (SCE), i.e., in the region of the transpassive peak, the
thickness of the oxide layer increased to 4.7 nm (Fig. 1.5). The thick-
ness of the surface layers formed at CoCrMo in various solutions
under various conditions is quite similar.

The electrochemical behavior of CoCrMo alloy was investigated
in different biological solutions including urine, serum, and joint
fluid [107]. The alloy exhibits only a small passive region in joint
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fluid and serum but a much larger region in urine. The corrosion
current densities are comparable in three biological solutions, at a
range of 1.65-2.59 pA cm™, and smaller than that reported for
0.14 M NaCl solution, 9.6 LA cm™ [28]. Based on the cyclic polariza-
tion measurements it was concluded that the susceptibility to pitting
corrosion differs in the three solutions, being the highest in serum.

To study the effect of a different medium on the composition and
thickness of the surface layer formed on CoCrMo, specimens were
prepared by five treatments [108]:

1. Polishing in deionized water, and autoclaving at 121°C

2. Immersion in Hanks’ solution for 7 days

3. Immersion in a cell culture medium [MEM +FBS: Eagle’s MEM
containing 10% fetal bovine serum (FBS)]

4. Incubation with cultured cells (MEM+FBS+1.929 mouse
fibroblast cells)

The surface films were then investigated using XPS. The composition
of the surface layer differed from the bulk composition and was in all
cases enriched in Cr and depleted in Co. In Hanks’, MEM +FBS, and
L.929 specimens Ca and P were detected, indicating the formation of
calcium phosphate. The Ca:P ratio was 0.7, smaller than that on Ti
under the same condition (1:3). After immersion in Hanks’ and cell
culture media, cobalt was not detected in the surface film, indicating
that during immersion preferential dissolution of cobalt occurred,
leading to the enrichment of surface oxide with chromium(III) oxide.
In addition to chromium, the film contained molybdenum. The thick-
ness of the film did not change significantly in the presence of cells
and proteins and ranged between 2.5 nm for a polished specimen and
2.9 nm for an autoclaved specimen (Fig. 1.5). A possible explanation
is that adsorbed proteins did not form a complete layer but rather a
rough and porous layer that did not contribute to the calculated thick-
ness evaluated from the XPS intensity ratios. The degree of layer
hydration was also dependent on the medium: autoclaving led to
dehydration and oxidation with enrichment in chromium. In body
fluids, cobalt is completely dissolved, and the chromium oxide is
formed, containing a small amount of molybdenum oxide. A calcium
layer was formed on the top surface.

It was hypothesized that not only macrophage cells but their
release-reactive chemical species (RCS) alter the surface oxide
composition of CoCrMo alloy in vitro [109]. As-polished and passi-
vated CoCrMo samples were incubated for 3 days in cell culture
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Fig. 1.17 Examples of the O and Cr high-resolution spectra for As-polished and
passivate Co—Cr—Mo samples and samples after 3 days exposure to cell culture
medium, culture medium with nonactivated cells, and culture medium with
LPS +1FN-y-activated macrophage cells. In general, peaks decreased with
medium and increased again with nonactivated and activated macrophage cells
(Reprinted from H.-Y. Lin and J.D. Bumgardner, Biomaterials 25 (2004) 1233,
with permission from Elsevier [109])

medium (Dulbecco’s modified Eagle medium (DMEM)+1 mM
Na-pyruvate+10% FBS+ 1x antibiotic-antimycomic+2 mML-glu-
tamin) in an incubator at 37°C. A polished and passivated sample
contained C, O, Co, Cr, and Mo (Fig. 1.17), which corresponds to the
presence of surface oxides. The decrease in Co, Mo, and Cr signals
after 3 days in DMEM was attributed to absorption of proteins from
the culture medium. After being cultured with macrophage cells, the
intensities of Cr and O recovered. Cells were activated by supple-
menting the medium with 0.05 pg ml™ interferon-y and 5 pg ml™!
lipopolysaccharide. This stimulation of cells to release NO and other
RCS induced further increase in peak intensities. Cell attachment
may have limited protein deposition on the surface, and thus the
oxides were revealed after cell removal. It was postulated that the
RCS (H,0,, 07, and NO) released by activated cells influenced a
further oxidation of the alloy surface. Perhaps oxygen formed by
reduction of H,O, further reacted with metal, or H,O, participated in
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the formation of hydroxyl radicals in the presence of metal or metal
ions, thus promoting oxidation.

These data demonstrate that the surface oxide composition varied
with in vitro environments. Changes in the composition of the alloy
surface over time by cells are important for the understanding of
host-material interactions and the release of corrosion products.
Further evidence on the action of biomolecules is presented by Lewis
et al. [73, 110]. CoCrMo pellets were immersed in human serum,
fetal bovine serum (FBS), synovial fluid, and water for 5 days, and
the composition of the surface film was studied by time-of-flight—
secondary ion mass spectrometry (TOF-SIMS) technique. The com-
position and thickness of the layers formed differed considerably
between different solutions. Serum produced a mixed composition of
Cr,0,.xH,0, Co(OH),.xH,0, Cr(OH),-xH,O, CrPO,xH,0O, and
Co,(PO),xH,0 within a thick deposit of calcium phosphate. The
thickness of both oxide/hydroxide (25 nm) and calcium phosphate
layers was the thickest (30 nm) in this solution. Compared to human
serum, chromium phosphate and a second layer of cobalt hydroxide
were absent in the FBS. The thickness of both oxide and phosphate
layers were smaller than in serum (10 and 20 nm, respectively). The
synovial fluid sample had a thin layer (1.5 nm) of Cr,0,-xH,O and an
insignificant deposit of calcium phosphate, whereas the water sample
had a passive layer (3—-3.5 nm) of Cr(OH),-xH,O at the surface and
Cr,0,.xH,0 as the inner layer. Deposits of calcium phosphate on the
sample surface immersed in serum contained Co and Cr ions. It
seems that Co and Cr migrated from the bulk metal surface and were
trapped in serum deposits. Chromium existed as oxide, hydroxide,
and phosphate, whereas the cobalt was present predominantly as
phosphate and hydroxide: this may account for the composition of
wear debris from CoCr implants, which are predominantly hydroxy-
phosphate compounds [74]. In synovial fluid, insignificant deposits
of calcium phosphate were formed, which was ascribed to the possi-
ble action of proteoglycans, pyrophosphates, phospholipids, lubricin,
and superficial zone protein (SZP). Circulation of these compounds
around the implant may inhibit calcium phosphate deposition and
therefore contribute to osteolysis.

The composition of the medium affected metal dissolution [73, 110].
Protein increased the dissolution of Cr and decreased the dissolution
of Co; i.e., the samples immersed in synovial fluid had the highest Cr
and the lowest Co concentrations [73]. The fact that proteins have
greater affinity for Cr than for Co explains why dissolved Cr is higher
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in synovial fluid than in PBS and water. Effective complexing of
metal cations with proteins leads to a thinning of the oxide layer,
similar to the mechanism presented in Sect. 1.5.

1.7 Tribocorrosion

Tribocorrosion can be defined as an irreversible transformation of a
material resulting from simultaneous physicochemical and mechanical
surface interactions occurring in a tribological contact [111]. During
tribocorrosion the material is thus subjected to friction, lubrication,
wear, and corrosion. Orthopedic implants are typical examples of
such systems. Materials degradation from simultaneous chemical and
mechanical effects may occur under a variety of conditions (1) slid-
ing (two- and three body), leading to corrosive wear, wear-accelerated
corrosion, and chemomechanical polishing; (2) fretting (two- and
three body), leading to fretting corrosion; (3) rolling in ball bearings,
causing corrosive wear; and (4) impingement, causing erosion corro-
sion and impingement attack. Fretting is a special type of tribological
contact involving a reciprocating motion of small amplitude (a few
micrometers) and is highly relevant for orthopedic applications
involving sliding joints [112].

Electrochemical behavior of CoCrMo alloy in the active state in
acidic and alkaline buffered solutions was studied before, during, and
after mechanical disruption of the passive film [113]. The measure-
ments were performed in a tribo-electrochemical microcell consisting
of a microcapillary filled with the electrolyte solution and containing
a rotating ceramic tube that rubs the electrode surface. At acidic pH
cobalt and chromium oxidize, giving the bivalent aqueous ions
Co(II) and Cr(II) as primary oxidation products, while the cathodic
partial reaction is the hydrogen evolution reaction. At alkaline pH,
cobalt and chromium originate the oxide species CoO and CrO
whereas the oxygen electronation reaction supplies the oxidation
current. The repassivation rate at neutral pH is lower than at pH 4.0,
because the coprecipitation of cobalt oxide species hinders the for-
mation of the Cr,0O,.

There has been much debate to identify whether high carbon (HC)
or low carbon (LC) content CoCrMo alloy was more appropriate for
metal-on-metal bearings of artificial hip implants. The main differ-
ence between the two alloys is the presence of chromium carbides in
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the HC alloy that increase hardness but may affect the corrosion
stability by depleting the metal matrix in chromium [114]. The rele-
vant literature has been reviewed recently [115]. The literature results
were not straightforward and indicate that the role of carbides is com-
plex and depends on the prevailing wear mechanism (abrasion,
fatigue) on their wear resistance and cohesion to the matrix.

In tribocorrosion it is common to distinguish two contributions to
material removal: mechanical wear and wear-accelerated corrosion
[116]. The former mechanism corresponds to the release of metal
particles by abrasion action of the alumina ball. The latter results
from the removal of the passive film and subsequent enhanced
metal oxidation. The total wear corresponds to the sum of the
wear-accelerated volume, V_ . and the metal volume lost by wear-
accelerated corrosion, Ve according to

v.,.=V

tot chem

+V

mech

(1.16)

The V,, . can be calculated from the wear track current [, using
Faraday’s law:
Viem = M 1.17)
chem an

where M is the atomic mass, n is the charge number for the oxidation
reaction (2.36), F'is the Faraday constant, p is the density of the alloy
(744 gcm™), and t is the duration of the sliding. Tribocorrosion
behavior of low- and high-carbon CoCrMo alloys sliding against an
alumina ball was measured in four different simulated body fluids
[NaCl, and saline phosphate buffer (SPBS) with and without albumin]
[115]. The total wear was determined using a noncontact laser scan-
ning profilometer; V. was calculated as a difference between the
wear volume and the chemical volume. The total wear volumes and
chemical and mechanical wear volumes are compared in Fig. 1.18.
Wear ranking depends significantly on the test electrolyte: the HC
alloy wears more than the LC in the NaCl and in the SPBS +albumin
solutions, whereas no significant differences are observed in other
electrolytes. When differences appear between alloys, this is mainly
caused by a difference in mechanical wear (Fig. 1.18c), which is more
pronounced in the HC alloy. Thus, in NaCl and NaCl+albumin the
dissolution rate seems to be mainly controlled by the alloy composi-
tion. As in the HC alloy, a significant part of Cr is bound in Cr, Mo,C,
carbides, and the Cr-depleted matrix is more prone to corrosion.
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NaCl+Albumin

Fig. 1.18 Total wear volume (a), chemical wear volume (b), and mechanical wear
volume (c¢) of low-carbon (LC) and high-carbon (HC) CoCrMo alloys in simu-
lated body fluids. Normal load is 1.2 N; applied potential is =0.1 V. (Reprinted
from A. Igual Muooz and S. Mischler, J. Mater. Sci. Mater. Med. 22 (2011) 437,
with permission from Springer [115])



54 1. Milosev

Moreover, hard carbides released as loose debris particles inside the
contact provoke abrasion. In phosphate-containing solution, the role of
solution chemistry becomes more pronounced, which could be related
to the enhancement of corrosion by sliding, as well as to surface chemi-
cal effects affecting third-body wear. It seems that the presence of
albumin limits the adsorption of inhibitive phosphate ions and conse-
quently increased significantly corrosion of both alloys in SPBS.

Besides solution chemistry, the tribocorrosion rate of CoCrMo
alloy varied with the applied potential [117]. Under cathodic condi-
tions wear was negligible, whereas it critically increased under pas-
sive conditions and increased with increasing potential. Cyclic
mechanical removal of the passive film followed by its repassivation
contributes to its higher damage. Figure 1.19 shows typical optical
images of the wear tracks in 0.14 M NaCl and bovine solution (BS).
At the cathodic potential of —1.0 V (Ag/AgCl), the wear track is gen-
erally smooth because the wear proceeds mainly through mechanical
removal of particles. At —0.5 V some scratches were observable in
the wear track. At more anodic potentials, grain boundary dissolution
was noticed in NaCl solution and only above 0.75 V in BS. At poten-
tials within the passive region (0.05 and 0.5 V), the values of V, were
higher in BS than in NaCl solution, the consequence of higher values
of V_ . in BS solution. The amount of wear debris increased with
increasing potential, and the amount of particles was always higher
outside the track in NaCl solution, whereas in BS, i.e., in the presence
of proteins, wear particles were mainly entrapped in the scratches.
Therefore, the wear pattern is affected by the solution chemistry.
It was suggested that the incorporation of proteins into the passive
layer possibly modifies the surface charge and the repulsion forces
acting between particles. In NaCl, the repassivation was sufficiently
fast to allow them to form a disperse and small third body. Wear par-
ticles thus formed were less compacted. In protein-containing solu-
tion, metallic particles formed by mechanical wear can agglomerate,
and larger particles abrade the surface, producing greater damage
[118]. It is likely that the release of Co** ions leads to enhanced bind-
ing of proteins under sliding, and charge transfer at the metal—solution
interface is reduced by the formation of corrosion products, i.e.,
Co,(PO,),”2H,0 or an organometallic complex [117, 118].

Under tribological contact the contact zone became more active
than the rest of surface and increases the corrosion rate; corrosion
rates 20-60 times higher were observed under sliding than under static
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Fig. 1.19 Optical images of the wear tracks of CoCrMo alloy in NaCl and BS at

different applied potentials: =1 V, S/AgCl (@),-05V, ., ®b),05 VA /ASCI (¢), and
075V (d). Normal load 5 N, pH 7.4, and 37°C (Reprinted from A. Igual

Ag/AgCl

Munoz and L. Casaban Julian, Electrochim. Acta 55 (2010) 5428, with permis-
sion from Elsevier [117])

conditions [119]. The active zone is constantly rubbed by mechanical
forces, thus repeatedly removing the protective passive film or semi-
protective adsorbed film and promoting charge transfer. Combined
effect of wear and corrosion on low- and high-carbon CoCrMo alloy
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in various simulated physiological media (0.3% NaCl, 50% bovine
serum, and DMEM) was studied in a tribo-electrochemical cell under
sliding contact conditions [120, 121]. A silicon nitride ball was used
as a counterface material at a normal load of 80 N. Under static con-
ditions, the composition of the medium strongly affects the suscepti-
bility of the CoCrMo alloy toward corrosion: the breakdown potential
is most positive in saline solution, shifts to more negative values in
DMEM (containing amino acids), and is the most negative for bovine
serum. It is postulated that the increased binding of proteins and
amino acids to chromium, and especially cobalt, is responsible for a
premature loss of passivity. Under sliding conditions, the corrosion-
related damage, primarily the effect of corrosion of wear, represented
a significant part of the overall tribocorrosion process, which was
dependent on the composition of the solution. Corrosion accounted
for between 22% and 47% of the total volume loss, the remainder
being attributed to mechanical wear. For both alloys, high- and low-
carbon, the corrosion-related damage was the smallest in saline,
higher in serum, and the highest in DMEM conditions [120, 121].

The nature of the film formed during tribocorrrosion in different
media was investigated by XPS and contact angle measurements
[119, 121]. A protein adsorption layer 3—4 nm thick was formed in
the wear scars for high-carbon CoCrMo alloy. The underlying oxide
layer was mainly composed of Cr,O,. Sulfur was detected in the low-
carbon alloy, which was attributed to the possible formation of CoS,
[121]. CoS, is similar to MoS, which, because of its weak interlamellar
bonds, reduces friction. The formation of the adsorbed protein layer
was found to affect the wettability of the surface. After polishing, the
contact angle of high- and low-carbon alloys was greater than 90° (94°
and 98°, respectively). The contact angle dropped rapidly immediately
after the surface was immersed in serum solution, and after 1 h had
reached almost a constant value between 20° and 30°. It seems that the
formation of thick films of proteins with metal ions can efficiently
reduce the friction of the surface and lubricate the contact zone.

On the other hand, proteins bind to metal ions, which likely
increased the corrosion rate [119]. Even though proteins and adsorbed
protein layers can lubricate material surfaces, the total degradation
was enhanced by the increased corrosion process. The presence of
proteins increased the total specific wear rate under abrasion-corrosion
test conditions [122]. A microabrasion tester was designed so that the
working electrode made of cast CoCrMo alloy was loaded against the
roughened zirconia ball surface to improve particle entrainment and
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test repeatability. The wear-enhanced corrosion process was deduced
from the electrochemical current noise measurements. Tests were
conducted in 0.9% NaCl, phosphate-buffered saline solution (PBSS),
and 25% and 50% bovine serum solution with either 0 or 1 gecm= SiC
for “sliding-corrosion” (SC) and “abrasion-corrosion” (AC) tests. The
former condition without externally introduced abrasives is closer to
the scenario of two-body metal-on-metal articulation in a hip bearing
in the steady state, whereas the AC condition represents an extreme
condition where a high volume of third-body abrasive particles (e.g.,
fractured carbides, bone cements, metal debris, etc.) are produced
during the running-in period of the implant [123]. The corrosion rate
deduced from potentiodynamic polarization curves measured under
static condition was higher in bovine solution than in inorganic solu-
tions, which was attributed to the formation of metal-protein com-
plexes that can be effectively transported away under static conditions
(see Fig. 1.13). Conversely, electrochemical noise measurements
under abrasion conditions indicated that average anodic current levels
were appreciably lower (1.3-3 times) for the proteinaceous solutions
when compared with the inorganic solutions. In this case the proteins
can become completely denatured in the tribological contact, which
could result in the formation of a lubrication layer that reduces the
friction of the tribological contact. Three-body abrasive wear gave
significantly higher wear rates compared to two-body sliding wear.
Total wear constitutes material loss from pure mechanical wear (W),
material loss from corrosion-enhanced wear under AC conditions
(W), and material loss from wear-enhanced corrosion under AC con-
ditions (C,). For the abrasion-corrosion condition, pure mechanical
wear (W) was a major cause of the material loss in all four solutions
(Fig. 1.20). The presence of proteins increased corrosion-enhanced
wear (W). It seems that proteins enhance wear both chemically and
mechanically, i.e., influencing the surface mechanical properties and
forming an adhesive layer enhancing the particle entrapment.

A severely deformed nanocrystalline layer was identified immedi-
ately below the worn surface for both solutions [122]. The layer was
formed by a recrystallization process or strain-induced phase trans-
formation that occurs during microabrasion. In the former scenario,
repetitive formation and breaking of asperities junctions results in
surface damage and wear debris formation. These particles or unbro-
ken junctions can be further deformed and incorporated into the
CoCrMo surface. The distinct subsurface structure containing a
mechanically mixed nanocrystalline layer could be a mixture of the
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Fig. 1.20 Percentage of volume loss for CoCrMo in four test solutions: C , material
loss from wear-enhanced corrosion; W, material loss from corrosion-enhanced
wear; and w, material loss from pure mechanical conditions (Reprinted from
D. Sun, J.A. Wharton, R.J.K. Wood, L. Ma, and W.M. Rainforth, Tribology
International 42 (2009) 99, with permission from Elsevier [122])

substrate metal, oxide layers, and possibly surrounding biological
species (e.g., denatured proteins) [124].

Such a layer was found at the surface of a retrieved hip joint [125,
126]. It was suggested that this layer may reduce the effect of three-
body abrasion by increasing the resistance against surface fatigue.
This layer also helps to explain the origin of the nanometer-sized
metallic debris. Two types of nanometer-sized debris originating
from the femoral head and the acetabular inlay of the metal-on-metal
prostheses were identified: Cr-based and CoCr-based particles [126].
An example is given for CoCr-based, needle-shaped particles
40-80 nm in length, seen as black elongated particles in Fig. 1.21. Co
and Cr were identified from the EDS spectrum as alloying elements,
together with oxygen, calcium, phosphorus, and other elements origi-
nating from the tissue or solution during digestion.

Another possible process that may occur within the nanocrystalline
layer is strain-induced phase transformation (SIT) [124]. The severely
deformed alloy surface has been subjected to high strain levels and
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Fig. 1.21 High-resolution transmission electron microscopy (TEM) images (a, b)
and EDS spectrum (¢) of CoCr-based particles isolated from periprosthetic tissue
of hip prostheses with metal-on-metal bearing using the papain digestion proce-
dure. (a) x200,000; (b) x1,000,000

could transform from the meta-stable face-centered cubic (FCC)
structure into a hexagonal close-packed (HCP) phase [124, 127]. SIT
has been described as a local phenomenon of nucleation and growth
surrounding the stacking fault. In this case, the stress concentration
near the defects could have exceeded the yield strength of the
CoCrMo (~500 MPa) and significantly increased the driving force for
the structural change [128-130].
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1.8 Corrosion Processes In Vivo: Galvanic, Crevice,
and Fretting Corrosion

Early retrieval studies already showed that a certain number of
implants exhibited damage caused by corrosion. In the 1950s, various
retrieved metal components were examined [131]. Corrosion was
detected only on ferrous-based components. In some cases the corro-
sion was stated as the reason for removal resulting from pain,
inflammation, and swelling. The most common site for corrosion was
the junction between components. In another study the authors exam-
ined implants made of stainless steel, CoCrMo, or Ti [132]. With
stainless steel, there was obvious corrosion. With the CoCrMo alloy,
component fretting with some corrosion occurred at the interfaces.
With stainless steel and CoCrMo alloys, the corrosion was probably
preceded by fretting or mechanical erosion of surfaces. With Ti com-
ponents, mechanical erosion or fretting was seen.

Because of the stable passivity of the alloys used, it has also been
argued that galvanic corrosion poses no risk in a biomedical device
[27]. Gruen and Amstutz published the first histopathological and
metallurgical description of a failed hip prosthesis consisting of dis-
similar metals: a vitallium acetabular cup and a stainless steel femoral
head (so-called metal-on-metal combination) [133]. The reason for
removal was ascribed to severe abrasive wear and fretting corrosion.
This combination should not be used as a bearing in the body.

Since then, the quality of material and design has significantly
changed. Retrieval studies reviewed recently confirmed that the
CoCrMo alloy may be subjected to various types of localized corrosion
in vivo, e.g., galvanic corrosion from the contact of two metals, fretting
corrosion caused by the micromotions of the metal components, and
crevice corrosion from occluded areas in certain parts of the implant
components [10, 112].

Galvanic corrosion occurs when dissimilar metals are in direct
electrical contact in corrosive solutions or atmospheres [112].
Enhanced corrosion of the less noble metal takes place, whereas the
corrosion rate of the more noble metal is reduced or even completely
suppressed. However, once the metal or alloy is covered by a protec-
tive passive layer, the corrosion potential is typically that of a more
noble metal than that of the bare metal surface. Therefore, judging
solely by the standard potential values, one would overestimate the
danger of galvanic corrosion. Because passive films act as very
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efficient barriers to corrosion, the danger of galvanic corrosion is
lower for passive materials than for the coupling of actively corroding
metals. Relative movement between the implant and the tissue, for
example, at a bearing surface or on a cyclically loaded implant, will
cause mixing at the interface, will modify the composition of the
electrolyte, and, consequently, may modify the surface of the alloy
[6]. Charge imbalance thus created will result in sustained
corrosion.

Surgical steel should not be used in contact with cobalt-based
implants, because the relatively poor corrosion resistance of steel can
lead to rapid galvanic corrosion if the stainless steel suffers pitting
corrosion. However, if the conditions are not aggressive enough to
trigger pitting or crevice corrosion of the stainless steel, and both
materials remain in the stable passive state, coupling of the two mate-
rials will not lead to any significant change of the corrosion behavior
of the materials; i.e., there was no appreciable risk for a crevice cor-
rosion caused or amplified by galvanic coupling [134]. This situation
was confirmed for spinal implants where galvanic corrosion between
a titanium alloy and stainless steel was insignificant [135].

Although generally the combination with ferrous alloys should be
avoided, the combination between titanium and cobalt alloys was
predicted to be safe [20]. However, this prediction turned out to be
not completely valid in vivo. The processes of localized corrosion
became more and more important as from the mid-1980s an increas-
ing number of modular components were introduced into total joint
replacements. It appeared that the solution of the Co alloy head on a
Ti stem was satisfactory for both press-fit and biological in-growth
applications [136]. The Ti alloy stem provided reduced stiffness
when compared with identical stems of Co alloy, and the tougher Co
alloy femoral head provided improved wear resistance against the
polyethylene. Moreover, variable neck lengths through separate
heads and stems could be mated at the time of surgery. Under the
conditions of modularity, the processes of localized corrosion become
more pronounced as several processes can be operative simultane-
ously: crevice, galvanic, and fretting corrosion.

In 1992 was reported that 17 of 30 retrieved modular prostheses
presented evidence of corrosion along the matching tapers [137]. No
specimen was corroded unless it has been less than 9 months in the
body, but all that had been in place for more than 40 months were
damaged. The authors ascribed the damage to galvanically accelerated
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corrosion rather than to fretting. The corrosion was in the form of
deep pits and was observed only in mixed-metal prostheses. In
other studies, however, similar damage as in mixed alloys was
observed between similar alloys although in lower percentage [138—
141]. In mixed-metal combinations (Ti6Al4V/CoCrMo), 16% of
necks and 35% of heads showed corrosion damage, whereas in simi-
lar metal combinations (CoCrMo/CoCrMo) the corrosion damage
was observed in 14% of necks and 23% of heads [138]. Corrosion
and fretting scores tend to be higher for heads than for necks [140].

Some authors observed a correlation between the degree of pros-
theses with moderate to severe corrosion and the duration of implan-
tation [138, 140], while others found no correlation [141, 142]. The
majority of cases were graded as mild (superficial scratches, burnish-
ing, or localized pitting) and moderate (larger region of superficial
pitting or significant abrasion or galling covering less than 25% of
the interface). Bobyn et al. pointed out that all head—neck junctions
in retrieved modular prostheses showed some evidence of surface
modifications or fretting wear, but mainly class A (none or negligible)
or class B (mild burnishing) were observed [142]. Corrosion at the
head—neck junction was observed in only 1 of 17 retrieved prosthe-
ses, which supports the conclusion that galvanic-induced corrosion is
not an inevitable consequence of mixed-metal taper but that probably
other factors influence chemical stability, i.e., crevice corrosion con-
ditions and fretting. Corrosion was more common in stems in which
there was no bone ingrowth histologically [141]. Modularity may
provoke corrosion damage even when combining the same materials
but of different metallurgical conditions [140].

The corrosion process in vivo thus may occur as a result of
mechanical-electrochemical interactions in the taper crevice [138].
Oxide film fracture caused by mechanical fretting and the restricted
crevice environment of the taper induced the changes in the solution
chemistry of the fluid inside the taper, including pH drop and increase
in chloride concentration. On the other hand, mechanical loading is
not a prerequisite for some level of crevice corrosion to occur in these
tapers because fluid ingress into the taper crevice alone significantly
alters the crevice solution chemistry. However, these changes are
inadequate by themselves to autocatalyze the crevice corrosion pro-
cess. Taper fretting crevice corrosion is induced when the modular
taper is loaded at physiological level. Fretting corrosion is most likely
present in tapers, which results in oxide fracture and the repassivation
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process, which hydrolyzes water to form metal oxide and hydrogen
ions. With lower pH and increased chloride concentration, repassiva-
tion time constants increase, slowing the oxide reformation rate, and
lower potentials. Under these conditions the oxide film becomes thin-
ner and less capable of resisting corrosion attack. Consequently,
large-scale etching and other localized corrosion features are seen in
retrieved prostheses [138, 141, 143—145]: these features included pit-
ting corrosion and fretting [144], interdendritic and intergranular
attack [138], and intergranular corrosion-fatigue failure [145]. The
latter failure was noted in two cases retrieved for fracture in the neck
region of the stem. The fractures occurred at the grain boundaries and
appeared to be the result of three factors:

1. Porosity at the grain boundaries

2. Intergranular corrosive attack, initiated both at the head—neck taper
and at the free surface

3. Any cyclic fatigue-loading of the stem

It seems that the intergranular porosity, which may have weakened
the prosthesis, provided a pathway for intergranular attack.

Fretting corrosion can be reduced by design changes that increase
the stability of the interface [142, 146]. A correlation existed between
corrosion and length of neck extensions [146]. Longer head neck
extensions may be more susceptible to fretting corrosion because of
an instability at the interface. Short-term mixed-metal corrosion stud-
ies demonstrated that the coupling of Co and Ti alloys did not render
the interface more susceptible to corrosion. On the other hand, a
larger-diameter neck will increase neck stiffness and may reduce fret-
ting and subsequent corrosion of the taper interface [138]. These
benefits must be balanced with the resulting decreased range of
motion and joint instability associated with larger taper diameters.
Furthermore, giving the close relationship between tolerances and
fretting, the machining tolerances should be set very low to minimize
the possibility of mechanical failure and adverse biological response
induced by the increased generation of wear debris particles [142].

In vitro cyclic loading fretting tests on a prototype of a cementless,
modular neck prosthesis confirmed that some fretting microdamage
on the tapered surface was produced under all test conditions ana-
lyzed [147]. The amount of abraded material increased almost lin-
early with the applied load magnitude but not with the number of load
cycles. Weight loss ranged from 0.28 +0.10 mg for small stem bodies
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loaded 5.5 million times up to 2,300 N to 2.54+0.53 mg for large stem
bodies loaded 20 million times up to 3,300 N. It was calculated that a
modular neck tapered joint would produce on average 0.6 mg per year
of metal debris. The authors suggested that this amount should not
have any significant effect clinically because a normal and stable pros-
thesis is likely to produce less than 10 mg per year of metal debris.

Large amounts of corrosion products being formed and particulate
accumulation could result in loss of mechanical integrity of the
implants in vivo, create particles for third-body wear, and release
particles and metal ions into the surrounding tissue [138, 148]. The
products of corrosion identified at the modular junctions of various
prostheses examined were similar regardless of the implant design or
the materials coupled (CoCrMo/CoCrMo, AlLO,/CoCrMo, CoCrMo/
Ti6Al4V) [149, 150]. Two distinct varieties of corrosion products
were found: one was a highly crystalline interfacial layer of mixed
oxides and chloride intimately associated with the site of corrosion
within the crevice formed by the mated head and neck, and the other
was an amorphous chromium ortophosphate hydrate-rich material
deposit just outside the crevice, apparently as a precipitate of chro-
mium with phosphorus from the fluids of the joint cavity. Particles of
corrosion product from the crevice were found only rarely in the sur-
rounding tissues, but abundant, fine particulate debris of the chro-
mium orthophosphate was observed in most of the periprosthetic
tissues examined as a result of its ready access to the joint cavity.
Migration of particulate chromium phosphate particles to sites remote
from their origin was also demonstrated [150].

Abundant black corrosion product was observed at the head—neck
junction between a femoral neck made of Ti-6Nb—7Al alloy and a
femoral head made of Co-28Cr—6Mo alloy (Fig. 1.22), consisting of
Cr- and Ti-oxides and chlorides. It was reported recently that there
may be a connection between the simultaneous presence of corrosion
products and hypersensitivity-associated tissue reaction [151]. The
corrosion product consisted of green- to yellow-colored particles in
fibrotic capsular tissue containing Cr, P, and O peaks, which is con-
sistent with the formation of chromium orthophosphate observed by
other authors [126, 150]. None of the investigated deposits revealed
the presence of cobalt. Tissue reactions of various intensity character-
istic of immune response were observed in all cases [151].

Because of all these potential problems described, the use of
modular systems should be judicious in primary hip arthroplasty [152].
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Fig. 1.22 (a) Crevice, fretting, and possibly galvanic corrosion between a femoral
neck made of Ti—-6Nb-7Al alloy and a femoral head made of Co-28Cr-6Mo
alloy. Corrosion product is denoted by the arrow. The prosthesis was revised
because of aseptic loosening after 13 years in situ. (Reprinted from I. MiloSev,
Pure Appl. Chem. 83 (2011) 309, with permission from IUPAC [10]). (b) EDS
spectrum of the corrosion product deposit denoted by arrow

Modularity beyond the head and neck junction should be reserved for
those cases where a comparable monolithic implant would not
suffice. Alternatives to the conventional mating of dissimilar metals
at the head—neck junction would be to use a Ti alloy sleeve press-fit
into a CoCr head, which appears to eliminate fluid intrusion and gal-
vanic corrosion at the critical interface between dissimilar metals
[153]. In such an arrangement, almost no signs of corrosion were
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detected. Other alternatives to modular systems would be to use a
hardened Ti head or ceramic head on a Ti alloy stem [153]. No evi-
dence of corrosion was noted in the group consisting of Co alloy head
and stem and in the group consisting of Co alloy head and a Ti stem
coupled via a shrink fit [154].

In addition to classical modular hip design comprising a stem with
a proximal taper and modular head, recently there is an increasing
number of double-taper designs including double-taper proximal neck
and modular head [155]. The clinical advantages of such a design
include intraoperative adjustment of leg length via the neck—head
taper and femoral anteversion via the neck—stem taper. The retrieval
study demonstrated that even in modern taper designs modularity can
lead to fretting and crevice corrosion. Metal ion generation and par-
ticulate debris may contribute to periprosthetic osteolysis and loosen-
ing. The authors also reported boundary corrosion and intergranular/
transgranular corrosion ascribed to the chromium carbide phase.

In addition to modular prostheses, corrosion damage was observed
in other systems, e.g., in cemented prostheses. Willert et al. described
the mechanism of crevice corrosion of a cemented Ti-6A14V alloy
stem and recommended that Ti alloys can be no longer recommended
for cementation but only for cementless applications [156]. The
authors proposed that the process proceeds in four steps: partial
debonding of cement and metal stem, initiation of crevice corrosion,
further propagation of crevice corrosion and debonding, and termina-
tion and recurrence of crevice corrosion-induced pain caused by dif-
fusion of acid. This hypothesis is thought to be valid for stems that
remain firmly fixed distally while debonding and abrasion occur
proximally. The degradation of CoCrMo cemented hip implants after
implantation in sheep was investigated [157]. Auger depth profiles
confirmed the presence of a Cr-rich oxide, which was thinner on the
retrieved prostheses than on virgin surface. The ratio of chemical ele-
ments at the metal surface was not significantly changed, but the ratio
in the surrounding tissue showed preferential dissolution of cobalt.
Although a clear correlation was observed between the clinical evalu-
ation of the implant stability or fixation and the metal concentrations
in the interface tissue, no such correlation was observed for the concen-
trations in the joint capsule membrane. It was suggested that the mode
and degree of mass transport might depend on the presence of cracks
and defects in the cement mantle as well as on the local physiological
conditions [157].
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1.9 Conclusions

In this chapter, some aspects of the processes occurring at the surface
of CoCrMo alloy exposed to simulated physiological conditions in
in vitro measurements and in vivo as identified on retrieved metal
components were described. The behavior is rather complex, and
even minor changes in the composition of the alloy, composition of
the medium, physicochemical conditions, load and motion of the
components, etc., may lead to significant changes in the composition,
structure, and thickness of the surface layer. Related studies were
reviewed herein, starting from the early days of use of CoCrMo as an
orthopedic alloy to the present. In the past, emphasis has been given
to corrosion stability in saline medium. It is now clear that the interac-
tions of the alloy surface with various biomolecules in vitro, as well as
the conditions of load, motion, and design of the prosthesis, are crucial
for its long-term performance in vivo. For in-depth understanding,
these processes should be studied further. Both in vitro experiments as
well as studies of retrieved components being exposed to the in vivo
environment are equally important. Furthermore, the biological
impact of metal ions, which is not reviewed herein, should also be
carefully examined for the safe use of metal components in vivo.
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Chapter 2

Electroless Synthesis of Metallic
Nanostructures for Biomedical
Technologies

Luca Magagnin, Paula Cojocaru, and Francesco Secundo
2.1 Introduction

The electroless deposition of metals has emerged as one of the
leading growth areas in surface engineering and metal finishing, and,
recently, it is gaining interest for the synthesis of metallic nanostruc-
tures for biomedical technologies. In this perspective, the fundamen-
tal aspects underlying the autocatalytic deposition (ACD) and
immersion plating are briefly reviewed, establishing the unique iden-
tity of galvanic displacement among electrochemical processes in
general, and electroless processes in particular. Numerous biological
and biomedical phenomena occur at the nanometer level, and the cur-
rent research focus of many fields is nanotechnology. Nanostructured
metallic systems can provide the ability to probe the sub-optical,
molecular level and are becoming powerful tools to study biomolecu-
lar processes. Metal nanosystems also hold great promise for the field
of nanomedicine, where nanostructures are designed to diagnose and
provide therapy at the single-cell level. The exploitation of the elec-
troless methods as an amazingly simple and effective route for gen-
erating metal nanostructures will be reviewed within the frame of

L. Magagnin (1) « P. Cojocaru

Dip. Chimica, Materiali e Ing. Chimica G. Natta Politecnico di Milano,
Via Mancinelli, 7, 20131, Milano, Italy

e-mail: luca.magagnin @polimi.it; paula.cojocaru @ polimi.it

F. Secundo
Istituto di Chimica del Riconoscimento Molecolare, CNR,
via Mario Bianco 9, 20131, Milano, Italy

S.S. Djoki¢ (ed.), Biomedical Applications, Modern Aspects 73
of Electrochemistry 55, DOI 10.1007/978-1-4614-3125-1_2,
© Springer Science+Business Media New York 2012



74 L. Magagnin et al.

biomedical technologies, discussing the applications in sensors and
microdevices, the preparation and use of nanostructured metals for
supporting and wiring biomolecules, for DNA analysis and disease
screening. The use of nanostructures such as nanorods and nanopar-
ticles, as these structures show interesting optical, electrical, and
mechanical properties, will be analyzed in view of their potential
applications in nanobiotechnology.

2.2 Electroless Deposition

The galvanic displacement plating process is sometimes generally,
but not satisfactorily, defined as the deposition of a metallic coating
on a substrate from a solution that contains the ions of the coating
material. This definition of the displacement mechanism is mislead-
ing because it can be applied to most of the plating processes from
aqueous phase. Also the expression, plating, denoting a general appli-
cation of a metallic coating, is commonly used to indicate the deposi-
tion of metallic films through electrochemical processes. Even if they
are commonly grouped together under electrochemical methods or
electrodeposition processes, distinctions between electrolytic and
electroless deposition processes must be made [1]. By the application
of an external voltage or current flow between two electrodes, one of
these consisting of the base material, an electrolytic process allows
the modification of a substrate surface in an aqueous or nonaqueous
electrolytic environment. The deposition of a metallic coating on a
substrate through an electroless plating processes without the use of
an external voltage or current are commonly referred to as chemical
rather than electrochemical methods in order to emphasize the
absence of an external power supply. Their mechanisms can be
explained by taking account of their electrochemical redox potential.
Among the electroless plating processes, a distinction is required to
select autocatalytic and galvanic displacement methods. The auto-
catalytic method is an electroless process in which the reduction of
the metallic ions in solution and film deposition can be carried out
through the oxidation of a chemical compound present in the solution
itself, i.e., of a reducing agent. The oxidation of the reducing agent
can start or become self-sustained only at the depositing metal
surface; for some noncatalytic base materials, the activation of the
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deposition with catalytic metals such as palladium is required [2, 3].
Examples of an autocatalytic process are the well-known electroless
nickel deposition from hypophosphite-based solution [2]. In com-
parison to electrodeposition, ACD avoids current distribution,
improves thickness uniformity, and allows film deposition with a
thickness that mainly depends on the deposition time.

Galvanic displacement or immersion plating (sometimes also
called cementation) on a substrate takes place when the base material
is displaced by a metallic ion in solution that has a lower oxidation
potential than the displaced metal ion [4-15]. The base material is
dissolved into the solution and the metallic ions in solution are
reduced on the surface of the base material. Such a mechanism differs
completely from ACD because, in immersion plating, reducing agents
are not required to reduce the metal ions to metal, as the base material
behaves as the reducing agent. Perhaps the most commonly discussed
example of immersion plating is the deposition of copper onto steel in
a copper sulfate acid solution through the following reaction:

Fe + Cu*™ — Cu+ Fe™ 2.D

Even similar reactions should sometimes be avoided in metallic
finishing; galvanic displacement deposition processes are widely used,
since they yield high value finishes on a variety of metals. The follow-
ing characteristics of the galvanic displacement process can be pointed
out: the thickness of the deposited film obtained by immersion plating
is limited (typically, in the range of hundreds of nanometers), because
the deposition stops when the entire surface of the base metal is
coated. Due to the nature of the displacement process, the deposition
occurs by downward growth. The surface of the coating reproduces
almost exactly that of the base material, both in contour and in loca-
tion, avoiding current distribution issues and the absence of electrical
connections among areas of the substrate. Immersion plating is a part
of many finishing processes, ranging from decorative or functional
coatings to integrated circuit soldering. Zinc immersion plating on
aluminum is required to reduce the activity of the aluminum surface,
as a sort of sacrificial layer, which is partially dissolved during the
immersion in acidic hexavalent chromium-based electrolytes [2].
Many decorative films of the noble or platinum group metals on cop-
per and copper alloys can be deposited through immersion plating,
producing adherent, wear-resistant, and tarnish-free coatings [16, 17].
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2.2.1 Autocatalytic Deposition of Metallic
Nanostructures

Nickel, cobalt, copper, silver, gold, and palladium are commonly
deposited by ACD for applications in electronics, corrosion and
decorative fields, and biomedical sector [18]. Electrolytes for ACD
processes are typically constituted from the sources of metallic ions,
the complexing and reducing agents, stabilizers, and inhibitors. For
further information on ACD, the reader is referred to [19-22].

Nanostructured materials, such as nanoparticles, nanowires, and
nanoarrays, have attracted much attention due to their interesting
electronic, optical, and chemical properties. Electroless deposition
has shown initial promise for fabricating nanostructures in this
emerging field of research. As an alternative technique, electroless
deposition is of great interest due to its simplicity (solution-based
process, no complex instrumentation), economical aspect, and effec-
tiveness to form certain desired film thicknesses, morphologies, and
nanostructures on a wide variety of substrates for biomedical applica-
tions. A current trend in materials design and production is to pro-
duce materials with characteristics like multi-components,
multi-scales, multi-structures, multi- and hybridized functions, bio-
compatibility, etc. While the production of such materials remains a
great challenge for material scientists, materials with sophistication,
hierarchical organizations, function hybridization, miniaturization,
environment resistance, and adaptability have been provided by
nature. Learning from nature is an efficient route to produce materials
that answer up the challenges. Biomimicking includes mimicking
natural structures, functions, mechanisms, and/or the whole system.
Biomimicking brings improvements to human technology and life by
allowing us to approach modern technical problems with effective
and ingenious solutions. An emerging field in the biomimicking of
natural materials is biomorphic mineralization—a technique that
produces materials with morphologies and structures resembling
those of nature living things through employing bio-structures as
templates for mineralization [23]. On the border between displace-
ment and electroless, in situ metal reduction processes are applied to
a range of templates like biomolecules, viral particles, silks, eggshell
membrane, plant and animal materials for biomorphic mineralization
(Fig. 2.1).
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Fig. 2.1 Electron microscope images of DNA-functionalized Navicula diatoms
densely coated with one layer of DNA-modified 13 nm gold particles. (a) SEM and
(b, ¢) TEM images revealing a dense outer coating of nanoparticles on the Navicula
surface. (d, e) Further show the homogeneous nanoparticle coating on the highly
symmetric and nanoscopically detailed Navicula templates under different
magnifications. Reprinted with permissions from Wiley-VCH (Rosi et al. [24])

2.2.2 Galvanic Displacement of Nanostructured
Metals on Silicon

Galvanic displacement on Si from solutions containing HF is a redox
reaction in which both anodic and cathodic processes occur simulta-
neously at the Si surface while the charge may be exchanged through
the substrate [25-30]. Fluoride ions in solution help sustain the reac-
tion by dissolving the silicon substrate as silicon hexafluoride, avoid-
ing the formation of silicon oxide, thus exposing new silicon surface.
As commonly reported, the global chemical reaction of the redox
couple is as follows:

M+

(aq

) - _ 0 J—
) +Sig, +6F, = M, +SiF 2.2)

where aq and s indicate the aqueous and solid phases, respectively.
Silicon is dissolved in solution as silicon hexafluoride, while the
metal is deposited. The oxidation of silicon followed by the galvanic
displacement of the metal ions in solution is believed to initiate at
defects on the surface such as kinks, steps, contaminated sites, or
areas chemically more reactive than H-terminated regions. Doping of
the silicon substrate, due to the transfer of the charged carriers
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through the substrate during displacement, can affect the deposition
mechanism [31]. Galvanic displacement is thermodynamically more
favorable for metals with higher redox potential values, e.g., for gold
or palladium than for copper or nickel. Considering that the redox
potential for metal reduction is much more negative than for hydro-
gen evolution (e.g., —0.48 V SHE in 40 % NHA4F and -0.12 V in
0.5 % HF) and for noble and platinum group metal deposition,
cathodic reactions must include the following one:

2H" +2¢” =H, (2.3)
The efficiency of the metal deposition on the silicon surface is
expected to vary according to the composition and the pH of the solu-
tion [25, 32]. The reducing behavior of elemental silicon toward
noble metal ions in aqueous solutions containing fluoride ions has
long been known [33-39]. Contamination by metallic ions can lead
to undesirable deposition of noble metal impurities on the Si surface,
compromising the performance of electronic devices [40-42]. The
deposition of metal films from fluoride-containing solutions on both
silicon (Cu, Au) and germanium (Au) was studied by Balashova et al.
and Krikshtopaitis et al. about 30 years ago [43, 44]. A reduction in
the metal precipitation rate was observed with time for both silicon
and germanium. The evaluation of the germanium potential during
deposition indicated that the reduction of gold ions took place pre-
dominantly by charge transfer through the valence zone of the elec-
trode. Magagnin et al. studied Au films deposited on Si(111) and on
Ge(111) surfaces by the galvanic displacement method in fluoride-
containing solutions [45]. While the Au/Si interface was character-
ized by weak adhesion, the Au films adhered very strongly to the
surface of Ge, even in the thick film regime. Adhesion of the gold
films on germanium was related to the formation of a chemical bond
between Au and Ge atoms. This was confirmed from the valence
band (VB) region of the X-ray photoelectron spectra obtained from
germanium coated with gold. In particular, the spectrum showed a
shift in the main peak toward higher binding energies as well as an
increased density of states at binding energy BE=0. Such a shift was
attributed to the interaction of the metal with the germanium sub-
strate, with the formation of a stoichiometric compound at room
temperature, such as in the case of palladium and platinum on silicon
and germanium [45-47].
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Silver galvanic displacement on silicon has been employed to
achieve nanostructured films, such as nanopillars, for surface-
enhanced Raman scattering (SERS) analysis [48]. Galvanic displace-
ment of silver can be carried out in silver nitrate and hydrofluoric acid
solutions [48-50]. The displacement reaction is as follows:

) — + 22—
Sl(s) + 6F(aq) + 4Ag(aq) = 4Ag(s) + SlF%) 2.4)

Considering the metal reduction reaction,
Ag(zq) +e = Ag(s) E,=0.8V SHE 2.5)

The process is thermodynamically favorable, with a standard cell
potential of 2 V. There are a large number of possible steps, and in
principle any one of these could be rate determining (1) diffusion of
Ag+ to the silver surface; (2) adsorption of Ag+ and charge transfer
to yield silver on silver; (3) F- diffusion, charge transfer, and reaction
at the Si surface to yield SiF,*; (4) desorption of SiF *; and (5) dif-
fusion of SiF " away from surface. The overall growth rate was
observed to be diffusion controlled by silver species [48].

Several studies have been carried out on the galvanic deposition of
copper from fluoride- containing solutions, providing an attractive
deposition method for copper interconnects or seed layers for subse-
quent metallization [51]. Galvanic displacement is also a promising
avenue for the integration of metals in micromechanical devices, due
to its conformal nature and high substrate selectivity [45]. In the case
of copper, the displacement reaction involves the following one:

Cu® +2¢” =Cu E, =0.340V SHE 2.6)

Typically, copper deposition has been carried out from a copper sul-
fate and hydrofluoric acid-based solution [33-39, 52, 53]. A crucial
issue is the lack of adhesion between the copper and the Si substrate
with severe constrains in its application [54]. Magagnin et al. reported
a new process for the galvanic deposition of copper films with high
reflectivity and smoothness onto silicon from ammonium fluoride-
containing solutions [55]. The deposition was carried out at room
temperature in a solution consisting of ammonium fluoride (NH,F
40 %) 50 % vol., copper sulfate (CuSO,-5H,0) 0.01 M, ascorbic acid
(CHO) 0.01 M, sodium potassium tartrate (KNaC,H,O.-4H,0)
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0.005 M, and methanol 30 % vol. The authors observed that the
adhesion of the copper film to the substrate could be tailored through
the addition of ascorbic acid in solution, due to the hydrogen-
scavenging action of the ascorbic acid [56]. The nucleation and
growth followed a 3D island growth mechanism with nucleation of
metal clusters and subsequent growth of a film. The initial displace-
ment was characterized by an extremely fast nucleation with a large
number of nuclei. The 3D structure was found to be permeable to
fluoride ions, resulting in long plating times and thick deposits.
Regarding adhesion, peeling of the deposited copper film was never
observed, independently of the substrates (i.e., p- or n-type, single- or
poly-crystalline silicon) and film thickness, demonstrating a high
degree of adhesion to the substrate and resistance to scratching. The
coating process was demonstrated to be suitable for plating free-
standing polycrystalline silicon micromachined devices.

Several properties shared among the platinum group metals (and
some of their oxides as well) make them attractive for technological
and commercial applications. These include their exceptional cata-
Iytic activity, their high resistance to wear, tarnish and chemical
attack, and their stability at high temperatures. These metals are suit-
able for the immersion plating of semiconductors, and indeed, the
galvanic displacement of Pt and Pd on Si and Ge has been observed
[32, 50, 57-59]. In the case of Ge, deposition occurs even in the
absence of fluorides or complexing agents, due to the solubility of
GeO in aqueous environments [58]. The best studied case is the dis-
placement of Pt on Si, using either Pt(I) or Pt(IV) salts. Gorostiza
et al. investigated the early stages of Pt(IV) galvanic displacement on
Si(100) from HF solutions. Nucleation of polycrystalline platinum
silicides was observed, along with the etching of the substrate sur-
face. A subsequent study aimed to clarify the reaction mechanism of
Pt(Il) on Si in the presence of fluorides [32]. Galvanic displacement
of palladium films on silicon has received less attention compared to
platinum. Most studies employ the displacement of palladium nuclei
for subsequent electroless metallization. Karmalkar et al. reported on
the palladium activation of silicon surfaces achieved using a solution
of PdCl, and NH,F in dilute HF. The activation layer showed poor
adhesion to the substrate, even though a silicide layer was readily
formed. This characteristic may make this process preferable over
other activation methods in applications where a Schottky-type con-
tact is required [60].
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2.3 Electroless Gold for Biomedical Applications

Gold is the metal with the highest number of biomedical applications.
Indeed, it is commonly used in restorative dentistry. As salts and
radioisotopes gold is of pharmacological value. Injectable gold has
been proven to help to reduce the pain and swelling of rheumatoid
arthritis and tuberculosis. Furthermore, gold salts have anti-
inflammatory properties [61]. As elemental (metallic) gold has low
cytotoxicity and is inert to almost all chemicals it encounters inside
the body [62]. However, if this property is a prerequisite of gold to be
a good candidate for both in vitro and in vivo applications, new prop-
erties such as controllable surface chemistry, localized surface plas-
mon resonance (LSPR), and morphology arise from the preparation
of metallic gold in nanostructured forms expanding the potential
applications [63]. The most commonly prepared shapes are spher-
oids, triangular prisms, rods, and cubes. All of these shapes are based
on the reduction of a metal salt to produce nanoparticles with varied
shapes and sizes. Another form of core—shell particles has a metal
shell surrounding a dielectric center. These particles are functional-
ized with silane and then reacted with small gold nanoparticles. The
gold particles provide nucleation sites for the growth of the metallic
shell from metal salts in solution [64]. Surface chemistry of gold
nanostructures offers the possibility to tail a particular gold nano-
structure (i.e., Au nanoparticles) for a specific biomedical applica-
tion. Gold colloids were studied in humans in the 1950s as radiotracers
for sentinel lymph node biopsy, and more recently a phase I clinical
trial has been completed for gold nanosphere as drug carrier [65, 66].
The surface of gold is well-known for forming strong, stable gold—
thiolate bonds (Au-S, ~50 kcal/mol) to molecules with thiol (-SH) or
disulfide groups (S-S) [67]. This binding has been extensively
employed to form—through adsorption of alkanethiols and a self-
assembling process—a highly ordered monolayer onto a gold surface
(self-assembled monolayers). The functional group at the distal end
of the molecule adsorbed on the gold surface allows the formation of
a well-defined interface on the gold nanostructure that might favor (or
depress) the interaction with cells and biomolecules in specific ways.
On the other hand, it has to be considered that also nonspecific
adsorption of biological molecules on gold nanostructures can occur,
affecting cell/gold (or target molecule/gold) interactions in a biologi-
cal environment [68]. Poly(ethylene glycol) (PEG) is the most used
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biocompatible polymer to modify the surface of gold nanostructures
for in vivo applications. PEG obstacles nonspecific protein adsorp-
tion and particle aggregation. It also delays the inclusion of circulat-
ing gold nanostructures into the reticuloendothelial system (RES).
This latter effect makes possible a greater accumulation of gold nano-
structures in tumors through passive targeting [69]. Passive targeting
or enhanced permeability and retention (EPR) effect is the result of
the combination of the higher growth and porosity of blood vessels in
tumors and the reduced lymphatic drainage from tumors than in
healthy tissue. Consequently, nanostructures increase their concentra-
tion in tumors, a situation that can be advantageously exploited for
cancer therapy or imaging. Pegylation of gold nanostructures is rela-
tively easily carried out by replacement with an excess of thioltermi-
nated PEG of surfactants, capping agents, or stabilizers used for
nanoparticle synthesis and that bind less strongly compared with
gold-thiolate interactions [70]. The development of metal nanostruc-
tured materials conjugated to biomolecule that are highly specific
with regard to intermolecular interactions has promising applications
in drug delivery, cell targeting, protein epitope mapping, and protein—
protein interactions. Conjugation of metal nanostructures to tumor
cell complementary moieties (e.g., antibodies, peptides, and folate,
among others), via PEG or directly on the nanostructure surface via
a thiolate—gold bond, it will generate a modified gold (metal) nano-
structure able to bind to cancer cells as they circulate, increasing their
concentration in the desired region. Surface modification through
thiolate binding and polymer adsorption can also be addressed to
control the charge of a gold nanostructure, which is an important fac-
tor for both the cellular uptake and biodistribution of nanostructures.
Positively charged nanostructures have been shown to have enhanced
affinity to negatively charged cell surfaces and are most likely to
cross cellular membranes and enter the cytoplasm of cells, an impor-
tant aspect to consider in delivery applications [68, 71]. It is also
possible to use the thiol group to attach oligonucleotides for sensing
applications, smart polymers or drugs for stealth delivery, as well as
a wide variety of other types of molecules (Fig. 2.2) [73, 74].
Particular optical properties of gold nanostructures arise from
their interaction with an electromagnetic radiation by the phenome-
non called LSPR. This later originates when the delocalized conduc-
tion electrons of the metal begin to oscillate collectively relative to
the lattice of positive nuclei with the frequency of the incoming light.
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Fig. 2.2 Gold nanostructures can be conjugated with a wide variety of functional
moieties, both through the gold-thiolate bond and by passive adsorption.
Reprinted with permissions from RCS Publishing (Cobley et al. [72])

Upon interaction with the gold nanostructure, the radiation can be
scattered (e.g., reflected in all direction at the same wavelength) or
absorbed causing vibration of the lattice and observed as heat.
Furthermore, LSPR also generates strong electric near fields close to
the surface of the particle. Size, shape, and morphology of the nano-
structure, as well as the dielectric environment are factors that
affect LSPR response of gold nanostructures [75—77]. On the basis
of the interaction taken into account, different techniques have been
developed and employed for biomedical applications. Light-scattering
phenomenon is exploited in imaging techniques such as optical
coherence tomography (OCT) and dark-field microscopy. In both
techniques, the presence of scattering particles allows an enhance-
ment of the image contrast [72]. Absorption is at the base of a variety
of techniques that, through the photothermal effect, exploit the trans-
formation of the energy of the radiation of a laser in heat when
absorbed by gold nanostructures. The so-produced heat can be used
to allow the release in drug delivery systems, enhance contrast in
optical imaging techniques like photoacoustic imaging, and provide
photothermal treatment [72]. Particularly interesting for biomedical
applications of gold nanostructures is their absorption and scattering in
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the near-infrared region (NIR, 650-900 nm) due to the low scattering
from tissue and low absorption from blood and water in this spec-
tral region (the so-called “water-window” region), allowing light
to penetrate deeply into the biological tissues. Frequency and inten-
sity of absorption of NIR and scattering depend on the aspect ratio of
gold nanostructures. To this end, different electroless procedures that
start from a dissolved gold salt (i.e., HAuCl,) have been employed for
the preparation of gold nanostructures with various morphologies as
gold nanospheres, gold nanorods, gold nanoshells, and gold nano-
cages. The last three kinds show an augmented LSPR in the NIR
region. An example of nanoparticles preparation for SPR uses sodium
borohydride as reducing agent: 0.2 mL of 1 % aqueous sodium citrate
was added into 10 mL of 0.01 % aqueous HAuClI, with vigorous stir-
ring. After 1 min, 0.2 mL of 0.075 % (w/v) NaBH, in sodium citrate
was added. The solution was stirred for 5 min and stored at 4 °C
before use [78].

Structural and chemical stability is also a crucial factor that has to
be carefully considered when NIR-absorbing branched gold nanopar-
ticles are used for clinical applications, in fact the instability of nano-
particles’ morphology causes spectral shift of their plasmon absorption
band and limits their use in real applications. However, stabilization
of branched structure was achieved by exchanging the initial capping
agent for different alkanethiols and disulfides. The strong electric
near field from LSPR can enhance the Raman or the infrared signals
of molecules adsorbed on the surface of a gold or silver nanostructure
by several orders of magnitude and the techniques developed are
known as SERS and surface-enhanced infrared absorption (SEIRA)
spectroscopy, respectively. Both techniques have been used for bio-
sensor analysis based on antibody—antigen interactions. Furthermore,
theoretical calculations and experimental measurements have shown
that the number of absorption peaks and effective spectral ranges for
SERS are strongly dependent upon the exact morphology displayed
by metal nanostructures [72]. These techniques require the prepara-
tion of metal nanoplates. The procedures usually adopted for prepar-
ing metal nanoplates are mainly based on solution-phase chemical
reactions with the assistance of various surfactant molecules, for
instance, polymeric chains (e.g., poly(vinyl pyrrolidone) (PVP) or
polyamines), micellar assemblies (e.g., cetyltrimethylammonium
bromide (CTAB) or bis-(2-ethylhexyl) sulfosuccinate (AOT)), and
coordinating molecules [72]. Nevertheless, the presence of surfactants
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Fig. 2.3 Size-dependent gold nanoparticle extinction spectra. Plasmon absorption
depends on nanoparticle size and composition; shown are the extinction spectra
of solid gold nanoparticles (black=10 nm dia., red=100 nm dia., blue=150 nm
dia.) and the red-shifted silica core gold nanoshell spectrum (green= 150 nm dia.).
Nanoparticle illustrations above each corresponding spectra are drawn to relative
scale and spectra have been normalized to ease viewing of relative peak positions.
Reprinted with permissions from Elsevier (Cherukuri et al. [80])

molecules on the plate surface can negatively affect the
surface-enhanced spectroscopies (i.e., they can alter the biomolecule
stability or hinder the adsorption on the metal surface decreasing the
enhancement of the observed signal).

Gold nanoparticles are simply solid gold nanospheres that can
range from 2 nm to several 100 nm in diameter. Gold nanoparticles
have characteristic extinction spectra due to plasmonic absorptions.
Recent advances have produced gold-silica nanoshells which are
composite nanoparticles composed of an inner silica (glassy) core
~100 nm diameter and a thin outer layer of gold (10-15 nm thick)
[79]. The gold shell thickness to core diameter ratio can be adjusted
and be used to tune the absorption characteristics of the nanoparticle
synthetically (Fig. 2.3) [80].

The ability to construct nanoscale materials with specific plasmon
absorption characteristics provides the pharmaceutical chemist a new
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tool in their chemotherapeutic arsenal. Nanotube membrane-based
biosensors allow a highly sensitive detection based on electrochemi-
cal methods. To prepare the Au nanotubes, monodisperse gold is
deposited by an electroless procedure onto the pore walls of a
polycarbonate membrane; i.e., the pores act as templates for the nano-
tubes. The so-made membranes have inside diameter approaching
molecular dimensions. The so-made biosensor can detect the analyte
species by measuring a change in transmembrane current when the
analyte is added to the nanotubule-based cell. Potential applications
for these biosensors are in fields such as bioanalytical, biomedical,
pharmaceutical, and drug discovery. A single conical Au nanotube in
a PET membrane was used to design a new type of protein biosensor.
The nanotubes were modified with various biochemical molecular
recognition agents (MRAs) to detect analytes in solution with an on/
off response [72]. Like the above experiments utilizing the resistive-
pulse sensing method, this sensing protocol also involves passing an
ion current through the single nanotube. However, current—pulse
translocation events are not observed in this case. Instead, as the ana-
lyte binds to the surface-bound MRAs the current flowing through the
nanopore is permanently shut off. Blockage of the ion current occurs
because the diameter of the analyte is of comparable dimensions to
that of the nanotube tip. The conical nanopores in PET were electro-
lessly plated with Au to yield conical Au nanotubes. Attachment of
the MRAs to the nanotube surface was carried out using Au-thiol
chemistry. The functionalized nanotube membranes were mounted in
an electrochemical cell and a transmembrane potential was applied
across the nanotube. The ion current flowing through the nanotube
was monitored using current—voltage curves. The unique properties of
gold nanoparticles to provide a suitable microenvironment for
biomolecules immobilization retaining their biological activity, and to
facilitate electron transfer between the immobilized proteins and elec-
trode surfaces, have led to an intensive use of this nanomaterial for the
construction of electrochemical biosensors with enhanced analytical
performance with respect to other biosensor designs. Chen et al. pro-
posed an innovative microfluidic device for hyaluronic acid (HA)
extraction and electrochemical detection utilizing PMMA-based
microchip integrated with gold nanoelectrode ensemble (GNEE) [81].
GNEE is fabricated using electroless deposition in a thin polycarbon-
ate (PC) film and then directly bonded onto the PMMA substrate for
high-performance electrochemical detection [81]. Lu et al. studied the
preparation of bioinspired masks using a soft-templating route and
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used to confine a chemical reaction (e.g., electroless gold deposition)
to a select area (e.g., the chemical reactor) [82]. By using smaller
bacteria or viruses as biotemplates, channels (rod-shaped wells) that
are nanometer in size can be formed. These submicron-sized chemi-
cal reactors can then be used to grow arrays of nanoparticle-like wires
that are truly nanometers in width and/or length. By controlling the
concentration of bacteria in the original suspension and the orienta-
tion of the electric field lines, the density and direction of the nano-
particle-like wires with respect to each other can be controlled. It is
envisioned that these nanoparticle arrays can be used as building
blocks to create multidimensional nanostructures, confine proteins/
antibodies to specific locations on a patterned surface, and in chemi-
cal sensing. Alternatively, these rod-shaped wells could be used to
direct and control the growth of chemical entities such as protein
crystals or other nanostructures [82].

Magnetic nanoparticles (MPs) are another group of nanostructured
metal materials particularly interesting for the numerous potential
medical applications. Magnetic nanoparticles can be used as support
for protein and enzyme immobilization, as agents in magnetic reso-
nance imaging (MRI), for the separation and sorting of proteins and
cells, as carriers for drugs delivery systems, in the hyperthermia treat-
ment for cancerous tumors and immunoassays [72, 83, 84]. They can
be synthesized by numerous electroless procedures as microemul-
sions, sol-gel syntheses, sonochemical reactions, hydrothermal reac-
tions, hydrolysis and thermolysis of precursors, flow injection
syntheses, and electrospray syntheses [83, 84]. The synthesis of
superparamagnetic nanoparticles is a complex process due to the fact
that must be found experimental conditions that allow to obtain a
monodisperse population of magnetic grains of suitable size by a
reproducible process that can be industrialized without any complex
purification procedure, such as ultracentrifugation, size-exclusion
chromatography, magnetic filtration, or flow field gradient [83, 84].
These methods have been used to prepare particles with homoge-
neous composition and narrow size distribution. However, the most
common method for the production of magnetite nanoparticles is the
chemical coprecipitation technique of iron salts. The increasing
requirements of the multifunctional nanostructures for many techni-
cal applications in biomedicine and bioelectronics have brought to the
synthesis of multifunctional nanostructures based on the combination
of metallic and magnetic nanostructures, where the magnetic nano-
particles can provide MRI contrast and direct the nanostructure to the
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target by exterior magnetic field. Gold (Au) nanoshells with magnetic
nanoparticles have been synthesized, where magnetic nanoparticles
were entrapped in the center of silica sphere by the well-known
Stober method [85]. Furthermore, the so-prepared nanostructured
metal material fuse the broad NIR absorption property and superpara-
magnetic property into one particle that can be applied as magnetic-
field-targeted photothermal therapy agents and multimodal molecular
probes. The biorecognition of a target DNA bound a DNA-modified
nanoparticles by a probe DNA linked to gold nanoparticles can be
exploited for biosensing purposes. Interestingly, electroless deposi-
tion of silver on the surface of the gold probes results in particle
growth, which increases their scattering efficiency with time and can
be correlated with target concentration [74, 83-86].

The interest in electroconductive textiles has tremendously
increased over the last few years. By functionalizing textile surfaces
with thin layers of metal, electrical conductivity can be combined
with flexibility and pliability. This approach was used to deposit a
thin layer of soft gold onto polypyrrole- and copper-coated para-
aramid yarns in an electroless way. A deposition solution was used
which contained a gold salt, sulfite, and thiosulfate to result in a
smooth and homogenous gold layer. Performance tests showed that
the coated yarns offered an excellent electrical conductivity com-
bined with good mechanical properties and satisfying resistance to
washing. In addition, electrochemical impedance measurements
revealed that the gold-coated yarns are promising electrode materials
to measure biomedical signals [87].

2.4 Electroless Silver for Antibacterical
Applications

Silver coating may be an effective viable route to prevent device-
related infections due to its good antimicrobial activity and low toxicity
[88, 89]. The biocidal activity of silver is related to the biologically
active silver ion released from silver coatings [88, 89]. In general,
metallic silver appears to be inert and have no antibacterial action.
Silver ions (Ag+), however, bind to and react with proteins and
enzymes, thereby causing structural changes in the bacterial cell wall
and membranes, leading to membrane permeability damage, cellular
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disintegration and death of the bacterium [88, 89]. The silver-coated
medical devices, such as dressings, heart valves, central venous cath-
eters, and urinary catheters, have been proved to reduce the infections
effectively. The silver-coated silicone Foley catheters are effective at
reducing the incidence of catheter-associated urinary tract infections
and resistant organisms in an acute care hospital [90]. It has been
reported that the surface energy of coatings also has significant
influence on initial bacterial adhesion [91-93]. Silver can be electro-
lessly deposited by using different reducing agents. The reducing
agents had a significant influence on the morphology and surface
energy of the silver coatings. Shao et al. evaluated four types of silver
coatings on stainless steel plates using AgNO,-based electroless plat-
ing solutions with four different reducing agents, formaldehyde,
hydrazine, glucose, and potassium sodium tartrate tetrahydrate,
respectively. The silver coating produced with formaldehyde exhib-
ited a rougher nanostructure as compared to the other three silver
coatings. The number of bacteria adhered to the rougher coating was
higher than that of the smooth silver coatings produced with hydra-
zine, glucose, or potassium sodium tartrate tetrahydrate. Bacterial
adhesion decreased with decreasing total surface energy of the coat-
ings and with increasing surface energy component of the coatings.
All the silver coatings performed much better than stainless steel in
reducing bacterial attachment [88]. Gray et al. investigated the bio-
logical efficacy of silver deposited by a conventional electroless plat-
ing technique on polyurethane . A bacteriostatic effect was noticed for
silver-coated polyurethane samples where a slight reduction in bacte-
rial growth in the growth medium compared to the control samples
was observed [94]. Zhao et al. studied a metal-polymer composite
coatings based on silver electroless deposition: the main composition
of the electroless Ag—PTFE solution included silver nitrate (AgNO,),
sodium hydroxide (NaOH), ammonia (NH,H,0), glucose (C.H ,0,),
tartaric acid (C,H,O,), ethanol (C,H,OH), and PTFE emulsion [95].
The Ag-PTFE composite coating with corrosion-resistant properties
showed a tremendous potential for reducing biofouling in medical
devices or industrial equipment [93, 95]. Lee et al. reported on a
process for the production of stable and optically tunable Ag films by
soaking glass substrates in ethanolic solutions of AgNO, and
butylamine [96, 97]. These Ag films showed an excellent homogenous
morphology and SERS activity. They also demonstrated a procedure
for depositing stable silver nanoparticles onto cotton fabrics for
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Fig. 2.4 Growth inhibition of E. coli by silver-coated cotton fabric on an agar
plate with X-gal selection. (a) Cotton fabric. (b, ¢ and d) Silver nanocoated fabric
with low, medium and high loading levels, respectively. Reprinted with permis-
sions from The Royal Society of Chemistry (Lee et al. [98])

biomedical applications by using the same principle of Ag films
(Fig. 2.4). The practicality of this procedure was shown in clinical
usages, since it could be produced by a one-pot reaction that requires
only AgNO,, butylamine, and absolute ethanol [98]. In addition to its
simplicity, the loading levels of silver nanoparticles on cotton fabrics
were completely controlled by varying the concentration of the
reactants.

The novel fabric exhibited excellent bactericidal effects on patho-
genic bacteria found in wounded skin, for example S. aureus, opening
the use for the medical treatment of skin burns or cuts. Antibacterial
efficiency of Ag/SiO, grafted on wool has been investigated by Wang
et al. [98]. Oh et al. have also prepared Ag/SiO, and investigated its
antibacterial and antifungal effectiveness [99]. Fu et al. have pro-
duced multilayer composite films from heparin/chitosan/nanosilver
for biomedical applications [100]. Twu et al. extended a method
using a basic chitosan suspension with simultaneous stabilizing and
reducing effect to synthesize silver/chitosan nanocomposites from an
aqueous AgNO, solution [101, 102].

2.5 Biomedical Applications of Electroless Nickel,
Cobalt, and Copper

Yang et al. introduced electroless nickel in microtubule-associated
proteins demonstrating the stability of microtubules during the process
of electroless plating with Ni and the final nanowire network [103].
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They showed that electroless plating of microtubule-associated
proteins in a bath containing nickel acetate (50 g/L), sodium citrate
(25 g/L), lactic acid 85 % (25 g/L), and a reducing agent-DMAB
(dimethylamine borane complex, 2.5 g/L), stabilized microtubules
resulted in the formation of a continuous network of metallic nano-
wires. The metal coating consisted of small, crystalline Pt clusters
embedded in an amorphous metal matrix composed of Ni distributed
along the entire surface of the microtubules [103]. Lu et al. reported a
synthesis of monodisperse water-soluble magnetic Co nanoparticles
using a facile reduction method in aqueous media in the presence of
alkyl thioether end-functionalized poly(methacrylic acid) (PMAA-
DDT) ligands [104]. Co nanoparticles were prepared by reduction of
Co* in water in the presence of the polymer ligand. In a typical pro-
cedure, the reductant NaBH, and the polymer were added to a flask.
The size and the shape of the nanoparticles were both tunable by vary-
ing synthesis conditions. The Co nanoparticles were readily water-
soluble and could be used directly for biomedical assays such as an
MRI contrast enhancer. In addition, the PMAA-DDT polymer coating
could be conjugated directly with biomolecules via the carboxylic
groups, potentially exploiting further for other biomedical applications
(e.g., magnetic separation, immunoassays, stem cell tracking, cancer
metastasis monitoring using MRI, targeted drug delivery, and hyper-
thermia cancer treatment) [104]. Kristian et al. studied the preparation
of PtCo/C electrocatalysts using redox transmetalation reaction at dif-
ferent pH. Carbon-supported PtCo nanoparticle catalysts with core—
shell structure via reduction method and subsequent electroless
deposition [105].

A copper sulfate solution containing acetic acid as a complexant
and ascorbic acid as reducing agent was used by Valenzuela et al.
to metalize self-assembling protein-based microtubules in order to
produce nanowires for interconnects [106]. A copper electroless
plating bath containing 30 g/L of CuSO,, 140 g/L of sodium potas-
sium tartrate, 20 g/L. of NaOH, and 10 mL/L of formaldehyde was
used to demonstrate a facile method of fabricating copper nano-
wires using DNA molecules as templates. The fabrication takes
advantage of the electroless plating of copper including activation
with palladium. The diameter of the nanowires can be easily con-
trolled by the plating time [107]. Copper and nickel electroless
deposition was used over the pre-anodized titanium substrates in
order to produce anodes for the process of the electrochemical
degradation in wastewater [108].
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2.6 Metal Nanostructures by Galvanic
Displacement

This simple reaction can be used with a wide variety of metal
templates and salt precursors and is limited by little more than the
requirement of an appropriate difference in the electrochemical
potentials between the two metals. Based on fundamental chemistry,
this reaction provides a straightforward and versatile route to a broad
range of simple and complex structures including hollow nanocrystals,
alloyed nanostructures with controllable elemental compositions, and
nanoparticles with tunable optical properties [63]. The alloying and
dealloying processes involved in a galvanic displacement reaction
also have a strong impact on both the structures and properties of the
final products [109, 110]. In recent years, the synthesis of solid metal
nanocrystals having a wide variety of shapes and sizes has been
achieved through careful control of the reaction conditions such as
temperature, the concentrations of trace ions, and surfactant choice
[111]. Many of these nanocrystals can be used as templates for gal-
vanic displacement reactions, making it possible to use this technique
to synthesize hollow nanostructures with well-defined and controlla-
ble sizes and shapes.

A typical example can be found in the reaction between Ag nano-
cubes and HAuCl,. When more than one type of facets are present on
the surface of the initial Ag nanocubes, it is possible to synthesize Au
nanocages with controlled pores at the corners, as shown in Fig. 2.5
[112, 113]. It is also possible to use this method to generate hollow
nanotubes with diameters of 100 nm and lengths of several microns.
One of the most useful features of nanostructures synthesized with a
galvanic displacement reaction is the highly tunable optical proper-
ties that result from the tunable shift in the ratio between the inner
and outer particle diameters (i.e., the wall thickness). Galvanic dis-
placement allows for straightforward tuning of the LSPR peak of
nanostructures across the visible region and into the NIR due to the
coupling between the surface plasmons of the inner and outer sur-
faces [63].

Galvanic displacement can find applications in the development of
new electrochemical sensors. Sensors are the devices which are com-
posed of an active sensing material with a signal transducer. Among
these, electrochemical sensors have more advantage over the others
because, in these, the electrodes can sense the materials which are
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Fig. 2.5 Schematics and TEM images showing the different stages of a galvanic
displacement reaction between HAuCl, and 24-nm Ag spheres. Yellow and
orange colors indicate {1 0 0} and {1 1 1} facets, respectively. Reproduced with
permission from American Chemical Society (Kim et al. [112])

present within the host without doing any damage to the host system
[114]. Within these sensors, the active sensing material on the elec-
trode should act as a catalyst and catalyze the reaction of the target
compounds to obtain the output signals. The selection and develop-
ment of an active material is a challenge. The recent development in
the nanotechnology has paved the way for large number of new mate-
rials and devices of desirable properties which have useful functions
for numerous electrochemical sensor and biosensor applications [115].
Basically by creating nanostructure, it is possible to control the funda-
mental properties of materials even without changing their chemical
composition. In this way the attractive world of low-dimensional
systems, together with the current tendencies on the fabrication of
functional nanostructured arrays could play a key role in the new
trends of nanotechnology. A good method for generating any kind of
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nanostructures should enable simultaneous control of the dimensions,
properties, and morphology. The creation of an indented surface, i.e.,
modification of a surface by nanostructures, is essential for effective
enlargement of the surface area. It is expected that the enlargement of
the surface area of sensing electrodes will result in a significant
increase in microsensor sensitivity. This is one of the reasons why
nanostructures are considered promising in the field of sensing tech-
nology. Metal nanostructures are especially promising in biosensing
applications. The reducing behavior of elemental silicon toward noble
metal ions in aqueous solutions containing fluoride ions has long
been known. The following reagents were used to prepare the basic
aqueous solution: gold sulfite solution 0.01 M, sodium fluoride
0.1 M, sulfuric acid to pH=2; single crystalline (100) silicon, p-type,
was used as a substrate [116]. The preparation of a protein monolayer
can be a crucial step in the development of bionanodevices that find
applications in the field of biomaterials, biocoatings, biofuel cells,
and solar cells based on the use of natural photosynthetic complexes.
Most of these nanotechnological applications require the formation of
a protein monolayer on a conductive support in a correct conforma-
tion and orientation. The preparation of a monolayer of the flavoenzyme
monooxygenase from Thermobifida fusca on a gold film prepared by
galvanic displacement on silicon in the sulfite—fluoride solution was
reported [116, 117]. This enzyme can be applied in the field of bioca-
talysis and its immobilization on conductive supports could be an
approach for improving its performance also in biosensors [118, 119].
The goodness of the Au film for enzyme adsorption was evaluated by
comparison of the enzyme-specific activity and of the enzyme-loading
capacity. The gold films obtained by immersion of the silicon sub-
strate into a basic chloride solution were characterized by very poor
adhesion. The deposits were easily abraded with soft paper and
peeled off with scotch tape. The use of sulfite produced metallic films
resistant to abrasion by soft paper and to peeling by scotch tape. The
deposits were smooth, highly reflective, and continuous across the
gold/silicon interface, even if the film structure is characterized by
coarsening of clusters due to the three-dimensional growth. In
Fig. 2.6, the phenylacetone monooxygenase PAMO adsorption of the
gold surface is reported in comparison with the control.

In the case of gold surfaces from sulfite-based solutions, a large
increase in the adsorption with respect to the control sample without
enzyme was observed. The same increase was not detected for samples
from chloride-based solutions.
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Fig. 2.6 PAMO adsorption A (Abs at 341 nm—Abs at 440 nm) vs. control for gold
from chloride and sulfite. Reproduced with permission from The Electrochemical
Society (Magagnin et al. [116])

peszui

Fig. 2.7 AFM image for gold from sulfite before (Average roughness 4.8 nm)
and after (Average roughness 1.3 nm) enzyme adsorption. Reproduced with
permission from The Electrochemical Society (Magagnin et al. [116])

Adsorption was also confirmed by the change in the morphology
and roughness of the gold surface from sulfite solution before and
after treatment, as it can be observed in Fig. 2.7. Galvanic displaced
gold was used for enzyme adsorption for biosensor application; the
formulation of the electrolyte allows to tune and to improve also the
interaction with the enzymes [116].

2.7 Conclusions

Electroless deposition and galvanic displacement demonstrate to be a
viable route for the synthesis of metallic nanostructures with success-
ful exploitation in biomedical applications. Renewed and upcoming
research in this area is required in order to find and illuminate new
processes and to deeply understand the mechanisms of the deposition
process and its control. The nanomaterials generated through these
methods, combining advanced nanostructuring and multifunctional
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building blocks, will play a fundamental role in the designing of
nanobiosystems able to interact with the biological systems at the
nanolevel.
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Chapter 3

Biodegradable Mg Alloys:
Corrosion, Surface Modification,
and Biocompatibility

Sannakaisa Virtanen
3.1 Introduction

Metallic materials used in biomedical applications traditionally are
highly corrosion resistant, in order to prevent degradation of perma-
nent implants and to diminish possibly harmful metal ion release.
Therefore, metallic materials used for instance in orthopaedic appli-
cations include Ti base alloys, stainless steels, or Co—Cr—Mo alloys.
As these materials are passive in the human body, only a quite small
amount of metal ions is released into the surroundings by electro-
chemical corrosion. A very different approach is the use of low-
corrosion-resistant metals for biodegradable, temporary implants.
Biodegradable (or bioabsorbable) implants are of interest for appli-
cations, in which from medical point of view the implant is not
required to stay in the body permanently. An example of such an
application is stenting, where remodeling of the arterial wall is
expected to take place and a continuous presence of the stent becomes
unnecessary. For biodegradable metals, once implanted, the device
would stay in human body only for the time it takes to heal, and then
it will spontaneously dissolve away. Permanent metallic implants
can lead to certain biocompatibility problems related to continuous
physical/mechanical irritation and long-term release of metallic
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ions and/or particles through corrosion or wear processes. Moreover,
implantation in children would require an additional surgery in order
to remove the permanent implant which cannot adapt to growth of the
human body. Such problems could be avoided using a bioabsorbable
implant.

Due to their non-toxic nature and easiness of corrosion, Mg- and
Fe-based materials have been considered as promising candidates
for biodegradable implants. This chapter will only discuss Mg alloys
as biodegradable implant material. Recent reviews on the develop-
ment of biodegradable stents, including a description of the state-of-
the-art for both Fe and Mg alloys, are provided by [1, 2]. Alloy
design concepts for Fe- and Mg-based biodegradable metals are
given in [3-5].

Mg alloys have been considered for use as biomaterials suitable
for both degradable bone implants [6] and bioabsorbable cardiovas-
cular stents [7]. In addition to the non-toxicity of Mg ions (which
belong to the most abundant cations in the human body), Mg takes
part in many metabolic reactions, and hence the use of Mg alloys in
biodegradable implants could even trigger some desired physiologi-
cal reactions. At high concentrations Mg becomes toxic, but Mg
toxicity by corrosion of implants is not expected to be a problem as
it is expected that homeostatic mechanisms should efficiently con-
trol the free concentration. For orthopedic applications an interesting
fact is the relatively low elastic modulus of Mg alloys, which is
significantly nearer to the mechanical properties of bone than is the
case for other traditional metallic implant materials. Hence, less
stress shielding effects would be expected when using Mg alloys.

The idea to use magnesium alloys as biodegradable implant is not
new, as discussed in review on the history of Mg-based implants [8].
Due to different type of problems related to the state of materials,
such as high-corrosion rates because of large amounts of impurities
in the early alloys, their use was stopped shortly after their introduc-
tion. Nowadays, a better control of the alloy chemistry (alloying and
impurities) as well as a better understanding of the critical factors in
Mg alloy corrosion exists. The state-of-the-art of magnesium alloys
as biomaterials is summarized in a recent review in [9]. Corrosion
behavior of Mg alloys in view of their use in biomedical applications
is summarized in [10, 11]. General information on Mg alloy corrosion
can be found in [12-14].
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3.2 Basics of Magnesium Corrosion in View
of Biocompatibility Considerations

Magnesium has a very low electrochemical potential (E°=-2.4 V vs.
SHE) indicating its very high tendency to oxidation. Figure 3.1 shows
the potential-pH diagram for Mg, illustrating the wide region of
active dissolution [15]. As Mg passivation is only possible in alkaline
environments and in the absence of aggressive species such as chlo-
rides, active dissolution of Mg takes place in most natural environ-
ments. The low electrochemical potential of Mg also leads to a high
risk of galvanic corrosion, when Mg is in contact with most other
technologically important metals and alloys. Moreover, most impuri-
ties and alloying elements of Mg are nobler than the Mg matrix, and
hence internal galvanic corrosion is a typical corrosion mode of non-
pure Mg. This is especially significant as the kinetics of the cathodic
hydrogen evolution reaction is relatively low on pure Mg; hence a
strong acceleration of the active dissolution rate of Mg is encountered
in the presence of impurity inclusions or second-phase particles
enriched in the alloying elements—these particles then act as efficient
cathodes coupled with the Mg matrix anode. Such internal galvanic
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corrosion not only accelerates dissolution of the Mg matrix, but it
moreover often leads to a highly non-homogeneous dissolution mor-
phology, as the cathodic and the anodic sites are separated. For any
application based on controlled metal degradation, a layer-by-layer
uniform dissolution would be easier to use for life-time prediction
than highly non-uniform dissolution mode. Moreover, in biomedical
applications, where the device may experience mechanical loading,
non-uniform dissolution can lead to the formation of non-uniform
stresses in the device and in worst case to pre-mature mechanical
failure.

The low electrochemical potential also indicates that Mg corrosion
is always coupled with hydrogen gas evolution: the anodic Mg oxida-
tion reaction is coupled with reduction of hydrogen from water; see
Egs. (3.1) and (3.2) for Mg corrosion.

Anodic reaction

Mg — Mg™ +2e” (3.1)
Cathodic reaction
2H,0+2e” — H,(g)+20H" (3.2)

The hydrogen gas evolution as a coupled reaction to Mg oxidation
can be of significance for the use of Mg alloys in biomedical applica-
tions, as questions arise on the absorption/transport of hydrogen gas
in tissues. If the local hydrogen generation rate is too high, hydrogen
accumulation leading to gas pockets can take place. Of course, any
approaches to control the Mg corrosion rate, will reduce the hydrogen
evolution rate. Due to the significance of the hydrogen gas production
in the biomedical application, many researchers interested in biode-
gradable Mg alloys use the H,(g) collection experiments as a measure
to the corrosion rate. Even though the volumetric detection of gas
production as such is a simple tool to monitor corrosion as a function
of time, such measurements do not give information on the mecha-
nisms of corrosion. For instance, if a newly developed alloy shows
lower rates of hydrogen gas evolution than a reference alloy, conclu-
sions cannot be made if the alloying elements influence the kinetics
of the cathodic or anodic reactions.

Another issue of significance in view of biocompatibility is the
fact that Mg corrosion leads to an alkaline shift of the pH value in the
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vicinity of the corroding surface. This alkaline pH shift results from
the fact that Mg>* cation is weak cation acid, and hence do not react
with water under production of protons. Therefore, formation of Mg**
in the anodic reaction cannot neutralize the alkaline pH shift due to
the cathodic reaction [in the case of Mg corrosion, mostly reduction
of hydrogen ions, see (3.2)]. It is noteworthy that the alkaline pH shift
can be beneficial for surface passivation of Mg, considering the
Pourbaix diagram shown in Fig. 3.1. However, in view of the use of
Mg in the human body, the alkalization of the environment can be
harmful for the biological environment. Even though the body fluids
are buffered, pH increase is possible in the vicinity of the surface of
the Mg implant. This has been demonstrated in the laboratory [16—
18], details of the pH behavior of the solution during Mg corrosion of
course depend very strongly on the experimental conditions such as
the ratio of the Mg sample surface to the volume of the electrolyte. In
the biomedical applications in vivo, the situation is more complex.
For instance, blood flow can refreshen the electrolyte, and hence less
strong pH effects would be expected than under stagnant conditions.
On the other hand, if the Mg alloy surface is covered by cell-adherent
layers or by tissue, local chemistries may evolve on the surface, as
mass transfer is hindered. Even though information is hardly avail-
able on in vivo observations on local pH values in the vicinity of Mg
implants, it is noteworthy to point out that cell death has been dem-
onstrated to take place in in vitro experiments due to Mg corrosion-
induced pH increase in medium [18].

For some applications targeted, the corrosion rate of conventional
(commercial) alloys seems to be too high. This statement, however,
is mostly based on in vitro investigations in simulated body fluids
(SBFs), and the choice of the SBF can drastically influence the mea-
sured corrosion rates (see e.g., [19, 20]) as well as be very different
to the in vivo case (see e.g., [21]). One challenge in the field of Mg
alloy biodegradation is that relatively little in vivo information on the
degradation rates is still available. For stents, where the dimensions
of the structures are quite small, the initial fast corrosion rate may
lead to too fast degradation of the device. On the other hand, for other
types of applications such as bone plates, the dimensions are
significantly larger. It is therefore possible that the initial corrosion
rate is high but the formation of sparingly soluble corrosion products
can slow down dissolution and even prevent complete bioabsorption
of the implant with time. These considerations illustrate that in any
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case measures to control the corrosion rate are required; in best case
leading to a desired time-dependence of degradation, for instance
sufficiently slow dissolution in the beginning, then faster dissolution
leading to complete disappearance of the device after desired time.

One approach to control the corrosion rate would be the devel-
opment of novel Mg alloys. It should be recognized, however, that
Mg alloying is a highly challenging task, as Mg has a low solubility
for many elements. Therefore alloying often leads to the formation of
second-phase particles, which may be desired for mechanical
strengthening of the alloy, but as already mentioned, in most cases
this can lead to the formation of galvanic couples on the alloy surface
and accelerates dissolution of the less noble Mg matrix. Moreover, in
the case of development of biodegradable Mg alloys, alloying elements
of course should be non-toxic.

Another route to modify the corrosion behavior of any material is
the use of different types of surface modification techniques or coat-
ings. Any coating that would decrease Mg dissolution rate, would
automatically also reduce the issues of concern of the coupled hydro-
gen evolution reaction and the surface alkalization. In the case of
biodegradable Mg alloys, the coating behavior should be compatible
with the biomedical application; depending on the targeted applica-
tion the specifications for coatings vary. The coatings by no means
should provide a too perfect barrier for dissolution, as biodegradation
is still desired. For imperfect coatings, however, care should be taken
that strong localized dissolution at coating defects should not lead to
undermining and possibly flaking off of the coating.

3.3 Ciritical Factors in Mg Alloy Corrosion

3.3.1 Impurity Content

The detrimental effect of small amounts of certain impurities, such as
Fe, Ni, Cu, on the corrosion rate of Mg alloys is well known. For these
elements, tolerance limits have been determined, below which the cor-
rosion rate remains low but drastically increases upon exceeding the
tolerance limit. It is important to point out that these tolerance limits
depend on the alloy composition. The effects of these impurities are
mostly explained to be due to internal galvanic coupling effects, in
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that the impurities form efficient local cathodes for the hydrogen
evolution coupled with the less noble matrix. Recent studies on the
effect of Fe impurity in Mg and Mg—Al alloys indicate that the corro-
sion behavior of the alloys can be dominated by the Fe impurities, and
that Fe-rich particles in the microstructure are responsible for the
strong acceleration of the dissolution rate upon exceeding the tolerance
limit [22]. Therefore, in order to truly compare the corrosion behavior
of different alloys, the impurity content should be reported. Figure 3.2
shows an example on the influence of purity of Mg and Mg—Al alloys,
specifically of the Fe content, on the dissolution behavior in 3% NaCl
measured as hydrogen evolution volume [22]. The low-purity Mg
shows the highest corrosion rates of all alloys studied, whereas the
high-purity Mg shows very low dissolution rates. Moreover, compar-
ing the behavior of the different Mg—Al alloys (with a variation in Al
and Fe content), the authors concluded that the differences in the
corrosion behavior are mainly due to the increase in the impurity
content, and cannot be directly attributed to the Al-content of the alloy.

3.3.2 Alloy Composition

Commercial Mg alloys often contain Al and Zn as major alloying ele-
ments. Other alloying elements of interest are Y, Zr, and rare earths.
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Fig. 3.2 Corrosion behavior, measured as hydrogen gas evolution, for high-purity
(HP) and low-purity (LP) Mg as well as some Mg—Al alloys in 3% NaCl. Reprinted
from [22], with permission from Elsevier
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Fig. 3.3 Corrosion rates for a variety of Mg alloys determined in MEM (Minimum
Essential Medium) at 37°C. Reprinted from [24], with permission from Elsevier

Exploratory alloys for use in biodegradable implants include for
instance Mg—Ca and Mg—Ca—Zn alloys. For the use of Mg alloys in
biomedical applications, new boundary conditions for the choice of
alloying arise, in that the alloying elements should be non-toxic.
Hence, for instance a commercial alloy AZ91 (9% Al, 1% Zn) with
good mechanical and corrosion behavior may not be an optimum
choice for biodegradable implants, due to the high Al content. The role
of the alloying elements is, in addition to modifying the corrosion
behavior, to improve the mechanical properties of the alloys. In solid
solution, the alloying elements can influence the anodic dissolution rate
of Mg. Most Mg alloys of interest, however, are heterogeneous, multi-
phase alloys. This is of major significance for the corrosion behavior:
The alloying elements are enriched in intermetallic particles, and as
typically the conventional alloying elements are more noble than Mg,
internal galvanic coupling similar to the above discussed effects of
impurities is resulting. This may lead to non-uniform corrosion mor-
phology, as the anodic and cathodic sites are locally separated. On the
other hand, hydrogen evolution kinetics is relatively slow on pure Mg,
and can be significantly faster on many of the intermetallic phases pres-
ent in the alloys—this is an additional corrosion-accelerating effect
[23]. A survey of the biocorrosion behavior of commercial and explor-
atory Mg alloys demonstrates that the dissolution rate of different
alloys can vary by three orders of magnitude; this variation in dissolu-
tion rates by alloying is unexceptionally high, see Fig. 3.3 [24].
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3.3.3 Effect of Simulated Body Solution Composition
on Mg Alloy Corrosion

It is important to note that the choice of SBF for in vitro assessment
of the corrosion behavior of Mg alloys can have a very striking
influence on the results obtained. From chemical point of view, the
corrosive environment of body fluids consists of a 0.9% NaCl solu-
tion with small amounts of other inorganic salts (such as Ca*", PO 43*,
and HCO,", for more details see [25, 26]), at a temperature of 37°C.
The chemlcal environment of blood plasma is highly aggressive for
Mg and its alloys, due to the high concentration of chloride ions.
Other ions in the body fluids, especially phosphates and carbonates,
form relatively sparingly soluble compounds with Mg cations. Hence
corrosion product layers are precipitated on the surface; these layers
provide only limited corrosion protection, as they are often porous.
Recent studies demonstrate the important role of HCO,™ ions in the
formation of compact and well-protecting surface layers on Mg [27];
measurements of corrosion rates in SBFs with different HCO,~ con-
centrations led to a variation of the degradation rate by a factor of 10.
In addition to the exact ionic composition of different SBFs [25, 26],
different buffers [e.g., tris(hydroxymethyl)aminomethane (TRIS),
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), CO,/
HCO, ] are used and these not only have different buffer capacities
but the choice of buffer can moreover influence the degradation
behavior of Mg. These examples clearly demonstrate that the choice
of electrolyte for Mg degradation studies very strongly influences the
results obtained. In any case a simple physiological saline solution
cannot simulate the behavior of Mg in the body, neither as concerns
the degradation rate nor the composition of the surface layers forming
during corrosion.

In addition to inorganic species, body fluids contain different types
of biomolecules and cells, which may adsorb or adhere to the bioma-
terial surface and thereby affect the corrosion behavior. To better
simulate the biological environment, the effect of proteins on the cor-
rosion behavior of Mg alloys has been explored.

Most of these experiments studied the effect of albumin (typically
BSA: bovine serum albumin) on Mg alloy corrosion, since albumin
is the most abundant blood protein. Mueller et al. studied the effect
of albumin addition to PBS (phosphate buffered saline) solutions on
the corrosion behavior of pure Mg and the alloys AZ31 and LAE442
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Table 3.1 Composition of some relevant alloys studied in the field of biodegrad-
able Mg alloys (concentrations are given on for the major alloying elements is
given in the table)

Alloy Mg (wt%) Al (wt%) Zn (wt%) Li (wt%)  Rare earths
AZ31 Balance 2.5-3.5 0.6-1.4

AZ91 Balance 8.0-9.5 0.3-1.0

LAE 442  Balance ca. 4 ca. 4 ca.2

[28]. For the alloy AZ31, albumin addition showed relatively little
effect on the electrochemical behavior (potentiodynamic polarization
curves), but for pure Mg and the alloy LAE442 albumin additions
strongly accelerated anodic dissolution. Table 3.1 shows the chemical
composition of the alloys used in these studies. The effect of albumin
was also found to be concentration dependent. On the other hand,
corrosion inhibition by albumin addition has been reported for the
AZ91 alloy (see Table 3.1.) in SBF [29], as well as for Mg—Ca alloy
in water and in NaCl solutions [30]. Moreover, a change of albumin
effect with time has been observed, in that initially higher polariza-
tion resistance (Rp) values (corresponding to lower corrosion rates)
were measured for a rare-earth metal containing Mg alloy in albumin-
containing SBF as compared with albumin-free SBF, but after some
hours of immersion the Rp-values were lower for samples in albumin-
containing solution [31]. These examples indicate that albumin (and
most probably other proteins, as well) certainly has an influence on
the corrosion behavior of Mg and its alloys, but this influence can be
alloy- and time-dependent. It should be pointed out, moreover, that
the exact mechanisms in play have not been elucidated. Generally,
protein adsorption layers could act as an additional barrier between
the metal surface and the surroundings, hence inhibiting corrosion.
On the other hand, proteins may complex metal cations and therefore
could accelerate dissolution. Also, the formation of a biofilm on the
metal surface could lead to a “crevice-like” situation on the surface,
hindering mass transfer with the bulk electrolyte and hence enforcing
chemical changes taking place (e.g., pH increase). In the case of Mg,
the nature of the protein adsorption layer on the surface could change
with time, for instance due to Mg corrosion and related effects. In
how far the pH increase on Mg surface can, for instance, lead to
denaturation or even de-adherence of proteins is not clear from the
present knowledge-state.

Experiments with the addition of serum in SBFs have also been
carried out. In this case, interactions between different biomolecules
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and the metal surface are more complex than indicated by the single
protein studies. Also in this case, alloy- and time-dependent complex
behavior has been observed [32]: for Mg—Ca alloys, serum proteins
increased the corrosion rate, for AZ31 alloy in the initial 3 days
immersion the serum proteins increased the corrosion rate and there-
after decreased it, whereas for the AZ91 alloy a reduced corrosion
rate was observed upon addition of serum to medium. Yamamoto and
Hiromoto have carried out a thorough and systematic study on the
effect of inorganic salts, amino acids, and proteins of the degradation
behavior of pure magnesium [33]: amino acids were found to acceler-
ate dissolution of Mg, which was explained by the chelating effect of
the Mg cations, and the presence of serum proteins was found to
retard magnesium degradation.

Even though many open questions still exist on the exact mecha-
nisms and interactions between the constituents of SBFs and the Mg
alloy surface, it seems clear that the corrosion product layers formed
on Mg alloy surfaces in more complex solutions than simple saline
solutions can play a significant role in the degradation process. These
conversion layers mostly contain large amounts of Ca, Mg, P, O, and
C. In [34], the layers formed on a rare-earth containing Mg alloy in
m-SBF solution were described as amorphous, hydrated, carbonated
(Ca,Mg)-phosphate, based on XRD, EDX, and FT-IR characteriza-
tion. The layers formed on Mg and Mg alloys in typical compositions
of SBF are not highly protective in nature, as indicated for instance
by electrochemical impedance spectroscopy measurements [31], this
is most probably due to high porosity of these layers. The degradation
process of Mg in SBFs hence not only leads to the release of soluble
Mg cations, but moreover corrosion product layers are precipitated
on the surface. Therefore, a gradual conversion of metallic Mg into
Mg-containing corrosion product layers takes place. As discussed in
[24], non-soluble and voluminous corrosion products could raise
some problems in biomedical applications.

Apart from different SBF solutions, cell culture medium [for
instance, Dulbecco’s Modified Eagle’s cell culture medium (DMEM),
with or without addition of fetal bovine serum (FBS)] has also been
used as electrolyte for Mg degradation studies. Different authors
have demonstrated that Mg alloy corrosion is significantly slower
under cell culture conditions than in other types of simulated physi-
ological solutions (e.g., Hank’s solution, SBF) [20, 32, 35]. This
may be related to surface “passivation” by formation of insoluble
Mg-carbonate layers, as has been discussed in [27, 32, 33, 36]. As



112 S. Virtanen

carbonate ions seem to be of a high significance for surface reactions
of Mg alloys, experiments carried out under CO, purging (e.g., cell
incubator) as compared with experiments open-to-air can be expected
to lead to different behaviors with otherwise same chemical
exposures.

Finally, there is emerging evidence that cell-adherent layers on Mg
surface can slow down corrosion processes; this was indicated by
electrochemical impedance spectroscopy as well as pH measurements
in the absence and presence of cells on Mg alloy AZ91 surfaces [18].

3.4 Biocompatibility Assessment of Corroding
Mg Surfaces

Different aspects of biocompatibility are addressed by different types
of testing methodology. In addition to still relatively few in vivo ani-
mal studies on Mg alloys and emerging clinical studies, an increasing
number of in vitro cell studies on corroding Mg surfaces have been
published in recent years. It should be mentioned that the alkaline pH
shift as well as H, gas evolution on corroding Mg alloys surface can
drastically affect in vitro cell culture testing. In vitro cell culture
experiments on fast corroding cp-Mg (cp-Mg: commercially pure
Mg) surfaces have indicated that without any surface pre-treatments
or coatings, cp-Mg surface can be too reactive for cells to adhere and
grow; for the static cell culture experiment and for the sample mate-
rial used for these studies [17, 35]. After simple surface treatments,
such as passivation in NaOH or soaking in SBF or in cell culture
medium, cells could adhere and spread on Mg surface, as the initial
surface reactivity decreased by these surface treatments. For long-
term cell behavior, other factors such as continuous increase of alka-
linity in the vicinity of the cells can, however, strongly reduce the
viability of cells [17].

Recently, an increasing number of cell culture studies on corrod-
ing Mg surfaces have been published [37-43]. However, relatively
conflicting reports can be found in the literature indicating both sur-
vival and death of cells on Mg surfaces. As the types of alloys and
cell lines used for these experiments are not identical, it is difficult up
to now to draw any generalizing conclusions on the critical factors
influencing cell behavior on Mg alloy surfaces. Moreover, it has been



3 Biodegradable Mg Alloys: Corrosion, Surface Modification... 113

discussed in the literature that current in vitro test procedures for
cytotoxicity, cell viability, and proliferation may not be suitable for
Mg alloys, and new protocols should be carefully evaluated [44].

3.5 Surface Modification Approaches to Tailor
Degradation and Biocompatibility

Depending on the targeted application, different types of surface
modification techniques have been explored to optimize the perfor-
mance of Mg alloys. For traditional applications of Mg alloys, the
focus in coating development has been almost solely on corrosion
protection. Reviews on coatings for Mg alloys can be found in [45,
46]. Surface modification of magnesium alloys in view of biomedical
applications has been reviewed in [47]. For Mg alloys as biodegrad-
able implants, surface modifications target a combination of improved
degradation behavior and biocompatibility. This of course leads to
additional requirements for the desired coating characteristics, as the
coating itself also should be non-toxic (or biocompatible) as well as
biodegradable—hence, the coating should only slow down dissolution
to the desired rate but not provide a too strong passivating effect.

Surface modification and coating of Mg alloys are challenging,
due to the high reactivity of the Mg surface. Coating adhesion is
therefore of a very high significance, to prevent undermining and
delamination of coatings upon initiation of corrosion at defects. To
prevent such failures, typically pre-treatment of the Mg surface is
crucial [46]. Chemical and electrochemical surface modification
approaches in aqueous environments must be designed in a way to
prevent too strong dissolution of the substrate during the surface
treatment.

Depending on the type of biomedical applications, different types
of surface modification approaches may be beneficial. It should be
mentioned in this context that only in relatively few studies indeed
the biological performance of the surface modified Mg alloys has
been studied; the claim for an improved biocompatibility is often
based on simple dissolution studies in SBFs. As it is hardly surprising
that almost any type of surface coating will to a certain degree slow
down corrosion reactions, such an approach cannot truly lead to a
novel biocompatibility assessment of the system. In the following, an
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overview of different types of surface modification approaches is
given, classified according to the coating type. As far as possible,
critical assessment of the achievements in view of the biomedical
application will be discussed.

3.5.1 Calcium—Phosphate Based Coatings

For orthopedic applications, calcium—phosphate coatings are of
interest, as they are biocompatible and can improve osteoinduction
of implants; this has been demonstrated on titanium surfaces (e.g.,
[48] and references therein). Also for Mg alloys, preparation of
calcium—phosphate coatings has been explored, for instance by ion-
beam-assisted deposition [49], or by various types of electrochemi-
cal and chemical treatments [50-63]. The corrosion rate of Mg
alloys can be influenced by the calcium—phosphate coatings, but the
resulting degradation rate depends on the detailed nature of the
coating. Different types of calcium—phosphates exist, and depend-
ing on the coating preparation route, the resulting layer can be for
instance hydroxyapatite [Ca, (PO,),(OH),] or amorphous calcium—
phosphate [Ca,(PO,), nH,O]. The different calcium-phosphate
phases exhibit varying solubility (as a function of temperature and
pH) but moreover also differ in their biocompatibility, osteo-induc-
tion, and osteo-conduction properties. In addition, the morphology
of the calcium—phosphate coatings depends on the coating method-
ology. This in its turn not only may influence the degradation
behavior, but surface morphology also affects the biological
performance.

The most simple preparation routes are based on biomimetic,
spontaneous precipitation of calcium—phosphate phases on Mg and
Mg alloy surfaces upon exposure to simulated biofluids. In SBF
solutions, the layer that forms spontaneously on Mg alloys is mostly
not hydroxyapatite, but instead an amorphous mixed (Mg,Ca)-
phosphate (which can be carbonated and hydrated). As hydroxyapa-
tite is the major mineral component of bone, research has been
targeted to find ways for direct, biomimetic formation of hydroxy-
apatite on Mg surfaces. Use of optimized solution chemistry, tem-
perature, and in some cases specific surface pre- or post-treatments
have been indeed demonstrated to lead to direct formation of
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hydroxyapatite (or Mg-substituted hydroyapatite) on Mg by immersion
treatments [58, 59, 61].

In addition to the biomimetic approach of coating Mg alloys with
calcium—phosphate, sol—gel coating technique [64], or electrodeposi-
tion routes [65] are being explored. For more corrosion-resistant
biomaterials, such as titanium, these methodologies have been well
studied. However, in the case of Mg alloy substrates, it may be neces-
sary to modify and optimize the protocols for coating methodologies,
especially if the coating process is typically carried out in aqueous
solutions, due to the high reactivity of the Mg alloy surfaces. An
ethanol-based sol-gel technique was reported to be successful to
prepare thick (=50 um) calcium—phosphate coatings on a Mg alloy
Mg-4Y [64]. As the coatings were porous and contained many
cracks, the degradation rate of the substrate could not be reduced.
However, in vitro cell culture testing with osteoblasts indicated a
significantly improved cytocompatibility compared with non-coated
substrates, and cell growth was strongly enhanced. These findings
are in line with studies on B-TCP (B-tricalcium phosphate) coated
Mg—prepared by a chemical immersion treatment combined with an
alkali-heat treatment—indicating good cell adherence and prolifera-
tion [53]. Moreover, continuous formation of bone-like apatite was
observed during biodegradation testing in Hank’s solution. Also
CaHPO,-2H,0 coated Mg alloy was reported to lead to significant
improvement of cell adherence, growth, and proliferation [56]. These
coatings were further investigated by in vivo implantation, and pro-
motion of early bone growth at the implant/bone interface was
observed for the coated Mg alloy implants. In vitro mineralization
behavior of electrodeposited Ca—P coatings on a Mg-6Zn alloy dem-
onstrate that bone-like apatite formation kinetics from SBFs depends
on the type of calcium—phosphate coating, which in its turn can be
tailored by the electrodeposition parameters [65]. The results indi-
cate promotion of nucleation of bone-like apatite by hydroxyapatite
and fluoridated hydroxyapatite coatings, whereas brushite coatings
delayed formation of bone-like apatite. Therefore, even though until
now only few reports can be found on the biological performance of
Mg alloys coated with different types of calcium—phosphate layers,
these reports mostly indicate an improved bioactivity of the coated
substrates. It should be mentioned once more that the different coat-
ing methodologies not only influence the calcium—phosphate chem-
istry and crystal structure, but moreover the morphology of the
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Fig. 3.4 SEM images showing the morphology of electrodeposited Ca—P coatings
on a Mg—Zn alloy: (a) brushite coating; (b) hydroxyapatite coating; (¢) fluoridated
hydroxyapatite (FHA) coating; (d) cross-section of the FHA coating. Reprinted
from [65], with permission from Elsevier

coatings varies. Examples of surface morphologies of different types
of Ca—P coatings prepared by electrodeposition on Mg are shown in
Fig. 3.4 [65]. Both these factors, chemistry and phase of Ca—P and
the morphology, influence both the degradation and biological
performance.

3.5.2 Electrochemical Anodization

As oxide films on metals and alloys often grow according to the high-
field model, the oxide layer thickness is proportional to voltage upon
anodic polarization in an electrolyte. Anodization therefore can be
used to thicken native oxide layers on metals and alloys. Especially in
the case of so-called valve metals (e.g., Al, Ti, Ta, etc.), the oxide lay-
ers are blocking under anodic bias, and anodization is possible up to
high voltages; hence thick oxides can be formed on the surface. At
potentials above the dielectric breakdown voltage, sparking takes place
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resulting in the formation of porous oxide layers. Sparking results in
current and/or voltage oscillations in the electrochemical response.

In the case of Mg alloys, many commercial anodization methods
have been developed. These methods lead to formation of highly
corrosion-resistant surface layers, but have the drawback of often
containing environmentally hazardous species such as chromates.
More environmentally friendly electrolytes for anodization are based
on potassium hydroxide, phosphate, fluoride, borate, or silicate con-
taining electrolytes. The electrolytes often are of a relatively complex
nature, containing many inorganic compounds; the exact effects of
the different electrolyte constituents have not been unambiguously
clarified. One reason to use such complex electrolytes is the empirical
observation that in these solutions the dissolution of the Mg alloy
substrates is reduced during anodization. Moreover, incorporation of
the electrolyte species in the anodic oxide layers can make the layers
more electrically blocking, reducing anodic oxygen evolution during
anodization, which often is observed as a side reaction for anodiza-
tion of Mg in simple alkaline solutions. However, anodization of Mg
is also possible in simple NaOH solutions; by adjusting the electro-
chemical parameters, formation of compact or porous anodic oxide
layers takes place [51, 66—-68]. In this case the layers consist of only
Mg(OH), or MgO, hence no other compounds which might raise
questions on biocompatibility are introduced to the surface. According
to Hiromoto and Yamamoto, the degradation rate of pure Mg in cell
culture medium can be adjusted by anodizing at different voltages in
NaOH [67]. Moreover, the authors demonstrated that steaming (auto-
claving) the anodized layers led to a further reduction of the degrada-
tion rate, due to sealing of the pores. It is noteworthy that by using
the correct anodization parameters, occurrence of localized corrosion
of Mg could be suppressed. In addition to the effect of anodic layers
on Mg on the biodegradation behavior, it has been demonstrated that
calcium—phosphate precipitation on Mg surface from artificial plasma
can be enhanced by prior anodization of Mg [51].

As already mentioned, anodization above the dielectric breakdown
potential (so-called spark-anodization, micro-arc oxidation) leads to
formation of porous oxide layers on the surface. As surface morphol-
ogy is one key factor for cell adhesion and tissue integration, tailoring
the surface morphology (together with surface chemistry and degra-
dation rate) may be a promising route for optimizing the biological
performance of Mg alloys. In the case of Ti-based implants, such
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Fig. 3.5 Morphology of anodic oxide films grown on Mg alloy AZ91 in 4 M
NaOH depending on the anodization current density and final voltage: (a) anodi-
zation with 113 mA/cm? up to 70 V; (b) anodization with 700 m/cm? up to 70 V;
(¢) anodization at 100 mA/cm? up to 90 V; (d) anodization with 560 mA/cm? up
to 90 V. Reprinted from [68], with permission from Elsevier

microporous layers prepared by spark-anodization have been dem-
onstrated to lead to strong and fast bone integration [69, 70]. In the
case of Mg alloys, the biological performance of spark-anodized
surfaces still needs to be systematically elucidated. A typical image
of porous oxide layer formed on Mg by spark-anodization is shown
in Fig. 3.5.

On the other hand, it is interesting to note that Mg coated by
micro-arc oxidation was reported to keep its antibacterial behavior
[71], which is generally related to the pH increase in the bacterial
suspension. Other types of coatings studied in this work, fluorine-
and silicon-containing conversion coatings, which were much
denser and led to stronger suppression of Mg corrosion, led to loss
of the antibacterial effect against Escherichia coli and
Staphylococcus aureus.
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3.5.3 Other Surface Modification Techniques

MgF, conversion coatings have been discussed as feasible surface
modification to improve the biodegradation behavior of Mg and its
alloys [72—77]. The coating approach is based simply on the formation
of insoluble MgF, on the surface upon immersion of Mg in concen-
trated HF solutions. Depending on the F~ concentration, a mixed
Mg(OH), and MgF, layer, or a hydroxide-substituted MgF, layer can
be formed on Mg alloys by immersion. In 48% HF, uniform and
dense MgF, layers can be formed on Mg. The MgF, surface layer is
not stable in the absence of the high concentration of fluoride, such as
in the biological environment. However, the layer can efficiently slow
down biodegradation in the initial time of exposure, as for instance
demonstrated in an in vivo study [76]. In that study, MgF, coated
LAE442 (see Table 3.1) cylinders were implanted in rabbits. Even the
uncoated sample showed in the rabbit model an acceptable host
response and a low corrosion rate, but the degradation rate could be
further reduced by the MgF, coating. The MgF, coating was found to
be an effective method to reduce the initial corrosion rate in vivo (first
4 weeks after implantation) and therefore to retard temporarily the
release of alloying elements. On the other hand, the MgF, coating
showed irritation of the local synovial tissue during its dissolution. As
the authors discuss, the local release of MgF, depends on the coating
thickness, which in its turn influences the dissolution rate. Therefore,
optimization of such MgF, coatings in view of their biocompatibility
and influence on the degradation behavior is possible, also in view of
the specific biomedical application.

The degradation behavior of Mg alloys can also be significantly
influenced by self-assembled monolayers (SAMs) [78-82]. For
instance, organosilanes that are known to be able to covalently bond
to metal hydroxide surfaces have been deposited on Mg alloy sur-
faces [78, 79]. In addition, SAM layers of carboxylate salts [80], as
well as of alkanoic and phoshonic acids [81, 82] have been prepared
on Mg alloy surfaces, and significant corrosion protection effects
could be observed. The SAM approach could be especially attractive
in view of the biological response of the surface, as by changing the
functional head group of the molecules, the surface functionality
could be modified to desired behavior. For instance, protein adsorp-
tion and cell adhesion are generally influenced by surface wettability.
Surface modification of Mg alloys by suitable organic molecules
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could hence be used for instance to enhance protein binding on a
hydrophobic surface. Formation of a super-hydrophobic Mg surface
by self-assembled stearic acid has been reported [83]. Until now,
SAMs layers have not yet been explored on Mg alloys in view of
optimizing the biological performance.

Molecular functionalization of Mg surfaces can also be carried
out by pre-adsorbing proteins on the surface. Protein adsorption
on Mg will spontaneously take place upon contact with serum,
blood, or any protein-containing solution, but it has been demon-
strated that a more compact protein (albumin) layer can be formed
on Mg surface, using silane coupling chemistry [84]. The same
approach could be used to bind any desired protein on Mg surface,
and hence to prevent non-specific adsorption of proteins from the
body fluids. In addition to tailoring the biological performance to
match the requirements of the specific application targeted, such
protein layers were found to strongly suppress dissolution of Mg
[84]. Theroleof thelinker molecule (3-Aminopropyltriethoxysilane,
APTES, in the present case [84]) is not only to provide better
binding of the proteins on the Mg surface. As proteins such as
albumin are only soluble in aqueous media, a direct protein-coat-
ing by soaking a bare Mg surface in the protein-containing solu-
tion suffers from relatively strong dissolution of the substrate in
the coating solution. As adsorption of the linker molecules can be
done in non-aqueous solvents, Mg dissolution during the first step
of coating is prevented. The linker molecule adsorption layers
then sufficiently protect the Mg surface in the second step of coat-
ing in the aqueous protein-containing solution, enabling a forma-
tion of denser protein adsorption layers than in the direct coating
approach.

In addition, organic coatings, especially those based on biodegrad-
able polymers [85-88], are of interest for surface modification of Mg
alloys in view of applications in medicine, as they could combine
corrosion protection with other functionalities, such as drug delivery
[89]. In addition to organic coatings, also development of different
types of composite coatings (e.g., polymer/bioglass composites) on
Mg surfaces is in focus of interest. A special challenge is to achieve
good adhesion of the coating, which often requires optimized surface
pre-treatments. In case of insufficient adhesion and onset of corrosion
in coating defects, filiform type of corrosion is known to be a risk for
organic-coated Mg samples (see e.g., [90]).
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In contrast to other metallic biomaterials, for Mg alloys surface
nanostructuring for improving cell adhesion has hardly been explored.
For instance in the case of Ti, drastic influence of nanotubular TiO,
layers on the cell behavior have been reported as compared with
compact TiO, layers [91]. Moreover, such nanotubular surface layers
were found to enhance the formation of hydroxyapatite on the Ti
surface [92]. In the case of Mg, electrochemical anodization
approaches to achieve similar surface morphologies as reported for Ti
have been explored, and even though nanoporous [93] as well as
nanotubular [94] surface layer has been reported, these nanostruc-
tures until now show a poor order. Moreover, possible enhancement
of biological functionalities by such nanostructured surface layers
still needs to be explored.

3.6 Conclusions

Surface modification of Mg alloys by electrochemical, chemical, or
biological approaches is promising for tailoring the degradation and
biological performance in view of use of the materials in biodegrad-
able implants. Challenges are given by the fact that coatings should
be biocompatible, should degrade in a controllable manner, and also
be compatible with the surgical and medical procedures. However, as
temporary implants are expected to degrade in a relatively short time
as compared with many other engineering applications, there is less
concern on preparation of defect-free, robust coatings for a long-term
corrosion protection.

The effects of different types of coatings on Mg alloys on the bio-
logical performance have not been systematically studied, in view of
determining critical surface parameters (e.g., morphology, chemistry,
or wettability of the surface). Therefore, effects observed cannot be
directly attributed to the specific nature of the coating. The improved
biological performance by coatings could in many cases be due to the
reduced corrosion rate. Hence, the biological environment is less
disturbed by strong hydrogen gas evolution or the alkaline pH shift
resulting from Mg alloy corrosion.

Many surface modification approaches change simultaneously
more than one surface parameter, for instance the chemical composi-
tion, morphology, and reactivity of the surface. It is therefore difficult
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to attribute the biological response to one single surface parameter.
Dominant surface parameters for tailored biocompatibility of Mg
alloys need to be further studied.

A further challenge in determining critical surface parameters on
the biological performance in the case of Mg alloys is that most sur-
face modifications lead to a reduced surface reactivity, but not to a
complete passivation of the surface. Such a behavior is of course
required, as the coated system still should degrade in the body.
Nevertheless, the highly dynamic nature of the modified Mg alloy
surfaces makes it difficult to assess the origin of effects observed.
A key issue for preventing undesired biological reactions seems to
be that the initial surface reactivity should be slowed down. With
time, a complete degradation of the device (including the coating)
should take place.
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Chapter 4

Microcantilever Sensors:
Electrochemical Aspects and
Biomedical Applications

Lana Norman, Garima Thakur, and Thomas Thundat
4.1 Introduction

Microfabricated cantilevers, similar to those used in Atomic Force
Microscopy (AFM), are generating growing interest as a sensor plat-
form for label-free detection of chemical and biological molecules
[1-17]. Using recent advances in surface microfabrication, it is possi-
ble to design and fabricate cantilevers and cantilever arrays with
extremely high sensitivity for mass or surface stress. These cantilevers
are generally fabricated from silicon or silicon nitride by top-down
micromachining methods and can be produced efficiently and afford-
ably. Although the cantilevers have micrometer dimensions, their
responses are in nanometer-scale, which lends itself to their reference
as nanomechanical transducers. The cantilever can be made in different
shapes and sizes allowing for flexibility in the design, which renders
the resulting cantilevers ideal candidates for the possible incorporation
in microfluidic and miniaturized lab-on-a-chip devices. Generally,
these cantilevers are operated in either the static deflection mode or the
dynamic resonant mode. The basic principle for the static mode is that
a chemical or physical event occurring at the functionalized surface of
one side of the cantilever generates a surface stress difference (between
the active functionalized and passive non-functionalized sides) that
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causes the cantilever to bend away from its resting position. Whereas
in the resonant mode, a binding event occurring on the cantilever
increases the overall mass thus decreasing the resonant frequency,
which is similar to quartz crystal microbalances. In general, when a
force is applied to the end of a free standing cantilever a vertical bend-
ing will result. As described by Hooke’s Law (F = —k,, . Az), the
bending or deflection (Az) of the cantilever is directly proportional to
the applied force F, and the cantilever spring constant kSpring is the
proportionality factor. The cantilever spring constant dictates the
flexibility and sensitivity of the cantilever and is defined by its dimen-
sions and material constants. For a rectangular-shaped cantilever, kspring,
is given by [18]

Ewt’

spring = 413 (4 1)
where E is the elasticity or Young’s modulus, w is the cantilever
width, 7 its thickness, and / its length. If the cantilever is set to oscil-

late, its resonance frequency f,_ is related to ksprmg by [19]

k|
fes =§ ey (4.2)

where m* is an effective mass which takes into consideration the can-
tilever geometry and mass distribution along the cantilever. A compel-
ling feature of cantilevers is that they can be operated in either mode
within vacuum, air or liquid depending on the specific application.

4.2 Microcantilever Sensors: Working Principles

4.2.1 Cantilever Modes of Operation

The response signal from a cantilever sensor is either beam bending
(static) or changes in its resonance response (resonance frequency,
amplitude, phase, and Q-factor), dynamic mode. Illustrated in
Fig. 4.1 are the three basic modes of operation for microcantilever-
based systems: heat (bimaterial) mode, dynamic (resonant) mode,
and static (surface stress) mode [12, 14, 19, 20]. In static mode, only
one of the faces of the microcantilever is rendered environmentally



4 Microcantilever Sensors: Electrochemical Aspects... 129
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Fig. 4.1 Cantilever modes of operation: (a) Dynamic mode detects mass changes
on the cantilever via changes in the resonance frequency; (b) Bimetallic mode
detects temperature changes by a static bending due to the different thermal
expansion coefficients of the metal layer and silicon cantilever; and (¢, d) Surface
stress mode, where asymmetric physical or chemical events occurring at the
cantilever’s functionalized surface leads to an overall cantilever bending. For
example, adsorption on the top surface can either cause a compressive stress
(¢), resulting in a bending of the cantilever downward or a tensile stress (d), which
results in a bending of the cantilever upward

or stimuli responsive. Conversely, each mode differs from the other
in terms of the principle of transduction, functionalization, and
detection mechanisms. In this section, a brief introduction to the
major modes of operation will be provided, while highlighting in
more detail the static or surface stress mode used predominantly in
electrochemical microcantilever investigations. In the mode of
operation referred to as the heat or bimaterial mode, the cantilever
is coated with a metal layer so that differences in the thermal expan-
sion of the cantilever and coating (i.e., silicon—gold composite) will
influence the cantilever bending as a function of temperature (see
Fig. 4.1b). Heat changes can result from an external influence (i.e.,
changes in temperature), occur directly on the surface by exother-
mal reactions (catalysis), or are due to the material properties of a
sample attached to the apex of the cantilever (micromechanical
calorimetry). In comparison to traditional calorimetric methods
performed on milligram samples, the sensitivity of the cantilever
heat mode is orders of magnitudes higher, requiring only nanogram
amounts of sample with which sensitivities in the range of nano-
joules to femtojoules have been achieved [21-23]. Another interest-
ing example employing the bimaterial effect is known as
photothermal deflection spectroscopy [24]. In this technique the
absorption of light energy by the adsorbed material on the bimaterial
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cantilever results in cantilever bending due to a fraction of the
absorbed energy (nonradiative decay) being converted to heat [25].
A cantilever bending plot as a function of illuminating wavelength
resembles the absorption spectrum of the adsorbate molecules. This
method offers extremely high selectivity for molecular recognition
when operated in the mid infrared (IR) region. Therefore, the canti-
lever bending due to photothermal heating, when illuminated by IR
radiation in a sequential fashion (as a function of the light wave-
length) can provide spectroscopic data about the material found at
the interface of the microcantilever. Thundat et al. have used this
technique to detect and characterize explosive materials adsorbed at
the microcantilever interface [24], as well as to investigate and char-
acterize spectroscopic results for microcantilevers coated with
Bacillus anthracis or Bacillus cereus [26]. The search for an appro-
priate detection mechanism of airborne Bacillus anthracis, which is
an etiology agent of anthrax, has gained interest because of anthrax-
based terrorist threats. Detection of terrorist weapons such as explo-
sive materials, chemical agents, and deadly pathogens would have
grave consequences on society in general and microcantilever-based
sensing systems offer a path for the development of miniature sen-
sor systems to facilitate sensitive and selective detection of these
materials.

In the dynamic or resonance mode (Fig. 4.1a), cantilevers are
excited close to their resonance frequency, which is typically on the
order of tens of kHz to a few MHz. The resonance frequency changes
when an additional mass is adsorbed to the oscillating cantilever. For
a rectangular cantilever, the change in mass (Am) can be calculated
from the variation in the resonance frequency:

Am = kSp“"f (%—%] (4.3)
a” \ 7 S,

where the resonance frequency before and during the experiment is
Jf, and f,, respectively [1]. With optimized cantilever geometries and
under ultra-high vacuum, it is possible to measure mass changes
down to the single molecule level in the resonant mode when oper-
ated at very high frequency [7]. Unfortunately, the detection of
molecules in solution is hindered by the inherent dampening of the
cantilever oscillation in a liquid environment, which decreases the
mass resolution and requires a more sophisticated setup [12].
Recently, Manalis and coworkers have developed an innovative
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way to avoid viscous dampening by placing the liquid sample
inside a hollow cantilever rather than oscillating the cantilever in a
liquid environment [27]. This method eliminates viscous damping
while at the same time preserves the mass resolution of the nano-
mechanical resonator [27]. Manalis’ group has used the resonating
devices embedded in microfluidic channels to measure the mass of
single cells during their growth cycle [28, 29], detect IgG protein
[27] and weigh individual bacteria [27]. With the growth and devel-
opment of this technology, it is expected that detection of lower
mass entities in solution should be readily realized having greater
implications in the implementation of this mechanism of detection
in biomedical devices. A general review of mechanical nanobiosen-
sors can be found in an article by Waggoner and Craighead [16].

By far the most commonly employed cantilever mode of opera-
tion, specifically when investigating bio-related processes, is known
as the static or surface stress mode (Fig. 4.1c, d). As previously men-
tioned, the basic principle arises from a chemical or physical event
occurring on one face of the microcantilever generating a surface
stress change that is manifested as a nanometer-scale bending away
from the equilibrium position. The transduction mechanism can be
monitored in real-time with considerable sensitivity via an optical
beam reflected from the free end of the microcantilever. The
deflection is directly proportional to the surface stress through a
modified form of Stoney’s equation [30]. By definition, a compres-
sive stress corresponds to an expansion of the microcantilever,
whereas a fensile stress corresponds to a contraction [31-34]. In
accordance with common sign convention, a compressive stress is
generally expressed with a negative value, while a tensile stress is
expressed with a positive one [35].

4.2.2 Cantilever Deflection

The optical beam deflection technique is the most frequently
employed approach to monitor cantilever displacements as a result of
asymmetrical changes in the surface stress. In this configuration, a
laser beam is focused on the apex of the microcantilever and the
reflected beam is monitored with a position sensitive detector (PSD).
The measurement scheme used to correlate the cantilever deflection,
Az, to the change in signal, AS, observed at the PSD is depicted in
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PSD

Laser beam

cantilever

Fig. 4.2 Illustration of the beam deflection parameters used to determine the
microcantilever bending with nanometer accuracy

Fig. 4.2. It can be assumed that the bending angle of the deflected
laser beam is equal to twice that of the cantilever bending angle since
all the angles are very small. The cantilever deflection Az is calcu-
lated from the microcantilever bending angle 6 [32-34]

AS
0=— 4.4
3 4.4)
and the cantilever length / by
0
Az=—1 4.5
7 4.5

where L is the distance between the PSD and the cantilever and for
small deflections L = L+ Az, since L > Az [32-34]. The combina-
tion of Eqgs. (4.4) and (4.5) relates the actual microcantilever
deflection to the PSD signal: [32-34, 36]

Az=-Las (4.6)
4L

Equation (4.6) is valid for laser beam deflection measurements car-
ried out in air. If the cantilever is immersed in a liquid, then the reflected
laser path is modified according to Snell’s law. In order to correct for
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the change in angle resulting from the reflected laser beam passing
through an aqueous solution, the following relationship is used [34]:

AS’ 1
As =S A.7)

Miquia 1_£+ d
L n]iquidL

where Myia is the index of refraction of the solution and d is the
distance between the optical window and the cantilever. Unfortunately,
this consideration is often neglected in current scientific studies
when considering fluidic systems using an optical deflection mecha-
nism and gives rise to an overapproximation of the observed
deflection leading to considerable error in the reported surface stress
values [33, 34].

4.2.3 Quantifying Surface Stress

It is common practice to report surface stress values, which are inde-
pendent of cantilever spring constant, instead of absolute deflections
so that the results of cantilever experiments with different geometries
or materials can be directly compared [37]. In many cases, the physi-
cally or chemically induced deformations of microcantilevers have
been assessed with the classic formula derived by Stoney [30], which
simply relates the induced radius of curvature, R (see Fig. 4.2), of the
microcantilever to the change in surface stress, Ac:

Et*

Ao=—"——
© 6R(1-v)

(4.8)

where E is Young’s modulus, 7 is the thickness of the cantilever, and
v is Poisson’s ratio. However, there has been much debate in the
recent literature about the application of Stoney’s equation to micro-
cantilevers [4, 32, 38—46]. This not only arises from an inconsistency
between the experimental and modeled systems, but also from large
discrepancies in the reported experimental parameters. For example,
it was established by Griitter and coworkers that a considerable
uncertainty is introduced when using Stoney’s formula due to the
large range of values reported for Young’s modulus of silicon nitride
(E~130-385 GPa) [28, 30, 45, 47, 48]. To compensate, they derived
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a formula starting with Hooke’s law that relates the energy stored in
a deflected microcantilever to its spring constant. This calculation
eliminates the need to know the elastic modulus and requires only
knowledge of the geometry, spring constant, and Poisson’s ratio of
the microcantilever. The formulas for the differential surface stress
derived in their work for a rectangular microcantilever [32-34]

4 1

AG=—t
© 3(1—v)wt rect

Az (4.9)

and for a triangular microcantilever [32-34]
lZ

4

Ac = .
3(1- th

( V)liwtll+£”(l—ll)2:|

The numerical constants in the above formulas account for the
microcantilever beam curvature resulting from a uniform surface
stress, as opposed to a concentrated load applied to the tip. And an
independent assessment of k. and k, should be carried out to
increase the accuracy of the calculated surface stress change.

(4.10)

4.2.4 Interpretation of the Measured Surface Stress

In microcantilever experiments, the interpretation of the origin of the
surface stress is not trivial. It is known that the absolute bending signal
is a convolution of specific and non-specific adsorption events and the
corresponding surface stress change may not necessarily correlate with
the amount of adsorbed material. In particular, microcantilevers func-
tionalized with biomolecules have been successfully used to translate
bimolecular interactions into nanomechanical motion, based on phe-
nomena such as DNA hybridization [49-55], protein—protein recogni-
tion [49, 54, 56, 57], and cell adhesion [58, 59]. These systems offer
significant advantages given the highly specific molecular recognition
reactions which evolve under mild, aqueous conditions. However,
steric and electrostatic repulsions, configuration entropy, hydration
forces, conformational changes, and changes in osmotic pressure have
all been proposed to contribute to the resulting surface stress.
Moreover, these contributions may compete with each other rendering
the nontrivial interpretation of the surface stress arising from multiple
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interactions at the cantilever interface. This is supported by ongoing
debates in the literature [49, 53, 54, 60-63]. Given the inherent com-
plexity involved of biomolecular interactions it is difficult to ascertain
the exact origin of the surface stress which limits the ability of syn-
thetic chemists to harness these materials for device applications.

Microcantilevers, in general, are also highly susceptible to vertical
deflections that may be caused by extraneous interactions, particu-
larly when operating in liquids. Thermal drift, non-specific physical
adsorption of molecules from the surrounding liquid or changes in the
index of refraction near the sensing surface can contribute to the drift
[49, 52, 53, 56, 62, 64]. To circumvent this problem and extract the
surface stress changes arising from specific physico-chemical reac-
tions, simultaneous measurements of reference cantilevers aligned in
the same array as the responsive cantilevers are often employed. To
obtain reliable data under these circumstances, not only do the micro-
cantilever properties have to be independently characterized but the
reference interface must be truly inert [52, 53, 56, 62, 65].

The parallel optical detection and surface functionalization of mul-
tiple cantilevers in an array format are not always easily realized.
When single cantilever experiments are employed, the combination of
the surface stress measurements with a complementary technique can
enable the interpretation of the measured surface stress. For example,
Griitter et al. have developed a differential cantilever-based sensor
equipped with an adaptor sensor capable of complementary ellipso-
metric measurements [66]. The combined cantilever—ellipsometer
instrument is cabable of simultaneous in situ surface stress and film
thickness measurements associated with molecular events occurring at
the microcantilever interface. Electrochemical techniques are particu-
larly attractive since they offer the ability to address the entire sample
rapidly by an electrochemical perturbation or control the redox state
of “individual” molecules by an applied potential scan. The integrated
aspect of the combined electrochemical microcantilever instrument
provides the surface and interfacial characterization capabilities
required for the interpretation of the vertical deflection response.

4.2.5 Electrochemical-Microcantilever Setup

To date, combined electrochemical-cantilever measurements have
predominately employed custom-built, reflecting laser beam deflection
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setups connected to an external potentiostat to monitor the static
deflection of the microcantilever as a function of the electrochemical
interfacial processes. In other words, the modified cantilever is the
mechanical transducer enabling simultaneous, in situ, and real-time
measurements of the interfacial stress changes accompanying elec-
trochemical methods. In these experiments, the metal-coated micro-
cantilever chip serves as both the working electrode (in a conventional
three-electrode cell configuration) and the reflective platform of the
optical setup. The counter and reference electrodes are chosen based
on the particular investigation or application of the electrochemical—
microcantilever system. Generally, the functionalized microcantile-
ver is clamped and immersed into an electrochemical cell filled with
the appropriate electrolyte solution. Micropositioners are generally
used in order to control the immersion surface area of the active elec-
trode as well as to avoid the possibility of electrochemical reactions
occurring at the electrical contact points. While such setups described
herein function well for fundamental investigations operating in a
laboratory setting, the design of a robust and flexible system is para-
mount for repeatability, stability, and eventually device operation.
Recently, Boisen et al. have designed, fabricated, and demon-
strated the capabilities of an electrochemical-cantilever hybrid
platform system equipped with a microfluidic flow cell [67]. The
integrated cantilever-electrode system addresses the electrical sens-
ing requirements, while the flow cell encloses and seals the fluidic
chamber and is designed to provide electrical and fluidic connec-
tions [67]. A brief description of the device is given here but more
details can be found elsewhere [67]. The silicon chip measures
15 mmx 15 mm and contains two large openings that are connected
by a 1 mm wide channel allowing for fluid input and output (see
Fig. 4.3). The input/output wells and the connecting channel are
etched in such a manner that when combined with flow cell compo-
nents a 2 pl chamber results. The connecting channel contains six
cantilevers having different length dimensions giving rise to mul-
tiple available spring constants, which should in turn, help in the
investigation of a range of interactions resulting in different mag-
nitudes of responses and improve the signal-to-noise ratio.
Furthermore, each cantilever is capable of acting as an independent
working electrode which means individual responses should be
accessible. At the edge of the channel, opposite to the cantilevers,
are two independent large-area reference and counter electrodes.
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Fig. 4.3 (a) A photograph of the ECC chip, with clearly visible contact pads for
the cantilever working electrodes (WE), as well as the counter (CE) and reference
(RE) electrodes. (b) A SEM image of the 300-um-long cantilevers and electrodes
in the channel. (¢) A profile fabrication diagram depicting the layers of the ECC
chip. Layer thickness is not drawn to scale. Reprinted from [67] with permission
from Elsevier
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By integrating cantilevers with electrodes in a microfluidic channel,
Boisen and coworkers were able to address several of the issues
often associated with simultaneous electrochemical-microcantile-
ver measurements, such as stability and device compatibility with
readout systems [63].

To test the feasibility of the electrochemical-microcantilever
hybrid platform, the electrochemical-deflection behavior of the gold-
coated cantilevers in ionic solutions was investigated. In a solution of
30 mM KNO,, also containing 30 NH,CH,COO to maintain the pH
at 6.8, a compressive surface stress change of 7-8 mN m™' was con-
sistently observed with potential steps of 0.1 V. Here, after each
potential step the current quickly returns to zero because the associ-
ated charge is a result of the change in the double layer and not a
redox event. Since no current is flowing across the electrolyte—
electrode interface, the authors attribute the motion of the cantilever
to be a result of the well-known charge-induced surface stress estab-
lished by both Haiss and Ibach [31, 35].

When the potential is scanned from +0.5 V to 0.5 V in the pres-
ence of the redox couple [Fe(CN)6]*~+, the shape of the cyclic volta-
mmogram is similar to that obtained under diffusion-limited
conditions. The corresponding surface stress change is observed to
reach a maximum as the potential passes the reduction wave, and then
decreases slightly when the potential becomes more negative. The
cantilever returns to its resting position on the reverse scan. Here, it
is believed that the motion of the cantilever results from a combina-
tion of the electrical double layer plus the accumulation of charge
corresponding to Faradaic events occurring at the cantilever interface.
These results are similar to that observed by Thundat and coworkers
which will be discussed later in the chapter [68].

4.3 Applications of Specifically Fabricated
Microcantilevers

Microcantilevers are most commonly fabricated from isotropic mate-
rials such as silicon or silicon nitride [69]. In this section, a simple
and accessible electrochemical approach for the fabrication of nano-
structured microcantilevers will be discussed. Recent microfabrica-
tion advances have allowed for the introduction of cantilevers made
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from polymeric materials giving rise to flexibility in design and
availability of alternative structures with interesting applications. An
example of an electrochemically SU8 cantilever employed in
microfluidics will be given here. Finally, an electrochemical pattern-
ing tool where electrodepostion of metals onto a conductive substrate
facilitated by microcantilevers will be introduced.

4.3.1 Anodic Aluminum Oxide Microcantilevers:
Electrochemical Etching

Microcantilevers with anodic aluminum oxide (AAQO) nanochannels
have been recently prepared [10, 70]. In this section, a brief descrip-
tion of the fabrication and selective use of electrochemical etching
involved in this process is given. The fabrication process of AAO
cantilevers with nanochannels consists of multiple steps (a) the for-
mation of an AAO layer on top of aluminum substrate by a two-step
anodization, (b) patterning of the microcantilever array by photoli-
thography, (c) fabrication of the suspended beam structures by aniso-
tropic etching of the AAO layer, and (d) removal of the layer below
AAO using electrochemical etching.

Hexagonally ordered nanochannels having a 40 nm diameter on
the microcantilever surface were accomplished by the electrochemi-
cal fabrication process. As listed above, the first step in the fabrica-
tion of microcantilevers involves the formation of an AAO layer on
top of aluminum. In this step, the channel diameter is optimized by
varying the anodization conditions such as applied voltage, tem-
perature, and reaction time. Formation of patterns on aluminum by
conventional photolithography proceeds in the second step. Here, a
thin layer of aluminum was deposited on the AAO layer followed
by the spin coating of a photoresist layer. The desired microcantile-
ver patterns are formed on the photoresist using a photomask. The
third step involved immersion of the microcantilever into a phos-
phoric acid solution for the selective removal of exposed AAO.
Finally, the suspended cantilevers are fabricated by removing the
aluminum under the patterns without damaging the AAO. A major
advantage of electrochemical etching over conventional fabrication
methods is that the fabrication process is considerably simplified.
Furthermore, electrochemical etching permits the fabrication of



140 L. Norman et al.

AAO suspended microcantilevers where the aluminum is removed
without damaging the AAO.

Electrochemical etching can be defined as a surface finishing pro-
cess based on anodic dissolution of a metal or an alloy in an appro-
priately chosen etching solution. Experimentally, a solution of
perchloric acid and ethanol (1:4, v/v) was utilized for electrochemical
etching at 7°C for 2 h. The initial anodization proceeded at +40 V in
a 0.3 M oxalic acid solution for 8 h at 15°C. During the second
anodization process, the AAO layer was etched away with an alumina
etching solution at 20°C for 2.5 h. A second anodization step was
carried out to form a new AAO layer under identical conditions;
however, a shorter time duration of 20 min was used here.

The AAO microcantilever has vertically parallel pores or nano-
channels having a diameter up to 50 nm, which were fabricated using
the electrochemical process described above. As suggested by the
unique design and properties of these nanochannels, it was proposed
that these AAO cantilevers can be used to deposit a sensing material
with a special affinity for a specific analyte. For example, a strand of
DNA may attach to the analyte without interference by other DNA
molecules [70]. In this way, the fabrication of microcantilevers where
one can control the structure of the device using electrochemical
parameters has been demonstrated successfully.

4.3.2 Electrochemically Actuated SUS8 Cantilevers in
Microfluidics

Microvalves are one of the most researched subjects in microfluidics
because of their myriad of uses in various microfluidic applications
[71-73]. Integrated microvalves are required in internal flow regula-
tions, various chemical analysis techniques, gas/liquid sample injec-
tions, mixing, micro-gas chromatograph systems, and in lab-on-a-chip
devices [72, 74, 75]. Bubble-based electrochemical valves show a
great potential in some of the above-mentioned applications because
of their compact, localized actuation with fast response, and most
significantly their low integration costs and significant driving
power. Recently, a device introducing electrochemical SU8 microv-
alves featuring a cantilevered structure has been investigated [76].
This device containing an electrochemically actuated SUS cantilever
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Fig. 4.4 (a) General view of the fabricated device on a 1 cm? die, showing the
main components for two separate valves. (b) Close-up view of the cantilever
head, the channels and the electrocatalytic actuator. Reprinted from [76] with
permission from Elsevier

valve showed very low dead volume and had low power require-
ments. A brief description of the device will be presented in this
section; however, the architecture and the working principle of the
device have been more thoroughly described by Ezkerra et al. [76].
As per the design, the valve consists of a cantilever placed next to an
electrolytic actuator, where a bubble is generated due to the water
electrolysis using phosphate buffer saline (PBS) as an electrolyte.
The bubble starts pushing the cantilever body against the channels,
by means of a piston, and blocks them once it reaches a critical size.
The valve incorporates minimized leakage and helps prevent contact
between the cantilever and the cover. The gasket is a 15 um interme-
diate SU8 layer that also seals the channels thereby providing a
15 pm clearance for the cantilever to move as shown in Fig. 4.4. The
valve actuator also consisted of a pair of interdigitated electrodes and
the circular shape of the chamber favored a faster actuation by pro-
viding a maximum actuation area while enhancing coalition of small
bubbles ahead of the cantilever. A close-up view of the valve with its
different components is shown in Fig. 4.4b.

After the fabrication process was accomplished, the electrochemi-
cal valves were tested under a range of pressure driven flows to deter-
mine regulation capabilities. The electrodes were actuated with a
power source, the flow pressure was regulated, and the flow rate was
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measured using a fluidic bench. The motion of the cantilever was
monitored using a high speed camera. The circuit was filled at a pres-
sure of 5 kPa using PBS buffer (pH 7.4) and the bubble was grown to
block the channel. A fast response time of only 0.2 s to close at a
voltage of +5.5 V was observed. The sequence of these quick events
taking place in the valve could be described as:

(a) Filling up of the valve chamber with PBS leaving bubbles in the
dead space.

(b) Actuation of electrodes leading to growth of the bubble (=30 s).

(c) Pushing the cantilever by the bubble and moving it in dead spaces
to the back of the chamber resulting in the closing of the channels
(=200 ms).

(d) Continuous expansion of bubbles in the chamber (r=230 s) and
switching the electrodes off.

Upon closing of the valve the flow pressure was varied between 0
and 40 kPa and the flow rate was measured where very low leakage
was observed in this device. These results showed the potential of
using soft materials like SU8 for fabrication of movable structures
and have valid applications for use as electrochemical actuators in
microfluidic devices.

4.3.3 Microcantilever Array: Patterning Conducting
Surface Using Electrodeposition

A patterning tool that allows an electrochemical reaction to occur
inside microdroplets was used for the electrodeposition of copper
onto a conducting gold substrate [77]. An array of ten pen-like
shaped silicon cantilevers was placed on a PC-controlled motion
stage for spatial positioning. Each cantilever incorporates a fluidic
channel that enables the direct transfer of a loaded liquid onto the
deposition surface simply by contact of the cantilevers’ tip with
the substrate. The device allowed the electrochemical reaction to
take place inside the microdroplet of the electrolyte, having a typical
volume of the order of microliters, deposited on the conducting
surfaces. The voltage was applied between the cantilever electrode
and the conducting gold surface thus leading to the electrodeposi-
tion of the desired species present in the electrolyte. The amount of
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deposited material was readily monitored and controlled by the
voltage pulse and the electrodeposition time.

The experimental setup consisted of a microspotter, a potentiostat,
cupric sulfate solution, and a gold-coated silicon substrate for the
electrodeposition of copper. The electrodes were connected to the
potentiostat where the microcantilevers were anodically polarized
(counter electrode), the sample surface was cathodically polarized
(working electrode) and the reference electrode was shunned to the
counter electrode. As mentioned above, copper deposition as surface
bumps was achieved by bringing the cantilever tip in contact with the
surface to create microdroplets of cupric sulfate based solution and
then applying a set voltage. The optimized potential value was
+1.9 V, which ensured the reduction of copper ions onto the gold
sample surface. The factors which contributed to the systematic and
ordered arrangement of the patterns include (a) geometry of the can-
tilever where a constant distance of 6 um was maintained between the
electrode and the surface on which the metal was deposited and (b)
the parallel arrangement of the array of ten microcantilevers ensured
that each spotting step introduced deposition of ten spots reproduc-
ibly. The current flowing through the ten parallel cells was recorded
as a function of time using a potentiostat, resulting in a conventional
chronoamperogram plot. The electrodeposition of the matrices of
copper spots was analyzed using SEM and AFM.

4.4 Surface Stress Change Investigated
for Gold-Coated Microcantilevers
under an Applied Potential

Electrochemical-microcantilever systems have been used to investi-
gate the surface stress generated with the under potential deposition
(UPD) of a metal, which involves the formation of one or more metal
monolayers at a potential positive of the reversible Nernst potential
for bulk deposition. The adsorption of a species on the surface can be
expected to alter the surface stress, since the local interactions of
each adsorbate will vary the bond strength between neighboring
atoms on the surface. The surface stress response associated with the
reversible electrochemical deposition of a metal monolayer at a gold-
cantilever interface has been reported in the literature for several



144 L. Norman et al.

UPD systems, including Cu [78], Pb [78, 79], and Ag [80]. Not only
has metal electrodeposition been investigated, but an example of
nonmetallic materials will also be given in the following section.

Moreover, sensor development for a number of heavy metal ions
(e.g., Hg**, Cu*, Pb**, Cd*"), which are known to be toxic species in
groundwater, is required. This group of metal ions can be electro-
chemically reduced resulting in an electrodeposition of the metal,
which is a property that has been utilized for sensing. The develop-
ment of reliable, sensitive, and low-cost sensor systems to analyze
water-based toxins using electrochemical methods in concert with
microcantilevers is an area of considerable interest.

4.4.1 Detection of Lead (Pb) with a Gold-Coated
Microcantilever Electrode

Welland et al. have investigated the electrodeposition and stripping of
Pb on an Au (111) surface [79]. A significant change in the surface
stress was observed at the potential corresponding to the rotational
phase transition of the Pb. The results showed that surface stress
changes varied in a complicated manner with the applied potential.
The observed surface stress changes associated with deposition of
bulk Pb were smaller than the ones described for monolayer pro-
cesses. The compressive stress was related to lattice mismatches
between the gold surface, the strained Pb monolayer, and the
unstrained bulk Pb. A plausible explanation for the observed differ-
ential stress could arise from the different adlayer structures present
in different regions of the potential cycle [79].

4.4.2 Detection of Copper (Cu) with a Gold-Coated
Microcantilever Electrode

Microcantilevers coated with gold have been used as working elec-
trodes on which copper has been deposited and anodically stripped in
an aqueous solution, while the differential surface stress at the micro-
cantilever electrodes has been concomitantly measured. Surface
stress as a function of time was investigated during copper electrode-
position on a gold-coated microcantilever at -0.4 V vs. Ag (QRE,
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quasi-reference electrode) in a 0.1 M NaNO, supporting electrolyte
with varying Cu?*. Electrodeposition of copper leads to an obvious
change in surface stress of the gold-coated microcantilever. A threshold
concentration of 107" M Cu?* was established for these sensing
systems [78].

Stripping analysis is an electrochemical technique in which an
application of a cathodic pulse leads to a deposition of a species from
solution onto an electrode surface [81]. The species of interest is then
redissolved or stripped from the electrode surface using linear sweep
voltammetry or another voltammetric technique in which the voltage
is increased linearly with time from the deposition potential to more
anodic values. As the species of interest is oxidized, the current is
observed to reach a peak value and then decrease. For equal deposi-
tion conditions the peak current is then proportional to the concentra-
tion of electroactive species in solution. Following deposition of
copper at -0.4 V from a 0.1 M NaNO, electrolyte solution containing
Cu*, the potential was increased at a rate of 40 mV s™'. The current
and the surface stress were simultaneously measured as a function of
the anodic stripping potential.

As previously mentioned, there has been a great deal of work on
the UPD of different metals onto gold [82]. Some work has been
reported on the simultaneous measurement of stress at a (macro)
cantilever electrode during the UPD of metals. For example, research
by Haiss and coworkers is particularly relevant to the deposition and
stripping of Cu** [20, 64, 74]. Haiss and coworkers followed the sur-
face stress evolution during copper UPD on gold in the presence of
bromide ion. During the cathodic scan an increasing amount of Cu?**
ions is adsorbed on the bromide-covered gold surface. A tensile sur-
face stress of about 0.4 N m™' was observed during the cathodic scan
at potentials between +0.3 and +0.1 V. Haiss has attributed this to the
adsorption of positively charged copper ions. The surface stress evo-
lution in this potential region scaled linearly with the charge density
on the surface. Haiss attributed this as an indicator of a pronounced
charge transfer from the adsorbed copper to the underlying gold sur-
face. Upon monolayer completion, further adsorption of copper ions
is observed giving rise to an observed compressive stress at the can-
tilever surface.

As discussed above, a microcantilever-based sensor seems to be
capable of detecting Cu** at a concentration of about 10-'' M based on
microcantilever surface stress alone. Selectivity will be imparted to



146 L. Norman et al.

the sensor by the choice of the deposition potential. Good selectivity
can be obtained by conducting stripping analysis of the electrodepos-
ited copper. Identification of copper can be achieved from the poten-
tial dependence of the partial derivative of the surface stress with
respect to potential. Unfortunately, the researchers found that the
concentration of Cu?* in solution required for good selectivity is four
orders of magnitude higher than that needed for sensitive detection in
the absence of interfering species. This potential-controlled electro-
chemical method offers the promise of achieving chemical selectivity
for microcantilever sensor applications in liquid environments for a
variety of analytes while still maintaining high sensitivity.

4.4.3 Surface Stress Induced in Microcantilever
Electrodes in a K Fe(CN) /NaNO, Solution

In this section, gold-coated microcantilevers were used as working
electrodes and their mechanical response under an applied potential
was investigated in NaNO, and K Fe(CN) /NaNO;, containing elec-
trolyte solutions. The current—potential response, the normal output
of the cyclic voltammetry experiment, and the microcantilever sur-
face stress response were measured simultaneously to investigate the
effect of a controlled potential on the surface stress of microcantilever
electrodes [68].

Presented in Fig. 4.5a are the surface stress and simultaneously
recorded cyclic current-potential response obtained in 0.1 M NaNO,
(pH=3.8) in the potential range of —0.1 to 0.8 V with potential sweep
rates of 5, 10, and 20 mV s™!. During the cathodic scan, a downward
surface stress of the microcantilever increased as the potential
decreased, corresponding to an increasing compressive stress. whereas,
an upward surface stress of the microcantilever corresponding to an
increasing tensile stress occurred during the anodic potential sweep.

In a NaNO, solution without an electroactive species present,
there should be no Faradic electrochemical reactions taking place at
the electrode surface. This was verified by cyclic voltammetry as
indicated in Fig. 4.5a, which shows voltammograms with simultane-
ous determination of microcantilever deflection, as the potential scan
rate was varied from 5 to 20 mV s™'. The results indicate that the
change in surface stress is nearly independent of both potential and
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Fig. 4.5 (a) Microcantilever surface stress (bottom) and current (fop) vs. the elec-
trode potential in a NaNoO, solution. (b) Microcantilever surface stress (botton)
and current (fop) vs. potential in a K,Fe(CN) /NaNO, solution. Sweep rates are
5 mV s (solid line), 10 mV s '(broken line), and 20 mV s' (dotted line). Plots of
microcantilever surface stress vs. potential are offset to clarify the presentation.
Reprinted from [68] with permission from Elsevier

the potential sweep rate within the specified potential region. This
suggests that the observed surface stress on the electrode was induced
only by the change in electrochemical potential. The observed result
can be explained by a change in electrostatic force acting on the elec-
trode surface with potential. As the potential increases, charges accu-
mulate around the electrode surface through diffusion of electrolyte
resulting in the formation of the classical double layer at the metal—
solution interface. This increasing charge density in the double layer
results in an increase in electrostatic forces acting on the plane of the
gold surface, which causes increasing compressive stresses on the
gold surface indicated by a bending away from the gold-coated side
of the microcantilever. During a cathodic scan, the decrease in charge
density in the double layer reduces the electrostatic forces acting on
the gold surface and the cantilever returns to its resting position.
The effect of electrochemical potential on surface stress of the
microcantilever electrode was also determined in the presence of the
well-studied reversible redox couple Fe(CN) 7/Fe(CN)*.
Microcantilever deflection and potential-induced current were inves-
tigated in a solution of 0.05 M K,Fe(CN), in a 0.1 M NaNO, as the
support electrolyte (pH=3.8). Figure 4.5b shows the microcantilever
surface stress and current vs. potential dependencies simultaneously
obtained using a K,Fe(CN)/NaNO, solution within the range of
potentials 0.1 to 0.8 V and sweep rates of 5, 10, and 20 mV s'. The
microcantilever electrode shows behavior that is characteristic of a
microelectrode in which the diffusion layer is large in relation to the
dimensions of the electrode. The behavior indicates that the diffusion
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rate of the ionic species around the microcantilever electrode is rela-
tively fast compared with the rates of reduction and oxidation reac-
tions. This suggests that the ionic adsorption and desorption at the
microcantilever electrode plays an important role in generation of the
observed surface stress change. It is possible that voltammetry with
simultaneous stress measurement at relatively high sweep rates will
be required to separate the effects of ion adsorption/desorption and
electron transfer-induced surface charge density on surface stress. To
summarize, the results presented for the K,Fe(CN) /NaNO, system
indicated that the differential surface stress of microcantilever was
introduced by electrochemically induced changes in charge density
due to both ion adsorption/desorption and electron transfer on the
electrode surface.

4.5 Detection of NO, with a Resonanting
Microcantilever

In an entirely unique approach, a setup similar to Kelvin probe tech-
nique was utilized as a sensitive sensor platform for gases (as shown
in Fig. 4.6) [83-85]. Koley et al. have investigated the sensing behav-
ior of various materials for NO, detection using the aforementioned
highly sensitive potentiometric technique [83]. The experimental and
analysis procedure involved a topographic signal for monitoring the

Piezo resonator

A Lock-in &

#—  Feedback
Controller
Al Current
Pre-amplifier

Fig. 4.6 Schematic diagram of the surface work function based NO, detection
setup [83]
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cantilever oscillation, where a silicon cantilever was used and excited
at frequency, @, that was close to its resonance frequency, ,, in non-
contact mode using the piezo-actuator. System software was used to
check the amplitude of the sinusoidal topography signal which var-
ied with change in surface work function as the target molecules get
adsorbed on the functionalization layers [83]. NO, sensing experi-
ments were conducted on thin films of transition metals, such as
In203 and Sn203, 7Zn0O nanowires, and carbon based nanostructured
layer deposited on Si wafer. To analyze NO, sensing, adsorption
induced surface work function change of the sensing layer was
observed by examining sensitivity of microcantilever. The ampero-
metric measurements were conducted using a current preamplifier,
with metal press contact placed at the two ends of the nanostructured
film of graphite.

To understand the principle behind this technique one needs to
consider the force between the cantilever and the sensing surface
which consists of two components the electrostatic and the capacitive
[86]. It was assumed that the electrostatic charges on the surface were
constant and electrostatic force component was considered to be zero.
Hence, the total force was considered to be capacitive. If the external
ac and dc bias was V. _sin wr and V_, respectively, and A¢ was the
surface work function difference between the cantilever and sensing
surface then the total force was given by the following equation:

F,,=F :%%—C(\/acsina)t+\/(k—A¢) (4.11)
<

where dC/dz is the capacitance gradient of the cantilever. The
oscillating amplitude of cantilever can be given by the following
expression: [87]

A—(th 4.12
| 7% (4.12)

where k and Q are the spring constant and the quality factor of the
cantilever, respectively. The @w-component was dominant because @
was close to the resonance frequency and due to high quality factor
of the cantilever at the resonance frequency. The obtained electrical
signal (oscillating amplitude) is proportional to

l:aa—f V. —AQ)V, } (4.13)
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As shown by the relation (4.13), the oscillation amplitude was
dependent on the capacitance gradient, quality factor, spring con-
stant, and the ac voltage amplitude. In this technique, dc and ac sen-
sitivity of the cantilever was determined to analyze the NO, sensing
[83]. The sensitivity of the cantilever was calculated as the rate of
change of amplitude with dc bias and expressed as nm mV~"' (obtained
as 360 nm mV~"' for Si cantilever). The root mean square noise was
calculated as a standard deviation of the beat amplitude as a function
of time for constant ac and dc biases (approximately 20 nm for the Si
cantilever at 360 nm mV~" of sensitivity). Hence, the minimum sur-
face work function was obtained as 55 1V from the above-mentioned
values (20/360 mV).

The surface work function change of cantilever was measured
upon flow of NO, at sub-ppm range. The potentiometric measure-
ments indicated that the transition metal oxides, such as In O, and
SnO,, had approximately similar work function response at 80 and
100 pV s, respectively. Significant work function response was
observed for ZnO nanowires at an initial rate of 64 uV s!. Whereas,
change in surface work function for nanostructured graphite (NG)
layer was approximately 25 mV as compared to 11 mV for nanocrys-
talline graphite (NCG) in the time period of 100 s. NO, detection up
to 60 ppm was possible on NG layer using this technique.

This method seems as a promising approach for simultaneous use
of potentiometric and conductance measurements for sensing volatile
chemicals or gases such as NO, [83].

4.6 Electrochemical-Microcantilever Artificial
Muscle Systems

Nanoscale actuators that are capable of converting chemical or elec-
trical energy into mechanical motion are needed for a wide range of
applications such as robotics, artificial muscles, prosthetic devices,
micromechanical, and microfluidic devices. To date, a number of
nanomechanical systems that employ microcantilevers have been
successful in transferring molecular phenomena into macroscopic-
scale motion. For example, stimuli-responsive conducting polymers
have received considerable attention due to their similarity to micro-
artificial muscles [88, 89]. Furthermore, they can be operated under
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physiological conditions making them particularly well suited for
biomedical applications [90]. Several groups have grafted polymers
to one face of the cantilever which enables a wide range of responses
that can be achieved due to conformational changes between two
states [91-95]. Stoddard and coworkers have tethered a linear molec-
ular motor based on a bistable rotaxane structure to the gold-coated
microcantilevers where the supramolecular interlocked molecules
enabled a controlled nanomechanical response under chemical and
electrochemical stimuli [96-98]. The basic principle of all these sys-
tems arises from a chemical or physical event, occurring on one face
of the microcantilever generating a differential surface stress change
that is manifested as a bending of the nanometer-scale variation away
from the equilibrium position (static mode). The surface stress can be
compressive where the cantilever experiences an expansion, or it can
be tensile where a contraction is experienced at the cantilever inter-
face. The elicited response depends on the properties and interactions
of the functionalized-microcantilever interface with the environment.
Moreover, the above aforementioned systems employ a novel nano-
mechanical transduction mechanism integrating “bottom-up” molec-
ular design with “top-down” microfabrication and several of these
examples will be discussed below.

4.6.1 Microcantilever-Conducting Polymers Systems

Conjugated polymers as actuators have a number of key features that
make them particularly attractive for their use as artificial muscles.
First, they exhibit large actuation strains from a few percent to over
30%, where the strain can be exploited to elicit responses on the
micro- or macro-scale, respectively. This strain can be exploited in
linear, volumetric, or bending actuations. They have high strength
where stresses are 1,000 times as great as skeletal muscle [90]. Not
only can the actuators be switched between fully expanded and con-
tracted states, but they can also be held at a precise intermediate
state, which allows the actuators not only to move, but also to be
carefully positioned and held in a desired fixed place. This is impor-
tant for devices like catheters or microsurgical tools, and is a feature
that is not shared by most other artificial muscle materials. The stan-
dard operating solution for conjugated polymers is aqueous electro-
lytes, meaning that they can perform well in blood, urine, or other
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bio-fluids. This is in contrast to most other actuators which require a
protective shield to avoid corrosion. Finally, conducting polymers
can be electrically addressed, where they only consume current when
switching between states (contracted/expanded), which readily
allows for their integration with standard control systems.

The redox-induced deflection of polyanaline- and polypyrrole-
coated cantilevers has been independently investigated [33, 88, 89].
In both cases, electropolymerization at the gold-coated microcanti-
lever interface (working electrode) gives rise to a physically
adsorbed conducting polymer system. For these macromolecular
systems, under an applied potential the mechanism of actuation can
be divided into two contributing factors including conformational
changes induced by the charge density in the polymer backbone and
an osmotic (or volume) expansion due to insertion of ions and their
solvation shells [33, 88, 89, 99, 100]. However, the underlying gold
substrate may be exposed to anions where the polymer film does not
properly adhere to the microcantilever. In addition, through defects
in the polymer matrix the gold substrate may be exposed to the
anions, giving rise to the well-known charge-induced surface stress
addressed by both Haiss and Ibach [31, 35]. The charge-induced
contribution makes the quantification and reproducibility of the
electrochemically induced surface stress difficult to ascertain and is
beyond the scope of this discussion [97, 101]. More importantly, in
order for these systems to be used as conventional microactuators,
it is important to characterize their properties, particularly poten-
tial-induced surface stress changes as a function of film thickness,
electrolyte, and lifetime.

In the case of polyaniline (PAn), the microcantilevers were func-
tionalized via electropolymerization of aniline on the gold-coated
surface carried out in a 0.1 M H,SO,/0.5 M Na,SO, solution in the
presence of the aniline monomer under the application of a constant
potential of 0.8 V vs. a Ag-QRE. Under these conditions, the result-
ing polymer film adhered to one face of the microcantilever was
found to have a film thickness of 190 nm. The PAn-coated cantilevers
were then subject to a mulitpotential-step chronoamperometric
experiment in a mixture of 0.1 M H,SO,/0.5 M Na,SO,. The potential
steps from —0.2 V to 0.8 V resulted in an electrochemically induced
transition from the reduced polymer (PAn) state to the oxidized poly-
mer (PAn?*) state, whereas the reduced polymer PAn-state was regen-
erated with potential steps from 0.8 V to —0.2 V. The integration of
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the resulting current responses indicated that the charge associated
with the oxidation of PAn to PAn?* is independent of the oxidation—
reduction time-width, meaning that the total oxidation to PAn*" pro-
ceeded within a 5 s time frame. A reversible cantilever surface stress
response was observed to accompany the electrochemical oxidation
and reduction of the polymer with the cyclic multistep potential
changes. A compressive surface stress was observed with the oxida-
tion of the PAn to PAn** when the potential was stepped from -0.2 V
to 0.8 V. On the reverse potential step (0.8 V to 0.2 V, PAn** — PAn),
the PAn-functionalized microcantilever returned to its original resting
position. Interestingly, when the PAn gold-coated microcantilever
was subject to a 50 s or 5 s pulse width, an instantaneous increase in
the stress on the cantilever having a value of approximately —2.3 N
m™ was observed. The rapid increase in surface stress change was
then followed by a gradual increase to a surface stress change maxi-
mum which was potential pulse-width dependent. The authors attri-
bute the rapidly observed change in surface stress (Ac=-2.3 N m™')
to electrostatic repulsive and steric interactions as a result of the elec-
trogeneration of PAn** and corresponding ion pairing events. This
conclusion is in agreement with their finding that the concentration of
PAn?* remains constant regardless of pulse width length [88, 102].
The gradual increase in surface stress response with increasing poten-
tial pulse time-width, reaching a maximum change in surface stress
of 3.9 N m™ at 50 s, was contributed to the well-known polymer
swelling phenomena accompanying redox-transformations in poly-
meric systems [88, 102]. A more detailed kinetic analysis of the PAn-
functionalized-microcantilever response revealed deflection rates of
k=2.8 (x0.3)x10* s7', which agreed nicely with the swelling
response rate (K =3.0 (0.3)x 10 s™") of a PAn film of similar thick-
ness adsorbed at a gold-coated surface observed in a surface plasmon
resonance study [88]. As discussed above, not only can the PAn-
microcantilever actuator be switched between fully expanded and
contracted states eliciting a maximum and minimum response, but
they can also be held in an intermediate state, allowing for movement
control where the system can be held in a desired fixed position.
Griitter et al. have measured the surface stress induced by electro-
chemical transformations of a thin polypyrrole (PPy) polymer film
electrodeposited on the gold-coated face of a silicon microcantilever
[33, 89]. PPy is particularly unique among artificial muscles because
of its applications as a biomaterial. These polymeric systems exhibit



154 L. Norman et al.

excellent in vitro and in vivo biocompatibility, they can be doped
with and can release biomolecules, and they are widely studied as
biosensors [90]. Moreover, they are compatible with aqueous media
and operate at low voltages, unlike conventional piezoelectric actua-
tors. Here, the PPy(DBS) film was electropolymerized from an aque-
ous solution containing 0.1 M Py and 0.1 M sodium dodecyl benzene
sulfonate (NaDBS) at a constant potential of 0.55 V (vs. Ag/AgCl)
onto the gold-coated face of the microcantilever. The potential value
was chosen to ensure that a uniform polymer film was deposited at
the microcantilever interface. A film thickness of ~300 nm was
verified by AFM measurements where a 3% deviation was found for
a set of PPy films physisorbed on different microcantilevers. This
result shows the consistency of the electropolymerization imple-
mented method for defining the working electrode and allows for
direct comparison of results observed for the polymer films deposited
on different microcantilevers.

Similar to the PAn-microcantilever, the microcantilever serves as
both the working electrode (in a conventional three-electrode cell
configuration) and as the mechanical transducer for simultaneous
real-time measurements of the current and interfacial stress changes.
Sweeping the film’s potential between +0.30 V and —0.85 V in an
electrolyte solution (0.1 M NaDBS) results in the electrochemical
switching between the oxidized (PPy*, doped) and reduced (PPy,
neutral) states of the PPy film:

PPy" (DBS™ )—*** PPy’ (DBS Na" ) s
- 14)
oxidized —" reduced (swollen)

Accompanying the redox reaction is the well-known reversible
volume change of the conjugated polymer, which in turn causes the
cantilever to bend. A typical cyclic voltammogram and correspond-
ing surface stress change response obtained for microcantilevers
modified with a PPy film are depicted in Fig. 4.7. A maximum com-
pressive surface stress change of approximately -2 N m™ was
observed at the switching potential +0.3 V. The authors attributed the
stress changes to the physical swelling of the physically adsorbed
polymer matrix (due to the incorporation of counterions and solvent)
and the interaction of the supporting electrolyte ions with the under-
lying exposed metal surface.
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Fig. 4.7 Surface stress (black square) and current (gray circle) vs. potential
measured simultaneously during two consecutives cyclic voltammetric scans in
0.1 M NaDBS solution. The potential is swept at 100 mV s™! between —0.85 and
+0.30 V. A change in surface stress of about 2 N m™ is observed when going
between the anodic and the cathodic peaks. Reprinted with permission from [89],
©2005 American Chemical Society

To investigate the long-term stability of the PPy-microcantilever
actuators, the system was subjected to consecutive doping/dedoping
cycles. The cyclic voltammetry experiments were carried out in two
different electrolyte solutions, 0.1 M NaDBS and 0.1 M NaCl, where
the potential was cycled between +0.3 V and -0.8 V (vs. Ag/AgCl). In
both cases, the microcantilever deflections were monitored as a func-
tion of number of cycles. When the PPy-microcantilever was actuated
in the presence of 0.1 M NaDBS, a noticeable decrease in the amplitude
of actuation was observed already after 50 scans, indicating an irrevers-
iblechangeinthe polymer film. In contrast, when the PPy-microcantilever
was actuated in the presence of 0.1 NaCl, the peak-to-peak surface
stress amplitude slightly increased until reaching a maximum value of
—1.9 N m™!, which was relatively stable over 500 cycles. This value is
comparable in magnitude with the initial stress change observed in
NaDBS electrolyte. It is obvious that for this microcantilever-based
actuating system, the choice of electrolyte is of important consideration
when considering the long-term actuating capabilities.
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A comparison of the results reported for polyaniline- [88] and
polypyrrole- [90] coated microcantilevers reveals that the surface
stress change per charge density generated multilayer polymer films is
~300 N m™'/C cm (polyaniline; 190 nm thick) and ~20 N m~'/C cm™
(polypyrrole; 300 nm thick). Larger deflections are theoretically
obtainable by building thicker films of conducting polymers (i.e.,
increase the number of redox sites per square area), meaning that the
system properties can be tailored to produce a larger actuation.
Therefore, microcantilevers functionalized with conducting polymers
are potentially promising electroactuating systems for such applica-
tions as nanomechanics, nanotweezers, and micromechanical ele-
ments, where there is a strong preference for actuation in a constant
chemical environment.

4.6.2 Microcantilever—Polymer Brush Systems

Several groups have grafted nonconducting polymers to one face of
the cantilever which enables a wide range of responses that can be
achieved depending on changes in the environmental conditions [91,
92, 95, 103-106]. However, polymer brushes require chemical diffu-
sion for the actuation stimulus, which often involves a change in the
sensing environment rendering the cantilevers prone to well-known
turbulences such as thermal drift or mechanical bending by hydrody-
namic forces or changes in the dielectric constant of the liquid. To
circumvent this problem, Huck and coworkers employed an approach
where the systems environment remains constant (i.e., solvent, elec-
trolyte concentration, temperature, and pH), while using an active
stimulus, such as an applied bias to trigger specific conformational
changes [93]. Here, the researchers have grafted ultrathin poly(2-
methacrylolyloxyl)ethyltrimethyl ammonium chloride (PMETAC)
brushes onto gold-coated microcantilever interfaces where electroac-
tuation capabilities were exhibited when an alternating positive
(+0.5 V) and negative (-0.5 V) potential bias was applied in a static
electrolyte solution (1 mM NaNO,). In this case, the mechanism of
actuation is not based on redox cycles but on reversible perturbations
of the electrical double layer associated with ion transport in and out
of the polymer brush. Nonetheless, the pressure exerted on the canti-
lever includes contributions from the osmotic pressure from free ions,
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lateral interactions of brush segments, and the electric field strength
giving rise to a compressive surface stress change.

On further investigation of the deflection profile, the electroactua-
tion of the cantilever modified brushes was found to depend strongly
on the potential, scan rates, and salt concentration. Very interesting
about this particular system is that it is reminiscent of recent studies
on conformational changes of surface-bound, strongly charged, sin-
gle stranded DNA molecules. In this case, the counterion distribution
and orientation of the polymer chains have also been shown to be
strongly influenced by electric fields [107-109]. While nature pro-
vides sophisticated and highly specific examples of molecular inter-
actions, their inherent complexity which generates the nanomechanical
response has rendered the origin of the surface stress difficult to
ascertain. By varying the parameters independently, as the research-
ers have done, these polymer brush systems have the potential to
provide insight into the much more complex behavior exhibited by
natural occurring systems assembled on microcantilevers having
greater implications in their potential use as biomedical devices.

4.6.3 Microcantilevers—Linear Molecular Machines
Systems

An important class of artificial molecular muscles or so-called
“molecular machines” are based on interlocked molecular structures.
In general, the supramolecular assemblies are composed of a discrete
number of molecules connected through noncovalent bonds. An inher-
ent property of these systems that can be used to exert linear forces is
that the molecular components can move relative to one another while
still remaining part of the molecule. A good example includes redox
switchable rotaxanes that have been specifically designed as molecular
analogs to skeleton muscles and can “expand” and “contract” linearly
in response to chemical or electrochemical stimuli. The bistable
donor—acceptor rotaxane is composed of two m-electron poor tetraca-
tionic macrocycle cyclobis (paraquat-p-phenylene) (CBPQT*) rings
and in the unoxidized state of the rotaxane are found encircling the
redox-active tetrathifulvalene (TTF) stations, approximately 4.2 nm
apart from each other (Fig. 4.8, upper diagram). The supramolecular
assembly also contains two nt-electron-rich naphthalene (NP) stations.
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4.2 nm

Fig. 4.8 (a) Structural formulas of the extended (fop) and the contracted (bottom)
states of a prototypical molecular muscle based on doubly bistable [3] rotaxanes.
In the relaxed state, cyclobis(paraquat-p-phenylene) (CBPQT*) rings (blue) encir-
cle the electron-rich tetrathiafulvalene (TTF) stations (green), approximately
4.2 m apart. With chemical or electrochemical oxidation of TTF stations, CBPQT*
rings move inward to the secondary naphthalene (NP) stations (red), approxi-
mately 1.4 nm apart, effecting a 67% reduction in distance between CBPQT*
rings (blue). (b) Structure formula and graphical representation of a disulphide-
tethered bistable molecular muscle used in subsequent cantilever bending experi-
ments. Reprinted with permission from [101], ©2005 American Chemical Society

Oxidation of TTF to either the radical TTF* or dicationic TTF**
results in electrostatic repulsion between it and the CBPQT* forcing
the macrocycles to move to the more favorable and weaker alternate
NP station, effectively placing the rings at a distance of 1.4 nm
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(Fig. 4.8, upper diagram). This movement represents a molecular
contraction of approximately 67% between the two rings. By tether-
ing these bistable donor—acceptor rotaxanes to a gold-coated micro-
cantilever, which was achieved by incorporating disulphide moieties
on the CBPQT* rings (Fig. 4.8, middle diagram), Stoddard et al. were
successful in harnessing the collective efforts of an ensemble of these
linear molecules to exert forces resulting in a nanomechanical response
[97, 101]. In their study, the controlled movement of the rings between
the two switched states in response to the cycled additional of chemi-
cal redox reagents induced a reversible contractile (tensile) strain in
the surface of the microcantilever. The reversibility of the actuation is
limited by the degradation of either the gold—thiol bond or the rotax-
ane itself, either of which would be a likely source of the gradual
decrease observed in the response amplitude.

The contraction/relaxation of these surface-tethered molecular
muscles can also be controlled electrochemically. Again, the gold-
coated microcantilever was used as a working electrode in a modified
three-electrode cell. When a constant potential high enough to oxi-
dize the TTF component (0.4 V vs. Ag/AgCl in 0.1 M aqueous
NaClO,) is applied, a deflection toward the gold-coated microcantile-
ver occurred. Conversely, the relaxation of the functionalized micro-
cantilever is achieved when the potential is held at a value capable of
reducing the oxidized TTF but low enough not to reduce CBPQT*.
The system was also found to be only partially reversible under elec-
trical stimuli. In both these redox-controlled processes, where linear
artificial molecular muscles are tethered to the gold-coated microcan-
tilever, a collective movement of the rings along the dumbbell
induced the contractile strain on the surface of the microcantilever
which caused it to bend [97, 101].

It is important to note that a number of investigations employing
gold-coated microcantilevers modified with functionalized self-
assembled monolayers (SAMs) have attributed the observed microme-
chanical deflection to collective in-plane molecular interactions [49, 53,
54, 96, 97]. For example, the micromechanical motion arising from
the hybridization of complementary oligonucleotides has also been
attributed to collective phenomena within the biomolecular layer
[49, 51-54]. Other work involving the pH titration of microcantilevers
functionalized with carboxylic acid-terminated alkanethiolate SAMs
has demonstrated that the in-plane surface forces, which dictate the
magnitude and nature of the surface stress associated with protonation/
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deprotonation reactions, and are sensitive to the solution pH, ionic
strength, solution ion composition [49, 62], as well as the alkyl chain
length [110]. These findings with acidic SAMs are of broader rele-
vance to understanding the molecular origins of surface stress at
charged solid interfaces and in biological interactions. Key to the
development and implementation of microcantilever-based sensing
and actuating technologies is the ability to control the directional
motion with known precision and amplitude. This level of control
requires a comprehensive understanding of the origin of the surface
stress generated in the (bio-)chemical system under investigation,
which is the subject addressed in the next section.

4.7 Origin of the Surface Stress Observed for
Electroactive Self-Assembled Monolayers
Functionalized Microcantilevers

Chemically well-defined SAMs provide a relatively simple and versa-
tile system with tailorable interfacial chemistry enabling one to probe
specific molecular events that would permit insight into the fundamen-
tal mechanisms of surface stress generation. Several studies have dem-
onstrated that the selectivity and sensitivity of microcantilever systems
rely heavily on the reproducible formation of a functional layer on one
surface of the cantilever [111-118]. For example, investigations of the
evolution of the surface stress during the chemisorption of n-alkanethi-
ols onto gold-coated cantilevers have provided some much needed
insight into the experimental factors and chemical interactions that
drive the self-assembly process and determine the predominant struc-
tural phase adopted by the alkanethiolates [6, 112, 113, 117, 119, 120].
To this end, Badia et al. have investigated the mechanism of the redox-
induced deflection of microcantilevers using model SAMs of electro-
active ferrocene-terminated alkylthiols [37, 121, 122].
Ferrocenylalkylthiol SAMs are probably the most studied electroac-
tive monolayers and their faradaic electrochemistry is extensively docu-
mented in the literature [123—134]. This is largely because ferrocene
SAMs exhibit relatively straightforward electrochemistry meaning that
with the appropriate experimental parameters every surface-tethered fer-
rocene can undergo a one-electron reversible redox reaction. Furthermore,
for a compact ferrocene SAM, the dense molecular packing confines the
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electrogeneration of ferrocenium cations and their complexation with
the counterions to the monolayer/solution interface and non-specific ion/
solvent permeation across the dielectric monolayer is predominantly
inhibited. Electrochemical transformations of surface-confined ferroce-
nylalkylthiols have previously been shown to elicit dramatic changes in
interfacial properties through molecular reorganization or ion complex-
ation controlled/triggered by small external changes in the applied
potential [135, 136]. In the study discussed herein, gold-coated micro-
cantilevers are functionalized with the redox-active ferrocenylalkylthiols
and the origin of the dynamically controlled actuation and surface stress
properties are investigated.

The authors clearly demonstrate that the electrochemical transfor-
mation of a redox moiety (ferrocene) in the monomolecular organic
film can generate a surface stress change of a sufficient magnitude to
deflect a microcantilever. A characteristic cyclic voltammogram and
microcantilever stress profile observed for the redox reaction of a
ferrocene-terminated monolayer in a typical electrolyte solution is
shown in Fig. 4.9. Oxidation of the ferrocenes-terminated SAM in
perchlorate electrolyte generated a compressive surface stress change
of -0.20+£0.04 N m™, and cantilever deflections ranging from 0.8 um
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Fig. 4.9 Typical CVs (left axis, black solid line) and corresponding differential
surface stress, Ao (right axis, green solid line), responses for ferrocenes
alkanethiol modified microcantilever substrates in 0.10 M NaClO,/0.01 M HCIO,.
Scan rate=5 mV s™'. Reprinted with permission from [37], ©2009 American
Chemical Society
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to 60 nm for spring constants between ~0.01 and ~0.8 N m™'. The
results strongly suggest that the microcantilever deflection is driven
by the lateral tension resulting from molecular reorientation/volume
expansion accompanying the charge-transfer and ion-pairing events.
To verify this hypothesis, mixed SAM-modified microcantilevers, in
which the electroactive ferrocenes are isolated from one another by an
inert n-alkylthiolate matrix, were investigated. Under an applied
potential, a faradaic current was measured, but no microcantilever
beam deflection was observed. This finding confirms that the cantilever
responds to the lateral pressure exerted by an ensemble of re-orienting
ferrocenium-bearing alkylthiolates upon each other rather than to
individual anion pairing events, meaning collective interactions are
only possible if there is a sufficient number of neighboring ferroceniums.
Interactions between ferroceniums (vs. isolated non-interacting ferro-
ceniums) are detected electrochemically in binary SAMs when the
surface mole fraction of ferrocene is >0.2, due to the presence of
domains or clusters of ferrocene alkanethiolates [128, 131]. In single-
component FCRSAu, the oxidation of a ferrocene next to an already
oxidized ferrocenium cation is unfavorable due to electrostatic or
Coulombic repulsion between the charged moieties, so that a critical
number of electrogenerated ferroceniums may be needed for neigh-
boring interactions [137, 138]. Furthermore, Badia and Norman were
able to exploit these findings to control the magnitude of the cantilever
response by varying either the molecular structure or electrolyte
anion used to generate the surface stress change [122].

As stated above, the cantilever responds to the lateral pressure
exerted by an ensemble of re-orienting ferrocenium-bearing alkylthi-
olates upon each other rather than individual anion pairing events.
This finding has general implications for using SAM-modified micro-
cantilevers as (bio-)sensors because it indicates that the cantilever
responds to collective in-plane molecular interactions rather than
reporting individual (bio-)chemical events.

4.8 Microcantilevers Using Electrochemistry:
Biosensing Applications

The microcantilever surface can be electrochemically functionalized.
One of the examples is electrodeposition of chitosan, an amino-
polysaccharide, on the microcantilever surface [139]. It is worthwhile



4 Microcantilever Sensors: Electrochemical Aspects... 163

to mention that chitosan has three important properties namely, pH
responsiveness (from pH 6 to 6.5), formation of films using a pH
switch, and its nucleophilicity [139—141]. These properties are useful
in the electrodeposition of chitosan. Briefly, the deposition was car-
ried out by immersing the chip in a chitosan solution and applying a
negative potential to the working electrode relative to a counter elec-
trode in the solution. A pH gradient was established at the cathode
due to a net hydrogen ion consumption. At pH 6.5, chitosan was
solidified at the cathode because of its insolubility at this pH. Also, a
slow rate will help in the uniformity of the electrodeposited film.

Moreover, using this thick chitosan functionalized (1.5 wm) canti-
lever it was possible to selectively detect the neurotransmitter dop-
amine from ascorbic acid through a mechano-transduction of
electrochemical oxidation reaction [139]. Firstly, the chitosan-coated
cantilever bending was measured prior to any electrochemical reac-
tions. Next, the cantilever was placed in a solution of ascorbic acid
and an anodic potential was applied in order to oxidize the solution
at the electrode surface and no substantial change in bending was
observed. However, when a similar procedure was carried out in the
presence of dopamine, a bending of approximately 800 nm was
observed upon oxidation of dopamine at the chitosan-functionalized
cantilever. It was inferred that chitosan forms a crosslinked hydrogel
upon oxidation of dopamine resulting in an estimated stress of
1.7 MPa. However, more extensive studies are required to find out the
detection limit comparable to that in biological samples, as a rela-
tively high concentration (100 uM) of dopamine was required in
these experiments.

In another example, cyclic voltammetry was used for the elec-
trodeposition of streptavidin on a microcantilever device having
nano-integrated electrodes (Nano-IDEs) [142]. Streptavidin embed-
ded in polyscopoletin was deposited on the Nano-IDEs from a solu-
tion containing streptavidin and scopoletin in 0.1 M NaCl. The
thickness of the streptavidin/scopoletin layer was found to be a func-
tion of the number of cyclic voltammetry scans used. Fluorescein-
conjugated biotin was also coupled to the surface of the working
electrode. The fluorescence intensity was also found to increase with
increasing cyclic voltammetry scans.

Xia et al. have investigated the adsorption of dopamine and the
interaction of iron (IIT) ions with dopamine on gold-coated microcan-
tilevers [143]. Dopamine is of particular interest owing to its postulated
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Fig. 4.10 (a) The plot of normalized surface coverage (I'/T)) of dopamine-
modified electrodes vs. dipping time in a 10 mM NaCl bland solution (pH=2.5).
The surface coverage was obtained from the voltammogram at the first potential
cycle and normalized to that of dopamine-modified electrode without dipping in
the blank solution. The inset is the voltammograms with repetitive potential cycling
after dipping 10 min in blank solution. The scan rate is 0.02 Vs™'. (b) Surface stress
changes vs. time in a flow blank solution with sequential injections of 0.001, 0.005,
0.01, 1.0, and 3.0 mM dopamine solutions and 1 mM 3-mecroptopropionic acid.
Reprinted from [143] with permission from Elsevier

role in Parkinson’s and Alzheimer’s disease [144]. Dopamine is known
to reversibly and weakly adsorb on a gold interface. In their study, Xia
et al. first monitor the adsorption characteristics of dopamine at the
gold-microcantilever interface [143]. The magnitude of the observed
surface stress was found to depend on the dopamine injection concen-
tration, reaching a maximum stable surface stress change with concen-
trations greater than 1 mM (Fig. 4.10). The microcantilever exhibited a
tensile stress or a bending toward the gold-coated surface. It was not
possible to model the dopamine adsorption according to the Langmuir
approach, suggesting that multilayer formation or intermolecular inter-
actions were the dominant forces in this process. Therefore, the surface
stress change was attributed to the presence of intermolecular hydrogen
bonds of dopamine and the charge transfer effect between adsorbates
and the substrate.

The surface coverage (I", mol cm=2) of dopamine was readily deter-
mined according to the equation I'=Q/nFA, where Q is the coulomet-
ric charge (C) and is obtained from the integration of the anodic peak,
A is the area of electrode (cm?), n is the number of electrons trans-
ferred (n=2), and F is Faraday’s constant (96,485 C mol™!). Dopamine
adsorbates at the gold-microcantilever were found to be relatively
stable over a time period of 30 min as indicated by the small decline
(~6.5%) in the normalized surface concentration (Fig. 4.10a).



4 Microcantilever Sensors: Electrochemical Aspects... 165

The dopamine-modified gold-coated microcantilevers were then
used to investigate interactions between dopamine and Fe**. The
authors found that the deflection response was dependent on both
concentration of Fe** and the interaction time which was controlled
by subsequent injections of a blank solution. A two-step deflection
profile was observed at relatively high concentrations of Fe**. Here,
Fe?* initially reacted with dopamine molecules found in the outer lay-
ers and the complexes were removed with subsequent injects. Then
Fe?* reacted further with dopamine molecules forming a surface com-
plex in the first layer next to the gold. When the concentration of Fe**
was kept relatively low, only the first stage was observed as indicated
by the absence in variation in the cantilever response. In all cases, a
compressive stress was observed until the dopamine-modified surface
was regenerated.

A notable example of microcantilever biosensors includes their use
for the detection of glucose [145-148]. Diabetes is among one of the
most prevalent diseases in the world and its diagnosis and manage-
ment requires daily monitoring of blood glucose levels. In the first
examples, microcantilever-based glucose biosensors were modified
by poly-L-lysine or glutaraldehyde with glucose oxidase (GOx) [145,
146]. The cantilever was observed to bend on the exposure to solu-
tions containing glucose. A theoretical study on the reaction energet-
ics and expected heat response of the cantilever indicated that the
cantilever deflection is not simply a result of reaction-generated heat,
but likely a consequence of the surface stress induced by the specific
interactions of glucose with the GOx enzyme [145, 146]. These
results were later confirmed by Ji et al., where a systematic study was
undertaken to investigate the flow rate, glucose concentration, repro-
ducibility, selectively, effect of pH, and H,O, on the GOx-
functionalized-microcantilever response [148]. In their study, a
multilayer film was assembled on one face of the microcantilever
using a layer-by-layer approach. The cantilever biosensing system
showed a 10% reproducibility in the glucose measurements. Selectivity
was readily demonstrated since the multilayer GOx-modified micro-
cantilever did not respond to the same concentrations of mannose,
fructose, and galactose. This extensive study provided evidence that
the cantilever response did indeed arise primarily from protein con-
formational changes as a result of the glucose binding event [148]. In
a more recent study, glucose responsive polymer brushes were synthe-
sized on gold substrates in a microcantilever array format [147].
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The stimuli-response properties of the polymer brush—microcantilever
system were evaluated by exposing them to varying concentrations of
glucose for a range of pH values, while simultaneously measuring the
corresponding surface stress change. A large, reversible swelling
response in the presence of free glucose at physiologically relevant
concentrations was easily observed. Moreover, the deflection and
surface stress response of the micromechanical cantilevers, function-
alized with polymer brushes, are substantially larger and faster than
that of their glucose sensing SAM-functionalized-microcantilever
counterparts. In all cases, the combination of the microcantilever plat-
form with glucose sensing components provides a unique approach
for investigating glucose levels.

4.9 Conclusion

To date, combined electrochemical—cantilever measurements involv-
ing different systems with characteristic features remains in its
infancy. This chapter has provided an overview of the current existing
literature. The electrochemically induced motion of free-standing
microcantilevers is attracting growing interest as micro-/nano-actuators
and robotic devices. This is not only due to their growing accessi-
bility and affordability, but also because these devices exhibit fast
and reliable detection of small concentration of molecules in air and
solution. However, the development and implementation of these
cantilever-based actuating technologies requires a molecular-level
understanding of the origin of the surface stress that causes the can-
tilever to bend. Electron transfer kinetics at a metal-liquid interface
under electrochemical control is of immense interest. An understand-
ing of the dependence of surface stress on potential at the solid—
electrolyte interface is an important and challenging problem, and
could lead to a better understanding of processes occurring at an
electrified interface in solution. Furthermore, in order to achieve
improved performance for biomedical application, the development
and improvement of microcantilever sensors that allow for measure-
ments in complex real-life samples remains a critical issue that needs
to be addressed.
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Chapter 5

Surface Treatments with Silver
and Its Compounds for Biomedical
Applications

Stojan S. Djokic
5.1 Introduction

Selection of materials to be used for medical devices depends on the
targeted application. For instance, in wound-healing applications, the
most commonly used materials as topical dressings are various textile
materials, polymeric foams, alginate, carboxy methyl cellulose
(CMC) or other types of gels, and sometimes adhesives. Among tex-
tile materials, usually fabrics made of natural (e.g., cotton) or syn-
thetic (e.g., high-density polyethylene (HDPE), nylon, polyester, etc.)
fibres are used. For catheters, polymers such as polyurethane, sili-
cone, latex or similar are applied as tubes.

All devices suffer a common problem of device-related infection.
Increasingly, new materials are being developed which are described
as anti-infective, bioactive or anti-microbial.

Medical device-related infection is often caused by formation of
bio-film adhering to the surface. Administration of antimicrobial
agents by systemic or oral routes generally fails to reach the micro-
bial bio-film. A successful antimicrobial treatment in such cases is
markedly imported by maintaining sufficiently high concentrations of
the antimicrobial agent for a site-specific activity [1-3].

Antimicrobial properties of silver and its compounds have been
utilized for a long time. Surfaces treated with silver and its compounds
find applications in medical devices used as topical wound dressings,
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urinary catheters, endotracheal tubes, cardiac valves, surgical masks,
implantable devices, water filtration, etc. [4—12].

A treatment of various surfaces e.g., textile, polymers or metals
with silver or its compounds is carried out due to antimicrobial action
of silver ions. The aim of this chapter is to analyze and review the
achievements in the area of treatments of various surfaces with silver
and/or its compounds for biomedical applications.

5.2 Historical Overview

The germicidal properties of silver have been utilized since the early
Mediterranean cultures. According to Russell, Alexander the Great
was advised by Aristotle in 350 BC to store water in silver vessels and
to boil it before use [13]. It has been known since 1000 Bc that water
kept in silver vessels, exposed to light or filtered, could be rendered
potable. The first topical applications of silver nitrate were for the
treatment of chronic wounds and ulcers [14]. For an extensive review
on early uses of silver in the treatments of burns, the reader is referred
to the article by Klasen and references therein [14].

Silver nitrate or as often mentioned in the classical literature as
lapis infernalis was also used for treatments of fresh burns [15, 16].
For this purpose, burns were treated with a “silver nitrate pencil” or
linen soaked in 0.5-2% AgNO,.

Developments in microbiology have strongly stimulated research-
ers to further investigate effects of various compounds on the growth
of microorganisms. Because of the empirical use of silver nitrate,
Behring was interested in its effects on anthrax, typhoid, and gonor-
rhea [17]. His experiments showed that silver in blood or fluids of
similar composition exhibited antiseptic properties. In broth and gela-
tin, silver was significantly less active.

Credé introduced the use of silver nitrate solutions (less than 2%) as
eye-drops to prevent ophtalmia neonatorum caused by gonococci [18].

The effect of metallic silver on growth of staphylococci and strep-
tococci under laboratory conditions was investigated by Credé and
Beyer [19]. They observed that when pieces of metallic silver were
removed from an inoculated plate after 24 h, growth of microorgan-
isms was not observed on the spot where silver metal was placed.
Also, if that spot was re-inoculated, no microorganisms grew.
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On the basis of this observation Credé and Beyer postulated that
metabolic products of bacteria reacted with silver metal-producing
compounds with an antiseptic effect. In further explanations, they
assumed that the lactic acid, which was present in high concentrations
in the wound, reacted with metallic silver. As a consequence, the
concentration of the lactic acid decreased. They suggested that lactic
acid was needed for the growth of microorganisms and that if this
were not present, the silver would remain as an indifferent metal.

According to Credé and Beyer, the first step in the bactericidal
process of silver would be the formation of silver salt. Silver salts
effective for antimicrobial purposes included silver nitrate, silver
lactate, silver tartrate, and silver citrate. Notably, silver lactate and
silver citrate with dilutions (1:3,800) killed staphylococci and strep-
tococci in 10 min. They further reported that if these compounds
were present on the plate in concentrations of about 12.5 ppm, they
inhibited the bacterial growth.

Credé also reported on silver-based dressings known as “white
silver dressings” and “gray silver dressings.” The “white silver dress-
ing” was consisted of cotton mesh on which silver foil was mounted.
The “gray silver dressing” which was brought on the market con-
sisted of sterilized cotton impregnated with metallic silver.

Other forms of silver such as coatings for the prevention of bever-
ages from spoilage or plates and foils in the surgical treatments of
wounds and broken bones have been used within the past three
centuries.

The lethal effects of metals toward bacteria and lower life forms
were investigated by Ravelin [20] and von Naegeli [21]. von Naegeli
reported that a concentration of silver ions which were derived from
metallic silver in the order of magnitude of 9.2x10® M would kill
common fresh-water Spirogyra. At concentrations of 5.5x 1076 M, the
germination of Aspergillus niger spores was prevented. This phenom-
enon was described by von Naegeli as oligodynamic effect. The term
oligodynamic effect is typically restricted to describing solutions in
which the metal ion concentration is several orders of magnitude
lower than that which would be lethal for higher organisms [22].

The observations by the early Mediterranean civilizations and
later by Credé, Beyer, Ravelin, and Naegali related to the activity of
silver and its compounds continued to attract surgeons [14]. At the
beginning of the twentieth century a gauze soaked in a 1% silver
nitrate solution was used by German army surgeons for both fresh
and operation wound treatments [23].
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The literature data from the nineteenth and early twentieth century
suggest that the use of silver and/or its compounds was exclusively
empirical. There was no reasonable scientific explanation at that time
about the antimicrobial activity of silver and its compounds.

Many developments in the science and technology of that time, in
general, were not well advanced. For example, electrochemistry as a
science was at its early stage. Credé and Beyer were obviously pio-
neers who clearly demonstrated that silver compounds exhibit anti-
microbial activity [19]. They also observed that pure metallic silver
is not antimicrobially active. Their brilliant experiments strongly
supported their conclusions. At the later stages of developments, it
was actually shown that only silver ions are responsible for the anti-
microbial activity of silver or its compounds. Credé and Beyer were
probably not aware of Arrhenius’s theory of electrolytic dissociation
[24] and existence of ions in solutions, which was published approx-
imately at the same time as their work. The findings about the anti-
microbial activity of silver are discussed in later sections of this
chapter.

Acél was the first who attributed the antimicrobial properties of
silver to the deliberation of Ag* from materials [25]. The oligody-
namic activity of silver was studied in detail and published by a
Canadian bacteriologist, James Gibbard [26].

Gibbard observed that if the metallic silver is cleaned with abra-
sive cloth or paper it becomes inactive. Also, if molten silver is
allowed to cool in an atmosphere of hydrogen, no antimicrobial activ-
ity appeared. Contrarily, when the molten silver was cooled in air,
antimicrobial activity was observed. In general terms, on the basis of
the experiments performed by Gibbard, the pure silver is devoid of
antimicrobial activity but tarnished and/or surface oxidized silver was
active.

As a result of many experiments with metallic silver, colloidal
silver (which nowadays is referred to as silver nanoparticles or simi-
lar), and silver oxide, Gibbard concluded that silver possesses bacte-
ricidal action due to deliberation of Ag* ions, probably from silver
oxide. He, furthermore, confirmed that this antimicrobial action was
suppressed in the presence of glucose.

This experimental observation is consistent with the fact that glu-
cose is a reducing agent of Ag* ions. Glucose is frequently used in the
electroless deposition of silver. Consequently, Gibbard’s observation
can be explained as follows. In the presence of glucose dissociated Ag*
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ions will be reduced to elemental silver, which is not antimicrobially
active. Importantly, Gibbard wrote that “the bactericidal activity of
silver is due entirely to ionized silver.”

Additionally, Gibbard observed that silver nitrate and “electri-
cally” dispersed silver, when diluted on the basis of silver concentra-
tion, all posses a similar bactericidal or oligodynamic activity. The
bactericidal activity of silver oxide was markedly reduced by the
presence of proteins and glucose.

In 1965, Moyer revived interest in silver nitrate solution for
wound-healing applications [27, 28]. He found that the lowest con-
centration of silver nitrate active against Pseudomonas aeruginosa
and Escherichia coli, both in vitro and in vivo was 0.5%. Notably,
the silver nitrate was administered via thick cotton gauze dressing
covering the wound. The gauze was kept continuously moist by wet-
ting the dressing with AgNO, solution every 3—4 h.

Another silver-based formulation, silver sulfadiazine was intro-
duced by Fox [28]. Silver sulfadiazine is produced from silver nitrate
and sodium sulfadiazine by substituting a silver atom for a hydrogen
atom in the sulfadiazine molecule. Silver sulfadiazine remains as the
most widely used substance for burn treatments even nowadays.

Although silver nitrate solution was used successfully in burn
treatments, it has disadvantages such as hypotonicity and methaemo-
globinaemia [29]. Butcher et al. [30] recommended the use of silver
lactate and silver acetate. The antimicrobial activity was good and,
importantly, they observed a reduced frequency of black spots on
walls, floors and clothing as a further advantage compared with silver
nitrate.

In the latter part of the twentieth century intensive research on
treatments of various dressing with silver and/or silver-based com-
pounds due to their antimicrobial activity was carried out for the
wound-healing applications. Two silver-coated nylon products were
studied in vitro [31]: silver-coated nylon (SN) and woven heavy rip
stop (HRS) containing 26% metallic silver. The results showed that
the silver-coated nylon materials were active against many
microorganisms.

In order to increase the concentration of silver ions at the wound
surface, a weak direct current was applied with silver-coated nylon
being the anode [32]. The antimicrobial activity of silver-coated
nylon markedly increased due to oxidation of silver and a consequent
release of silver ions.
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Similar experiments were performed using silver-coated nylon cloth
[33, 34]. The experimental animals whose burns had been inoculated
with a lethal dose of P. aeruginosa were treated. A silver needle was
inserted under the burn wound and served as a cathode. A direct current
of 0.4—40 mA was then applied from an external source. The maximum
voltage varied from 0.1 to 0.86 V. When the silver-coated nylon was
used as an anode and silver needle as cathode, a therapeutic antimicro-
bial effect was achieved. Contrarily, when silver-coated nylon was used
as the cathode, the antimicrobial effect was not produced.

The experimental observations described in publications [33, 34]
confirm that a presence of Ag* ions is essential for the antimicrobial
activity. It is obvious from these experiments that when silver-coated
nylon served as an anode the electrochemical oxidation takes place,
producing Ag* ion. When the silver needle was used as an anode, no
antimicrobial activity was observed. One can assume that in this case,
due to significantly smaller surface of the silver needle in comparison
with the surface of silver-coated nylon gauze, much lower concentra-
tions of silver ions would be released, leading in this way to an
insufficient or no antimicrobial activity.

At the end of the twentieth and the beginning of the twenty-first
centuries, significant research on the surface treatments of various
textile and polymeric materials with silver and its compounds for use
in wound healing, catheters and other biomedical applications was
carried out. In the past few decades several topical dressings contain-
ing silver have been developed for wound care, and they are available
on the market under different trade names.

With the appearance of nanotechnology as a separate engineering
discipline, many so-called nanomaterials, nanoparticles, nanocrystals,
etc. have attracted researchers worldwide. One of the products that
particularly attracted market and health care workers is available under
the trade name Acticoat. This product is used in clinical settings and
is described as “nanocrystalline silver dressing” [35, 36]. Acticoat is
produced by the physical vapor deposition of silver, under the condi-
tions of reactive sputtering, i.e., in the presence of oxygen, as described
in the US Patent 6,238,686 B1 [37]. It is important to note that this
“nanocrystalline silver” represents a mixture of pure silver, Ag O, and
Ag,CO, as documented by a careful analysis of this material [38].

A multilayer wound dressing representing a multi-ply nylon fabric
plated with silver by an electroless deposition process [39, 40] is
known under the trade name Silverlon. It is claimed that the dressing
can be used for prophylactic and therapeutic care, treatments of skin
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infections and surface wounds including surgical incisions.
Furthermore, the authors claimed that the product has antibacterial,
antifungal, and analgesic properties.

Another product, based on chemical deposition of silver oxysalts
onto high-density polyethylene (HDPE) [41-43], was recently intro-
duced. Silver oxysalt Ag O,NO; is deposited onto HDPE from an
aqueous solution containing AgNO, as a source of silver ions and
persulfate S O~ as an oxidizing agent of Ag*ions. The final product,
Ag O,NO,-coated HDPE, contains silver ions in the higher oxidation
states, for which it is believed that they may exhibit a stronger anti-
microbial activity. On the basis of the published literature [41-43],
silver oxysalts exhibited reasonable antimicrobial activity. Media and
internet sources have announced that this product, “Exsalt,” is now
available on the market.

In addition, a patent issued by Antelman [44] refers to a high per-
formance of the silver (I, III) oxide-coated antimicrobial articles. In
this invention, deposition of “tetrasilver tetroxide” (Ag,O,) crystal or
interstitial precipitation onto fabrics was proposed.

5.3 Surface Modification with Silver
and Its Compounds for Biomedical Purposes

When applied in vivo, all devices suffer a common problem of
device-related infection. The first step in infection is adherence of
microorganisms to the medical device surface. Adherence of micro-
organisms on the medical device surfaces and their further coloniza-
tion may result in tissue destruction, dysfunction of the device, and
systemic dissemination of the pathogen [1].

Although specific data are lacking, it is likely that the increasing
prevalence of antibiotic resistance toward Staphylococcus aureus,
P. aeruginosa, Staphylococcus epidermidis, and E. coli has further
increased mortality and cost attributable to the medical device-
associated infections [1, 45, 46].

Administration of antimicrobial agents by systemic or oral routes
generally fails to reach the antimicrobial film formed at the surface of
the medical device. A very successful way of antimicrobial treatment,
in such cases, can be achieved by maintaining a sufficiently high
concentration of the antimicrobial agent for the site-specific activity.
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Surface treatment with silver and its compounds can be profitable in
terms of achieving the desired antimicrobial activity due to the pres-
ence of silver ions.

Physicochemical modification of surfaces for biomedical applica-
tions may change the properties and consequently lead to different
interactions with tissue, microbial cells, biological fluids, proteins,
etc. Various surface functional groups having an antimicrobial activ-
ity may be applied to the surface thus leading to an improved behav-
ior of the medical devices.

A treatment of various surfaces for biomedical applications e.g.,
textile, polymers or metals with silver or its compounds is carried out
due to antimicrobial action of silver ions. There are several approaches
in the production of medical devices used in order to achieve or
improve the antimicrobial activity. These methods are based on:

1. Immersion
2. Coating
3. Matrix loading

The selection of a method for the surface treatment with silver or
its compounds depends on the nature of material (e.g., textile, polymer,
ceramic, metal, etc.) and their physicochemical properties.

Matrix loading involves the production of the composite materials,
e.g., polymeric or ceramic matrices filled with silver or its com-
pounds. As such, this method is out of the scope of this chapter, and
it is not discussed here.

5.3.1 Immersion

In the immersion method the material to be used for the medical
device applications is immersed into a solution containing silver ions.
It is expected that due to adsorption of silver ions at the surface of the
device, the final product would exhibit the desired antimicrobial
activity. This approach can be quite successful for hydrophilic mate-
rials with good adsorption properties, e.g., many textile materials or
some polymer foams.

However, a treatment of compact polymeric, metallic (less noble
than silver) or non-porous ceramic surfaces with silver ion containing
solutions would not lead to their significant adsorption at the surface
and thus poor, if any antimicrobial activity. If adsorbed at the surface,
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silver ions and compounds, due to poor adhesion would rather be
removed during the washing or rinsing procedures. On the other
hand, a treatment of metallic surfaces which are less noble than silver
with Ag(I)-containing solutions may lead to a deposition of the ele-
mental silver via the galvanic displacement reaction [47]. For such
treated surfaces, some antimicrobial activity may be observed, how-
ever, usually not at a significant level.

The immersion method has been used for a long time. Examples
are wound dressings, such as gauze or similar, immersed into AgNO,
solution. However, disadvantages of this approach are numerous. If
the immersion is carried out from a solution containing Ag* ions it is
difficult to maintain the concentration of the adsorbed silver ions at
constant levels. Consequently, this could lead to a non-uniform
release of silver ions, which may have a detrimental effect on the
performance of the device. Furthermore, if the immersion is carried
out in a slurry containing solid particles, which are expected to have
antimicrobial activity, then a poor adhesion of these solid particles to
the surface may cause many problems. Problems associated with
poor adhesion may arise when a separation of solid particles from the
surface of the medical device occur. When medical devices are
applied in vivo, the solid particles may be released into the wound or
body fluid resulting in catastrophic performance.

In clinical settings, suitable devices can be treated by immersion into
solutions without solid particles. This offers flexibility and control to
clinicians. In general terms, the immersion method for medical devices
should be restricted to materials that are hydrophilic in nature and only
for topical uses. Medical devices made of hydrophobic materials would
exhibit limited or not at all attachment of silver ions at their surfaces.
Consequently, they may perform poorly when applied in vivo.

5.3.2 Coating

Special coatings can be deposited onto medical devices in order to
avoid biofilm formation and to provide protection from an infection
or for other antimicrobial purposes. The main requirement for these
coatings is to allow a continuous release of antimicrobially active
agents to the desired place or to prevent the biofilm formation.
Coating of medical devices with silver or its compounds may produce
films at the surface that can provide sufficient concentrations of silver
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ions in order to achieve the desired antimicrobial activity. Several
processes for coating medical devices with silver or its compounds
have been reported in literature.

Elemental silver can be deposited successfully onto the surface of
medical devices, using different methods such as electrodeposition,
electroless deposition, physical vapor deposition (PVD) and chemical
vapor deposition (CVD). Silver compounds deposited onto a medical
device surface may include most of the silver salts with a low solubil-
ity product, K. These compounds may include AgCl, AgSO,,
Ag.PO,, Ag CO,, Ag,CO,, Ag,CHO, Ag ONO,, Ag.CH.O, etc.
Although these compounds have a very low solubility product, in
contact with a biological media they can release silver ions thus lead-
ing to antimicrobial activity. Another class of silver compounds for
topical applications may include silver oxides e.g., Ag,0, Ag0,,
Ag.0,, etc. Both silver oxides and silver salts are deposited onto the
surface of medical device using chemical methods which are
described in literature [37, 39-49].

All mentioned methods of deposition can produce at the surface of
the medical device films of silver compounds with different composi-
tion and consequently, different physicochemical properties. These
films can exhibit a good adhesion, uniform composition, continuous
release of silver-containing ions and in this way achieve acceptable
antimicrobial activity for the targeted applications.

Regularly, different methods of deposition of silver or its com-
pounds onto the surface of the medical device include co-deposition of
secondary elements and/or compounds, which significantly influences
the results of the antimicrobial activity both in vitro and in vivo.

Other approaches of surface treatments for antimicrobial purpose
may include y-radiation, photo-chemical treatments or electrochemi-
cal oxidation. y-radiation and photo-chemical treatments are beyond
the scope of this chapter. The electrochemical oxidation of surfaces
treated with silver may be attractive, and as such is discussed in the
later sections.

5.4 Metallic Silver or Oxidized Silver Species

As mentioned above, the antimicrobial activity of the surfaces treated
with silver or its compounds is determined by their physicochemical
properties.
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The leading factor for an antimicrobial activity of silver is the
deliberation of silver ions from an appropriate material as originally
recommended by Acél [25] and later confirmed by Gibbard [26].

Behavior of silver of various origin e.g., metallurgically obtained,
physical vapor deposited and electroless deposited in physiological
saline solutions and their antimicrobial activity were systematically
investigated [50]. Methods such as open circuit potential (OCP) mea-
surements in physiological saline solutions with and without pres-
ence of proteins, X-ray diffraction (XRD) and antimicrobial tests
were employed in order to find out if elemental silver or oxidized
silver species contribute to the antimicrobial activity.

When exposed to calf serum or to 0.85% NaCl solution, only
certain samples produced by the physical vapor deposition exhibited
a decay in the open circuit potential as a function of time. Pure metal-
lurgical, electro deposited and electroless deposited silver specimens
did not show significant changes in the open circuit potential vs. time
curves. After the immersion of these samples in physiological solu-
tions, the steady-state open circuit potential was established within
the first 5 s.

Typical results for the OCP—time measurements for silver-con-
taining samples produced by PVD on silicon or pure metallurgical
silver in physiological saline and calf serum solutions are shown in
Fig. 5.1.

The results as illustrated in Fig. 5.1 clearly show that the steady-
state open circuit potential of pure silver (curves 3 and 4) was reached
almost immediately upon the immersion into physiological solutions.
Only certain samples of “silver” produced by the PVD showed a
decrease in the open circuit potential upon immersion into physiolog-
ical saline solutions (curves 1 and 2). As shown by the results pre-
sented in Fig. 5.1, the steady-state open circuit potential in 0.85%
NaCl solution was achieved slightly faster compared to that of the
physiological saline solutions containing calf serum.

The value of the steady-state potential after the decay depends on
the substrate on which “silver” was deposited by PVD. The PVD
“silver” samples on silicon substrates exhibited significantly more
positive steady-state potentials in comparison with those deposited
onto aluminum substrates. As shown in Fig. 5.2, the steady-state open
circuit potential of PVD silver samples on aluminum substrates
(curves 1 and 2) converges with that of an Al surface. This behavior
is attributable to the porosity of deposited “silver” films. Curves 3 and
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Fig. 5.1 Comparison of the open circuit potential vs. time relationships for vari-
ous silver electrodes in 0.85% NaCl and in calf serum: (1) silver sputtered on
silicon, thickness 1,000 nm in 0.85% NaCl; (2) silver sputtered on silicon, thick-
ness 600 nm in calf serum; (3) metallurgical silver in 0.85% NaCl; (4) metal-
lurgical silver in calf serum [50]. Reprinted with permission from ECS—The
Electrochemical Society
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Fig. 5.2 Comparison of the open circuit potential vs. time relationships for vari-
ous silver electrodes in 0.85% NaCl and calf serum; (1) silver sputtered on Al,
thickness 900 nm in calf serum; (2) silver sputtered on Al, thickness 900 nm in
0.85% NaCl solution; (3) aluminum electrode in calf serum; (4) aluminum elec-
trode in 0.85% NaCl [50]. Reprinted with the permission from ECS—The
Electrochemical Society
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Fig. 5.3 XRD patterns of silver films produced under different amounts of oxy-
gen (from top to bottom: 0, 2, 4, 6, 8, and 10vol.% O,) in sputtering atmosphere
[38]. Reprinted with permission from ECS—The Electrochemical Society

4 are related to the OCP of aluminum surfaces immersed in calf
serum and 0.85% NaCl solution, respectively.

A decrease in the open circuit potential toward more negative
values with an increase in the immersion time is attributed to the
presence of silver oxide in the PVD samples. The presence of silver
oxide in the PVD “silver” specimens is a consequence of the so-
called reactive sputtering. These thin silver films were produced by
PVD of silver in a reactive atmosphere containing 90-100% Ar, with
the rest being oxygen. The procedures for deposition of such thin
silver films are available in published literature [37, 38]. During the
reactive sputtering in the oxygen-containing atmosphere, silver atoms
react quickly with oxygen and form silver oxide [51].

The XRD analysis of sputtered thin silver films produced under
the conditions of reactive sputtering in an Ar/O, atmosphere confirmed
that they contain silver oxide [38, 50]. XRD patterns of “silver” films
produced under different amounts of O, in the sputtering atmosphere
are shown in Fig. 5.3.

Note that the samples produced by PVD from an atmosphere con-
taining Ar only represent pure elemental silver. Silver peaks and
respective Miller indices are shown for this sample in Fig. 5.3. Other
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Fig. 5.4 Dependence of the amount of oxidized species in sputtered silver films
on the amount of oxygen in sputtering atmosphere (1) determined from cyclic
voltammetry experiments, (2) determined by AAS [38]. Reprinted with permis-
sion from ECS—The Electrochemical Society

samples, as this figure illustrates, contain Ag,O which is incorporated
in silver films during the sputtering process. It is also obvious that
with an increase in the O, content in the sputtering atmosphere, the
intensity of the Ag,O peak in the XRD patterns increases, suggesting
an increase in the Ag O content in the sputtered thin silver films.

This is confirmed by the electrochemical and atomic absorption
analysis (AAS) [38]. As shown in Fig. 5.4, an increase in the content
of O, in sputtering atmosphere leads to an increase in the amount of
Ag O in sputtered silver films. It seems that the sputtered samples
produced from an atmosphere containing 90% Ar and 10% O, are
practically composed of Ag O only, with significantly smaller
amounts being pure silver.

Importantly for the biomedical applications, only samples contain-
ing Ag O or other oxidized silver species exhibited the antimicrobial
activity. The inhibition zone for microorganisms’ growth was observed
only for “silver” samples which had shown a decrease in the open cir-
cuit potential, i.e., for those that contained silver oxide. A typical pho-
tograph of the zone of inhibition for microorganisms e.g., P. aeruginosa
grown with this type of sample is presented in Fig. 5.5.

As shown in Fig. 5.5, a clear zone of inhibition for the growth of
P. aeruginosa was obtained. The test sample of sputtered silver on
HDPE, containing 45wt.% Ag,O was placed in the middle of a Petri
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Fig. 5.5 The inhibition zone for Pseudomonas aeruginosa growth (silver pro-
duced under the reactive sputtering) [50]. Reprinted with permission from
ECS—The Electrochemical Society

dish. The clear zone of inhibition surrounding the test sample which is
distinguished in Fig. 5.5 by an arrow was obtained after incubation at
37°C for 24 h. This result suggests that a growth of microorganisms,
e.g., P. aeruginosa was inhibited. Similar behavior was always seen
with the oxidized silver species, i.e., silver ions were present, as origi-
nally observed by Acél [25] and later confirmed by Gibbard [26].

When other silver samples, e.g., metallurgical, electrodeposited,
electroless deposited or PVD samples produced in an inert atmo-
sphere, such as pure Ar, were analyzed for the antimicrobial activity,
no zone of inhibition appeared. The results obtained thus far strongly
suggest that the elemental silver is not antimicrobially active.

Why is silver oxide (Ag,0) antimicrobial active? It is well known
that Ag,0 has a solubility product of about 2x10~* and that it
increases with temperature [52]. Although Ag,O has a relatively low
solubility product, it dissolves in water according to the following
reactions:

Ag,0+H,0 — 2AgOH (5.1)
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and
AgOH — Ag" +OH™ 5.2)

or

Ag,0+H,0 —2Ag" +20H" (5.3)

Reaction (5.3) predicts an increase in pH, after samples containing
Ag O are exposed to water. After the immersion of samples produced
by the reactive sputtering in water, an increase in pH from 6.5 to 11
was experimentally observed [50]. This increase in pH is attributable
to the presence of Ag 0.

Shorter transition times in the open circuit potential vs. time
curves obtained when samples were exposed to NaCl solutions as
compared to solutions containing calf serum can be attributed to
serum proteins. Other reports [53, 54] disclosed that mechanisms and
rates of corrosion of metals are modified when serum proteins are
present in solutions. A presence of proteins may inhibit dissolution of
Ag 0. As a result, sputtered silver-based material exhibited longer
transition times for which a steady-state potential was established
when they were exposed to physiological saline-containing calf
serum. On the other hand, respective transition times in 0.85% NaCl
solution were obviously shorter.

In order to prove the concept that the sputtered coatings exhibit anti-
microbial activity only because they contain silver oxide, pure metallic
silver specimens were further electrochemically oxidized. The electro-
chemical oxidation of metallic silver in alkaline solutions leads to the
formation of Ag O and in some cases AgO at the surface [55, 56].

A typical cyclic voltammogram of the metallic silver electrode is
shown in Fig. 5.6. In the anodic branch of this cyclic voltammogram
there are two main peaks which are attributed to the electrochemical
oxidation of silver according to the following reactions:

2Ag+20H™ — Ag,0+H,0+2¢" (5.4)

with E°=0.342 V [52].
At more positive potentials, Ag,O is further oxidized to AgO, as
described by the reaction below:

Ag,0+20H — 2AgO+H,0+2e” (5.5)

with E°=0.604 V [52].
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Fig. 5.6 Cyclic voltammogram of silver electrode in 0.1-M KOH

The electrochemically oxidized metallurgical silver samples in
1-M KOH solution at potentials more positive than 300 mV vs. satu-
rated calomel electrode (SCE) were analyzed by the XRD. For com-
parison, the results of XRD analysis of metallurgically obtained
silver, sputtered silver obtained under the conditions of reactive sput-
tering (the presence of oxygen in the argon atmosphere), electro-
chemically oxidized metallic silver at +600 mV vs. SCE and silver
oxide powder are presented in Fig. 5.7.

XRD patterns in Fig. 5.7 show clearly that films produced by the
PVD from an argon atmosphere containing oxygen, electrochemically
oxidized and of course silver oxide powders exhibited the Ag O peak.

Importantly, only samples that contained silver oxide, i.e., exhib-
ited Ag,O peak in the XRD patterns, showed antimicrobial activity.
Specimens that did not contain the Ag,O or other oxidized species
were not antimicrobially active.

The inhibition zones for P. aeruginosa growth at the electrochemi-
cally oxidized metallurgical silver at +300 mV and at +700 mV for
500 s are shown in Fig. 5.8.

The clear zone (“bacteria free’”) was obtained when electrochemi-
cally oxidized silver surfaces at +300 mV and+700 mV were
exposed for 24 h at 37°C to an agar medium containing P. aerugi-
nosa. Note a clear zone surrounding the dark circle of an electro-
chemically oxidized silver surface placed in the middle of a Petri
dish. The zone is distinguished by an arrow.
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Fig. 5.7 XRD patterns of (a) metallurgical silver (b) sputtered silver (¢) Ag,0
and (d) electrochemically oxidized Ag at 600 mV [50]. Reprinted with permis-
sion from ECS—The Electrochemical Society
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Fig. 5.8 The inhibition zones for Pseudomonas aeruginosa growth at electro-
chemically oxidized silver electrode (1) at 300 mV for 500 s and (2) at 700 mV for
500 s [50]. Reprinted with permission from ECS—The Electrochemical Society
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Table 5.1 Bactericidal activity of silver specimens tested with Pseudomonas
aeruginosa [57]

Sample CFU/mL Log reduction related to control
Anodized at 300 mV 9.5x10? 5.2

Anodized at 550 mV 2.1x10° 4.9

Anodized at 750 mV 1.6x10° 5

Ag metal (control) 1.5x108 -

Reprinted with permission from ECS—The Electrochemical Society

Results on the bactericidal activity of electrochemically oxidized
silver samples are presented in Table 5.1 [57].

It is obvious from Table 5.1 that electrochemically oxidized silver
samples exhibited relatively high bactericidal activity. Approximately
a “5-log reduction” was achieved with oxidized silver in comparison
with pure silver samples. While the electrochemically oxidized silver
samples were bactericidal, the results presented in Table 5.1 clearly
show that pure silver is not.

As presented by the reaction (5.5) above, AgO is generated by the
electrochemical oxidation of silver at potentials more positive than
600 mV. AgO is a very powerful oxidizing agent. Therefore, it is
expected that AgO should exhibit greater antimicrobial activity than
Ag,0 [42]. However, the experimental results show no difference in
antimicrobial activity among samples oxidized at different potentials
(0.30, 0.55, and 0.75 V). AgO is a solid substance which is soluble in
alkaline solutions [52]. Considering that these samples were pro-
duced during the electrochemical oxidation of silver in 1-M KOH
solution, one can expect that as soon as the current is interrupted, or
during the washing procedure, AgO will dissolve without decomposi-
tion according to the following reactions [52]:

AgO+H,0 — Ag(OH), (5.6)
AgO+OH™ +H,0 —[Ag(OH), | (5.7)
AgO+20H +H,0 —[Ag(OH), ], (5.8)

Accordingly, at the electrode surface of samples oxidized at 0.6 V
after the washing procedure, only the Ag,O could be expected. This
was confirmed by XRD analysis. In the XRD pattern of samples oxi-
dized at 0.6 V, only peaks related to Ag and Ag,O were observed
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(Fig. 5.7). Consequently, no significant differences in the antimicrobial
activity among samples oxidized at different potentials were observed.

The result of electrochemical oxidation shows without a doubt that
a presence of soluble silver forms including silver oxide and/or silver
salts is an essential factor leading to an antimicrobial activity of silver
coatings. Elemental silver specimens did not show changes in the
open circuit potential with time and, as a result, they did not exhibit
antimicrobial activity.

The electrochemically oxidized silver-coated nylon fabric can
enhance the antimicrobial properties, as it was published by Deitch
[32]. Silver-coated nylon fabric was electrochemically oxidized with
direct current using metallic silver as cathode and tryptic soy broth as
an electrolyte. The antimicrobial activity was significantly improved.
Since an electrochemical oxidation produces silver oxide at the sur-
face, this result strongly confirms that a presence of oxidized species,
i.e., silver ions leads to the antimicrobial activity.

In order to achieve the best performance in terms of the antimicro-
bial activity, experimental observations strongly suggest that, if silver
is aimed for this purpose, the medical devices for the topical applica-
tions should be coated with silver compounds. The examples include
numerous textile materials (fabrics) used as wound dressings.

On the basis of the previous observations that only a presence of
silver ions could lead to the antimicrobial activity, many attempts
were made to produce medical devices used as topical wound
dressings and coated with silver compounds. In this way, coating
of fabrics to be used as topical wound dressings with silver oxy-
salts, silver chloride, silver sulfate, etc. have been investigated
[41-44, 49].

Deposition of silver oxysalts such as AgNO -Ag,SO, and
Ag NO, as powders or as coatings on HDPE mesh have been
recently investigated for antimicrobial purposes [41]. This process is
based on a reaction between AgNO,, a source of Ag(I) ion and
(NH,),S,0, or K.S,O, used as oxidizing agent of silver ions. In these
reactions the silver oxysalts can successfully be produced as pre-
sented with the reactions below:

AgNO, and (NH,) SO,

13AgNO, +2(NH,),S,0, +8H,0 — Ag(Ag,0,),NO,
+3Ag,S0, +(NH,),S0, +2NH,NO, + 10HNO, +3H,  (5.9)
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Fig. 5.9 XRD pattern of the grayish-black precipitate produced by the reaction of
AgNO, and K,S,0, [41]. Reprinted with permission from ECS—The
Electrochemical Society

AgNO, and K.S,O,:

7AgNO, +K,S,0, +H,0 — Ag,O,NO,
+6HNO, +H,S0O, +K,SO, +4H,0 (5.10)

In the reaction of AgNO, with K,S,O,, only AgNO, (or
Ag.,O,NO,) was deposited. As found by XRD analysis all the peaks
in the pattern presented in Fig. 5.9 exactly match the compound of
composition Ag.O,NO,.

The SEM mlcrographs of Ag.O,NO, produced by the chemical
oxidation of AgNO, with K,S O, are presented in Fig. 5.10. It appears
that the particles are uniform and cubic in their shape. The size of
these particles is estimated at about 2-5 um.

For the determination of antimicrobial activity, samples of HDPE
were coated with silver oxysalts (Ag,O,NO,) as described in the lit-
erature [41]. The comparison of SEM micrographs of uncoated and
coated HDPE mesh is presented in Fig. 5.11. As shown in Fig. 5.11b,
the surface of HDPE is partially covered with Ag.O,NO, particulates.
The samples coated with Ag O, NO, particulates were tested for bio-
activity against the bacteria P. aeruginosa and S. aureus or fungi
Candida albicans.
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Fig. 5.10 SEM micrograph of the grayish-black powder produced by the reaction
of AgNO, and K SO, [41]. Reprinted with permission from ECS—The
Electrochemical Society

As can be seen from the photographs shown in Fig. 5.12 clear
zones surrounding the test samples, where a growth of tested micro-
organisms did not occur, were observed in all cases for S. aureus (a
Gram-positive bacteria), P. aeruginosa (a Gram-negative bacteria)
and C. albicans (a fungi). The size of the corrected zone of inhibition
(CZOI), where the growth of tested microorganisms was not
observed, was estimated at 3—5 mm for all the tested samples.

These results show that silver oxysalts have antimicrobial and
antifungal properties. Furthermore, these results are in agreement
with previously published results in which it was suggested that only
oxidized silver species, and not metallic silver, exhibit an antimicro-
bial activity [25, 26, 50].

Production of silver oxysalt-coated dressings for the topical appli-
cations in the wound healing is patented [42] and available in North
America on the market.

Biocidal and biostatic activities of HDPE treated with silver com-
pounds were investigated in vitro [57]. For this purpose HDPE mesh
was coated with Ag,CO,, Ag,SO,, Ag,0, Ag,O,NO,, AgCl, AgH,PO,,
Ag,HPO,, Ag,S, Ag,C,0, and Ag,C,H,O,. Coating of HDPE was
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Fig. 5.11 SEM micrographs for uncoated HDPE: (a) magnification 150 times
and HDPE on which grayish-black powder was deposited (b) magnification 1,000
times [41]. Reprinted with permission of ECS—The Electrochemical Society

carried out by its simple immersion into solution or slurry, while
mentioned compounds were synthesized in situ [58]. The results for
biocidal and biostatic activities for HDPE samples coated with the
mentioned oxides or silver-based salts are presented in Table 5.2.

The results in Table 5.2 show that samples coated with Ag S did
not exhibit antimicrobial activity. Other HDPE samples coated with
silver compounds showed more or less antimicrobial activity. The
results described in Table 5.2 suggest that the antimicrobial activity
is closely related to the ionization or solubility of respective silver
compounds.
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Fig. 5.12 Controlled zones of inhibition of growth of microorganisms
(a) Staphylococcus aureus, (b) Pseudomonas aeruginosa and (¢) Candida
albicans surrounding HDPE on which silver oxy-salts were deposited [41].
Reprinted with permission from ECS—The Electrochemical Society

No antimicrobial activity for Ag,S-coated HDPE samples can be
attributed to a very low solubility product of silver sulfide. The solu-
bility product of Ag,S is about 10-%. Consequently, when Ag S-
coated HDPE is exposed to the medium containing microorganisms,
silver ions are practically not available and antimicrobial activity of
this particular sample is not observed.

Other silver compounds used in this work [58] have significantly
higher solubility products. As such, upon the exposure to the medium
containing microorganisms they can release silver ions and exhibit
antimicrobial activity. Slightly less antimicrobial activity for Ag,SO,-
coated HDPE can be attributed to an uneven distribution of this com-
pound at the surface of the mesh.
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Table 5.2 Total silver content, biocidal and biostatic activities against
Staphylococcus aureus for HDPE coated with various oxidized silver species
[58]. Reprinted with permission from ECS—The Electrochemical Society

Growth in
tube Day 1  Bactericidal
Total Ag Bacteriostatic ~ Day 2 viable organisms

Sample (mgAg/cm?)  CZOI (mm) (Y orN) (CFU)
AgCl 0.01 6.0 N Y 7.58x10*
AgH. PO, 0.01 2.5 N Y 1.30x10°
Ag HPO, 0.01 8.0 N Y 1.37x10°
Ag,S 0.01 0.0 Y Y TNTC
Ag,C0, 0.01 6.0 N Y 1.95%10*
Ag,CHO, 0.01 1.5 Y Y TNTC
Ag,CO, 0.01 10.0 N N 1.1x10°
Ag SO, 0.01 1.0 Y Y TNTC
Ag,0 0.01 3.0 N Y 2.75%10°
Ag ONO, 0.03 12.0 N N 3.00x 10°
Acticoat 0.50 10.0 N N 2.00x10°
Uncoated 0.01 No inhibition Y Y 4.50%x 108

TNTC to numerous to count

Interesting behavior was found with HDPE samples coated with
silver tartrate (Ag,C,H,O,). This sample exhibited a minor antimi-
crobial activity in comparison with other tested samples. A plausible
explanation for this behavior can be attributed to tartrate ions.
Tartrate ions (C,H,0,>) are well-known reducing agents of silver
ions [59]. In this way, upon exposure of Ag,C,H,O-coated HDPE
mesh to the tested medium both Ag(I) and C,H,0* ions will be
produced due to the dissociation of silver tartrate. Furthermore, in
an agar medium Ag(I) ions can be reduced to the elemental silver
with tartrate ions. As a result, due to the formation of elemental
silver, no bactericidal activity is seen as shown by the results in
Table 5.2.

On the basis of the results shown in Table 5.2, most of the tested
samples, except those coated with Ag,S, exhibited a clear zone of
inhibition, thus indicating a positive bacteriostatic activity against
S. aureus. Similarly, the bactericidal activity of HDPE coated with
the mentioned silver compounds was positive for most tested

samples.
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The antimicrobial activity of HDPE samples coated with different
compounds according to Table 5.2, qualitatively changes in the fol-
lowing order:

Acticoat = Ag,O,NO, > Ag,CO, > Ag,HPO, > AgCl =
Ag,C,0, > AgH PO, > Ag,0>> Ag,C HO, =
Ag,S0, > Ag,S = uncoated HDPE

Acticoat is an antimicrobial wound dressing comprising of a mix-
ture of Ag,O and pure silver, which is available on the market. This
product is widely used in the clinical settings. A better activity of
Acticoat against P. aeruginosa when compared to other HDPE sam-
ples coated with different silver compounds should be attributed to
the significantly larger amounts of total silver in the Acticoat speci-
mens. As shown in Table 5.2, the Acticoat specimens contained
0.5 mg Ag/cm [2], which is 50 times more when compared to HDPE
samples coated with other silver compounds. Interestingly, the sam-
ples coated with Ag O,NO, exhibited the antimicrobial activity
comparable to that of Acticoat, although they contained approximately
15 times less silver than Acticoat.

The results shown in Table 5.2 suggest that not only the amount of
Ag(I) present in medium, but also the nature of silver compounds
plays a significant role in the antimicrobial activity. Silver com-
pounds can be used as coatings on various surfaces in medical device
industries. However, their use should be restricted on topical applica-
tions. In the external applications, problems related to the relatively
high concentrations of silver can successfully be avoided.

When dealing with internal applications, e.g., catheters, implants
or similar, where some activity of Ag(I)-based species is required, the
use of silver compounds for these purposes should very carefully be
examined. The presence of high concentrations of silver ions could
rather be detrimental than beneficial [16]. It is well established that
silver ions in high concentrations could be cytotoxic [16].

In the internal applications of medical devices coated with silver
compounds, significant problems may arise due to the secondary
reactions of Ag(I) ions and constituents of blood or body fluids.

For example contact of Ag(I) ions with Fe(Il) ions from internal
fluids could lead to the reaction:

Fe™ + Ag" - Fe™" + Ag (5.11)
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Note that at a pH above 4.5, Fe** will be precipitated as Fe(OH),.
On the other hand, if Ag(I) is reduced to elemental silver, Ag, then
antimicrobial activity would not take place. Similarly, sufficient con-
centrations of Ag(l) in the presence of Cl~ may form the AgCl pre-
cipitate, according to the following reaction:

Ag" +ClI" — AgCl | (5.12)

Formation of AgCl or Fe(OH), precipitates or solid Ag particles
would not lead to a desired effect in the internal applications. One
can only speculate what kind of consequences may occur when the
precipitates such as AgCl or Fe(OH), are formed, especially if this
class of materials is targeted for intravenous catheters, urinary cath-
eters or perhaps implant applications. The scenario could even be
more complicated if the adhesion of silver compounds, including
metallic silver, is poor. In this case, a separation of solid particles
from the device inside the body could lead to the catastrophic
problems.

Of course, an in-depth understanding of the behavior of silver or
silver compounds coated devices for the internal use requires
significant future studies.

5.5 Elemental Silver and Its Antimicrobial Activity

Like many other metals, silver can react with oxygen or other agents
from the biological environment, forming at the surface oxide films.
Oxidation process is the essential factor for the observation of the
antimicrobial activity of medical devices coated with pure silver.
Materials with pure metallic silver or metallic silver particles distrib-
uted within polymeric matrix were investigated for their antimicro-
bial activity [60]. Although this and other pure metallic silver
materials produced poor inhibition zones in the agar diffusion tests
commonly used to assess the activity of novel materials, they may
show some antimicrobial activity in clinical studies, when tested
in vivo.

A medical device coated with a homogenous layer of pure silver
having an acceptable adhesion was exposed to interstitial fluids [61].
A bactericidal activity was seen as shown by the in vitro tests, enzyme
linked immunosorbent assay (ELISA) techniques. The results showed
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that the material significantly inhibited adherence and subsequent
growth of S. epidermidis. The activity was not reduced after the expo-
sure to blood proteins and persisted after 4 weeks pre-incubation in
phosphate buffered saline solution [62].

Silver coatings on stainless steel SS 316 L substrates were pre-
pared via electroless deposition from an alkaline Ag(NH,)," solution,
using sodium potassium tartrate as a reducing agent [63]. The corro-
sion behavior was investigated in 0.9% NaCl solution and in artificial
urine. The rate of corrosion in both 0.9% NaCl or in artificial urine
was found to decrease with an increase in the thickness of silver
coating. In 0.9% NaCl solution, the corrosion rate of silver coating
was higher than that in the artificial urine. The number of bacteria
(P. aeruginosa) adhering to the surface was significantly lower on
the silver coatings than on bare stainless steel substrates. These
results confirm that some antimicrobial activity of silver coatings was
observed. This antimicrobial activity is attributable to the surface
oxidation (corrosion) of silver-coated stainless steel and a consequent
release of silver ions in the tested medium.

Metallic silver may exhibit some antimicrobial activity, when it is
sufficiently long exposed to the interstitial fluids, suggesting that time
is a very important parameter determining the corrosion rate. This
leads to a conclusion that corrosion plays a significant role in the
antimicrobial activity of pure silver. In catheter and/or implant appli-
cations it would be possible to oxidize the surface of silver metal in
the presence of oxygen and various ions e.g., CI-, SO, etc., from the
interstitial fluids. Consequently, some “low” concentrations of Ag(I)
ions at the surface of the medical device could be present due to the
corrosion of silver. The corrosion of silver leads to the appearance of
the oligodynamic activity.

The devices coated with silver may contain naturally formed silver
oxide at the surface. Or due to corrosion, while in contact with inter-
stitial fluids, the surface of silver metal can be oxidized. A presence
of oxidized silver species at the surface of the medical device could
produce the concentrations of silver ions that are sufficient for the
antimicrobial activity. In this way, an undesired infection and/or
growth of a biofilm at the surface of the medical device would be
possible to prevent.

For internal applications, devices coated with elemental silver would
probably be safer to use due to lower concentrations of Ag(I) released.
The formation of precipitates such as AgCl or Fe(OH),, as discussed
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above, would probably be avoided with very low concentrations of
Ag(]) released due to corrosion of silver. However, much experimental
work is needed to prove this concept.

5.6 Conclusions

The results thus far have shown that a presence of silver ions on a
biomedical device surface is an essential factor leading to antimicro-
bial activity. This fact is quite successfully used for wound-healing
applications as topical dressings. A relatively fast release of silver
ions in this case could lead to the desired antimicrobial activity.

Proper analysis of some devices coated with “nanocrystalline”
silver showed that they are coated with silver oxide or other silver-
based compounds. Medical devices coated with silver compounds
e.g., Ag,0, Ag.ONO,, Ag,SO,, Ag,CO,, etc., should very carefully
be taken into consideration for the internal applications such as cath-
eters and implants. “High” concentrations of the released silver ions
may produce precipitates such as AgCl or Fe(OH),, which could lead
to dramatic consequences, especially when these devices are applied
internally.

Silver in its elemental state does not exhibit significant antimicro-
bial activity due to very limited release of Ag(I) ions. If used in contact
with interstitial fluids (implants or catheters), elemental silver may
exhibit some antimicrobial activity due to corrosion and formation of
surface oxides.

The formation of surface oxides may lead to the observation of an
antimicrobial activity due to the release of Ag(I) ions.
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