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Preface

The reference book Biomaterials and Bioengineering Handbook contains cutting-edge chapters by
leading practitioners who deal with critical issues concerning biocompatible materials—polymers,
metals, and other substances—used in or on the human body. The topics range from biopolymers
used in controlled-release drug delivery systems and synthetic burn-wound dressings to
biopolymeric plates used in bone repair and specific orthopedic devices. Each application-oriented
chapter integrates basic science, engineering, and medical experience. Most chapters offer
discussions of quality control and regulatory approval.

This book offers a wealth of valuable data and experience that will be of use to all bioengineers,
materials scientists, and practicing physicians concerned with the properties, performance, and use of
materials—from research engineers faced with selecting materials for given tasks to physicians and
surgeons interested in materials’ biocompatibility, behavior, and toxicology. The many chapters,
some of which include case studies, provide rich insights into our experiences today with a broad
spectrum of modern biomaterials applications. The book features discussions of the following:

e Basic science, engineering, and medical experience with many biomaterials
o The properties, performance, and use of biomaterials

o Issues of biomaterials behavior, toxicology, and biocompatibility

e Maintaining quality control using a variety of instruments

The medical device and drug industry is consistently among the strongest technological
performers, and materials are a key ingredient in this dynamic growth. Development of these
materials is in a constant state of activity, as old materials fail to withstand the tests of time and
modern applications demand new materials. This book focuses on materials used in or on the human
body—materials that define the world of “biomaterials.” The book covers the range of
biomaterials from polymers to metals to ceramics. The diversity of the field necessitated careful
integration of basic science, engineering, and practical medical experience in a variety of applied
disciplines. As a result, scientists, engineers, and physicians are among the authors. They provide a
full and detailed accounting of the state of the art in this rapidly growing area, reflecting the diversity
of the field.

Clearly, the Biomaterials and Bioengineering Handbook focuses on materials development and
characterization. Chapters deal with issues ranging from biocompatibility and biostability to
structure - function relationships. Chapters also focus on the use of specific biomaterials based on
their physicochemical and mechanical characterization. Integral to these chapters are discussions of
standards in analytical methodology and quality control.

The users of this book will represent a broad base of backgrounds ranging from the basic sciences
(e.g., polymer chemistry and biochemistry) to the more applied disciplines (e.g., mechanical and
chemical engineering, orthopedics, and pharmaceutics). To meet varied needs,
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each chapter provides clear and fully detailed discussions. This in-depth but practical coverage
should also assist recent inductees to the biomaterials circle. This volume conveys the intensity of
this fast-moving field in an enthusiastic presentation.

“Biomaterials” range from biopolymers used in controlled-release drug delivery systems to
biopolymeric plates used in bone repair to specific orthopedic devices described in case studies.
Basic science, engineering, and medical experience are each necessarily integrated into the contents.

The book is organized by the type of biomaterial application, including: selected biomaterials and
biocompatibility studies; case studies of orthopedic biomaterials; specific biomedical applications of
biomaterials; and functional biomaterials. This organized format allows the reader to focus on a
specific application of interest.

As noted above, this book addresses polymers as well as metals and other materials that are used
in or on the human body. For example, chapters on biopolymers include controlled-release drug
delivery systems, bone repair cements and resorbable fixtures, synthetic burn-wound
coverings/dressings, and so on. Integral to chapters on these applications of biomaterials are
discussions on quality control using a variety of instrumentation, such as gel permeation
chromatography, thermal gravimetric analysis and differential scanning calorimetry, and high-
performance liquid chromatography.

The readers of Biomaterials and Bioengineering Handbook are expected to have broad and varied
specialty backgrounds, but to be focused in their own applied work. Materials scientists and
materials engineers will be interested in applications concerned with properties, performance, and
use. Design criteria are emphasized because the research engineer will be concerned with the
selection process for given tasks. The academic physician and practicing surgeon will be concerned
with materials behavior, toxicology, and biocompatibility and will want to see these aspects
presented in a readily accessible form. As a result, each chapter provides details satisfying to
professional colleagues interested in biomaterials.

Donald L. Wise
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1

Biocompatibility: Review of the Concept and Its
Relevance to Clinical Practice

J. H. Boss
Bnai Zion-Medical Center, Haifa, Israel

I. INTRODUCTION

Based on current ideas and past experience, as reflected in a towering literature, clinicians entrust
certain biomaterials with the virtue of biocompatibility and condemn others with the infamy of
bioincompatibility. Not having the edge of personal bedside skills, materials scientists are likely to
miss what has been learned in the course of decades of clinical practice of implantation. They choose
to classify biomaterials by their performance in the highly artificial niches of test tubes or, at best, in
the experimental animal. Such ratings coincide with explicitly preconceived assumptions. Not
surprisingly, the same biomaterial may be censured in the tranquility of the laboratory and prized in
the bustle of clinics, and vice versa. Bio(in)compatibility is an innate property of a material. Property
is an essential quality or capability of a material or a quality common to a whole class of materials
[1,2]. The quintessence of a material cannot be formulated by a pair of opposites. The paradoxically
conflicting viewpoints of researchers are dissipated by the concept of the relativity of
biocompatibility [3]. Having established that the biological behavior cannot be discoursed out of a
working context, deviating conduct traits of a biomaterial under disparate circumstances are,
logically, contingent on particular environmental situations.

I11. DEFINITIONS AND CONCEPTS

Biomaterials are substances, other than food or drugs, introduced in therapeutic or diagnostic
systems which are in contact with the tissues or biological fluids [4]. They constitute a
heterogeneous group of living or inanimate, natural or synthetic, inorganic or organic compounds.
They are inserted into or placed onto the body with the aim of improving the function of or replacing
a diseased, damaged or lost tissue or a whole organ. Biocompatibility describes the interactions
between the living system and the material introduced into this system. A material is bioinert when
the material-tissue interface is stable, i.e., constituents of the tissue and material neither react
chemically with each other nor dissolve into each other. When the interface is not in equilibrium,
that is, when the interface is unstable, host-material relationships characterized by irritation,
inflammation, damage, immunogenicity, pyrogenicity, toxicity, mutagenic-
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ity or carcinogenicity evince a state of bioincompatibility while a state of biocompatibility exists in
their absence. Biomaterials which cannot be eliminated by the body are biotolerant when they are
fibrotically encapsulated and bioactive when they evoke a critical host reaction. Bioactive
hydroxyapatite is a case in point in as much as it stimulates proliferation and differentiation of
fibroblasts and osteoblasts and induces collagen synthesis by these cells. Types Il and V collagen
are synthesized in the immediate postimplantation period. Their substitution by type | collagen is a
distinctive attribute of the response to a biocompatible material. Constituting operative interruption
of the tissue integrity, any implantation inevitably elicits an immediate inflammatory reaction. An
implant evokes a specific response if the ensuing inflammatory, granulomatous and fibrosing
processes are over and above those expected to occur in the course of simple wound healing. The
patterns of wound healing and the response to nonirritating materials, including the fleeting
infiltration of neutrophils and the action of tissue debris-resorbing enzymes, parallel one another
during the earliest phases, but deviate from each other at the later stages. Implants are initially
enclosed by leukocytes, the density of which lessens with time and, compared with other white blood
cells, macrophages preferentially adhere to the surface of the foreign bodies. Some recruited
monokaryonic macrophages fuse to form polykaryonic macrophages—the so-called foreign body
giant cells. The mono- and polykaryonic macrophages abut on the implant’ s surface and
phagocytose small breakdown particles, if such are scattered in periprosthetic tissues. From the early
to the late stages, the evolution of the periprosthetic processes depend, among others, on the implant-
tissue interaction-driven activation of the leukocytes. This in turn determines production of integrins,
adhesion molecules and intermediary substances of inflammation. It is self-evident that sufficient
and undisturbed incorporation into the living environs and rapid functional takeover are imperative
for an effectual reconstructive surgery. Locally toxic chemicals provoke unrelentingly ongoing
inflammatory and necrotizing reactions. Investigators are aware that the results of local toxicity
testing are incidental on the animal species evaluated. To set an example, neutrophils encircle
polyurethane particles in the mouse’ s subcutis for many months, but in rabbits they are absent
during the late phases around the particles in the subcutis. In addition, to get a faithful view of in
vivo biocompatibility, qualitative parameters of local reactions ought to be amended by quantitative
scores, e.g., the intensity and extent of tissue damage, thickness of an encapsulating fibrous
membrane or density and differential count of an infiltrating cell population. As opposed to the local
effect of a toxic substance, systemic toxicity, due to either leached components or poisonous
degradation products, is hazardous to the recipient’ s health and may even be fatal [5 - 22].

Remnants of fabrication-associated additives or solvents as well as impurities are of concern in
view of their possible noxious effects on the tissues. For instance, unless removed prior to use, the
dross (fragmented fibrils) included in commercially available carbon filaments turns into an
implantation debris. Likewise, release of Al,O,, Ta;O;, ZrO, and phosphates from ceramics inhibits

mineralization of newly formed bone subjacent to the implant. Also worrisome is the prospect of
formation of toxic compounds by sterilization of biomaterials, e.g., with ethylene oxide or gamma
irradiation. Breakdown particles of otherwise biocompatible materials incite disastrous reactions
when deposited at host-implant interfaces. They may initiate annoying, at times serious side effects
when migrating to distant sites. It is important to keep in mind that fabrication-related shortcomings
and an implant” s poorly chosen configuration tend to increase generation of breakdown particles. It
is an attractive proposition to convert inactive into active biomaterials by incorporating
pharmaceutical agents (e.g., drugs and growth factors) into the bulk or surface of the implants [23 -
29].

Patterns of the tissular responses depend on the chemical as well as the physical properties of the
implant and on the host” s reaction potentials. The inventory of critical factors encom-
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pass toxicity, chemical composition, hydrophobicity/hydrophilicity, size, shape, weight per area,
surface texture, surface free energy, surface charge, surface-adsorbed proteins, wettability, solubility,
porosity, pore size, rate of degradation, degradation products, particulate burden, implantation site
and species-specific reactivity. Implants induce foreign body reactions. With rare exceptions, they
are sequestered from the tissue by a two-tiered interfacial membrane. The inner coat consists of
mono- and polykaryonic macrophages admixed with lymphocytes and, as the case may Dbe,
neutrophils, eosinophils, plasma cells and mast cells. The outer coat, merging with the surrounding
tissues, is composed of concentrically oriented fibrocytes and collagen as well as reticulin fibers.
Macrophages abut upon the implant’ s surface as early as the third postoperative day. Foreign-body-
activated macrophages synthesize monokines and growth factors, which in turn stimulate
proliferation and differentiation of mesenchymal cells, multiplication of fibroblasts (or other cells, as
the case may be) and synthesis of collagen fibers (or other matrical elements, as the case may be).
Fibroblast-stimulating activities are amplified in vitro by preadsorption of a material with proteins,
among which albumin, gammaglobulin, fibrinogen, and fibronectin are of a particular interest in the
context of periprosthetic matrical molecules. Incidental to the implant’ s nature, the cellular
composition, content of the extracellular matrix and thickness of the interfacial membrane change
postoperatively. Fibrous encapsulation is typical of the reaction to biocompatible, nondegradable
biomaterials. Equal things being equal, the capsular thickness parallels the amplitude of relative
motion at the tissue-implant interface. Thick fibrous interfacial membranes may impair an implant’

s functional capacity. Bioincompatible substances generally elicit intense inflammatory and

*
necrotizing responses. Deductively, the histologic characteristics of the interfacial membrane are
the measure of the local biocompatibility of an implanted material [26 - 38].

Safety and efficacy are the most important considerations in implantology. By and large, up-to-
date biomaterials are neither poisonous nor tumorigenic in man. Yet, the prospect that their
breakdown products may be detrimental to the patient’ s well-being is of concern. In view of
literature reports, foreign body carcinogenesis (tumorigenesis contingent on physical—as opposed to
chemical—properties of a foreign body) is a possibility to be reckoned with. Although not cancer
initiators, implants may act the role of promoters. Indeed, sarcomas arise sporadically near
patients’ implants many years postoperatively. They also develop now and then in rats with a
subcutaneous or intramuscular, metallic or polymeric (nonresorbable or resorbable) implant. In rats,
various biomaterials are tumorigenic. The rate at which neoplasms develop is mainly material
dependent. At least some additives used in the manufacture of biomaterials are endowed with tumor-
promoting activity. The tumor-promoting activity is influenced by surface characteristics of as well
as by an antioxidant added to a polyethylene film. Extrapolations from the experimental to the
clinical settings are fraught with uncertainties, yet, the clinical case reports and experimental data is
worrisome. That the rate of implant-induced tumors is incidental to the species as well as the strain
of the animals studied is what makes investigative endeavors so difficult [39 - 43].

Prior to addressing the subject matter of this chapter, it is proper to make some prefacing
comments for the benefit of the noninitiated reader. Biocompatibility relates to the exploitation by a
material of the proteins and cells of the body to meet specific performance goals. In addition to
biological aspects, biocompatibility further pertains to the harmonious operation of the implant-
tissue complex. Unless planned for short-term service, the time dimension plays a

*Some researchers have communicated their quantitative and statistical methods for assessment of the interfacial
membranes. No consensus having been reached, and in this author’ s judgment one technique is as gratifying as any other,
the subject is not further dealt with herein.
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crucial role since biocompatibility, biostability, biodurability and biofunctionality must last for the
duration of the material’ s programmed function in the body. Biostability is of concern since
leaching and degradation of constituents of a material may alter the implicit biocompatibility [44 -
46].

All implants degrade with time but at different rates. The degradation is governed by diverse
mechanical stresses. Hence, biostability is a relative term too. Acceptedly, materials degrading
tardily, e.g., polyethylene, are labeled as biostable. Employment of a device of poor biodurability
cannot be justified if its degradation, with or without mediation of enzyme-catalyzed processes,
results in release of toxic products. Some of the well-established effects of cellular activities on
polymeric surfaces are fissuring, cracking and rupture. Duration of an implant’ s service is a
function of its biodurability. For instance, the duration of service is reduced when an implant
calcifies such that it loses its flexibility critical for the performance of a polymeric cardiac valve
prosthesis. The rate and extent of calcification of natural (e.g., collagenous) and synthetic (e.g.,
polyurethane) devices depend on adherence of cellular debris, local stress concentrations, absorption
of calcium-binding serum proteins, surface defects and inherent affinity sites for calcium ions.
Finally, biofunctionality pertains to the mechanical and physical properties enabling an implant to
perform its planned functions. Because the forces and stresses acting on the bone regulate its growth
and remodeling, differences in mechanical properties can hinder or uphold the success of an implant
irrespective of the materials used in its fabrication [29,45 - 53].

Biocompatibility is modified by a material’ s surface texture. A microporous surface optimizes
attachment of fibroblasts coupled with enhanced synthesis of extracellular matrix and is linked to a
reduction of the inflammatory reaction. An implant of polyvinyl chloride-polyacry-lonitride
copolymer with 1- to 2-um-sized pores encourages the close adherence of fibrous tissue to the
surface, whereas an implant of the same material but with smaller or larger pores incites a
granulomatous interfacial response [54,55].

Biomaterials ought to be evaluated in vivo under nonloaded as well as loaded conditions.
Assessment of the response to a nonloaded implant appraises the tissular compatibility but only
analysis of a loaded implant yields the functional compatibility as well. For example, friction at
tissue-host interfaces perpetuates inflammatory reactions. In comparison with restrained implants,
compliance of actively loaded devices upsurges the formation of both fibrous and granulation tissue
[56 - 58].

A highly sensitive technique of biocompatibility testing within the bony environs quantitatively
grades implant-mediated disturbances of primary matrical mineralization via the matrix vesicles and
calcifying globules [59].

Hypersensitivity to one or more constituents reverses the rewarding payoff of an otherwise well-
tolerated biomaterial in a susceptible individual. Similarly, an implant’ s ingredient capable of
directly activating the complement cascade may boost the tissular response to an in vitro innocuous
biomaterial [60 - 62].

The exemplified eventualities are mentioned in an attempt to persuade readers that neither in vitro
nor simplistically planned in vivo experiments suffice to unmask the gamut of untoward effects an
implant may generate in patients. As with cytotoxicity and carcinogenicity tests in general, it is not
passable to merely explore one compound or another under artificial laboratory settings.
Comprehensive analyses must be adjusted to the proposed clinical application of the device and must
comprise any and all of the biomaterials under consideration. Indeed, rats react differently to such a
seemingly trivial difference as whether expanded tetrafluoroethylene discs are implanted into the
animals ’ subcutaneous or epididymal fat tissue [63,64].

Two congenial indices of the host response to a biomaterial are the thickness of the membrane
insulating it from its environment and the intensity of the inflammatory infiltrate
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within the membrane. It should be understood, however, that features of the interfacial membrane, as
observed under the microscope at any given time, depict but a stage in a drawn-out process.
Formation of the interfacial membrane begins with the acute postoperative inflammatory infiltration.
It continues with the reaction to chemical substance(s) of the implant’ s surface and to those leached
from it as well as to proteins of the biological fluids adhering thereto. It winds up with the response
to the physique of the surface and to interfacial movements. Reflecting the conventional foreign
body reaction, encapsulation by fibrous tissue—more often than not invaded by at least some
mononuclear and giant cells—does not address the issue of biocompatibility. It is rather the reaction
severity which is the measure of bio(in)compatibility [65 - 68].

The well-balanced interfacial situation occasionally deteriorates, upon which cell-derived
chemoattractants recruit ever more leukocytes, and growth factors boost fibroblastic proliferation
and production of collagen and enzymes and debase the implant’ s surface. Leukocytes, including
the mono- and polykaryonic macrophages, are short-lived cells. Hence, the perpetual presence of
leukocytes at the interface signals continuing control of the local scene by the implant” s chemical
and physical qualities. Inoffensive foreign body responses being consistent with well-functioning
implants, a thin interfacial membrane is a compelling criterion of biocompatibility. As a rule, the
thickness of inflamed interfacial membranes increases with the in vitro gauged cytotoxicity of a
biomaterial. Deductively, the absence of an interfacial membrane implies an outstanding
biocompatibility. Osseointegration specifies lack of a soft tissular interfacial coating within the bony
environs. It is defined as the direct contact, at the light microscopical level, of viable osseous tissue
with the surface of the implant [27,68 - 72].

Definitions of biocompatibility are many, their premises depending to a large measure on the
authors’ professional training, background and interest. The objective of this survey is to highlight
the perspectives which are deterministic in the success or failure of the implants, particularly as
witnessed in everyday practice of reconstructive surgery. Admittedly, the viewpoints brought up are
colored by the morphologist’ s retrospective aptitude of exploration. The purpose of
biocompatibility research is to aid the physician in her or his care of the sick. Short of
biofunctionality tests, microscopic study of the implant-tissue interface and its surroundings is an
informative practice to assess an implant’ s in vivo behavior, notably when such an evaluation is
carried out on samples retrieved after lengthy and effective service periods. Repercussions on the
functional and morphological aspects of distant organs are not to be ignored, but the crucial
parameters of biocompatibility are the qualitative and quantitative morphological aspects of the host-
implant interface and its contiguous reaction zone [73 - 76].

I11. NONBIODEGRADABLE POLYMERS

In vitro techniques have been worked out to gauge the biocompatibility of nonbiodegradable
polymers based on tests ranking cell adhesion, cell migration, and cell growth on the surfaces. It is
critical to concurrently determine cell viability in the culture media to which extractables leached
from the pertinent biomaterial have been added. This is of special import in view of potential
cytotoxicity of catalysts used in manufacturing processes. Future research is anticipated to clarify
whether the results of current tests do indeed match the clinical observations in patients with
implants as well as the data obtained on histological analysis of retrieved implants [77 - 80].

Macrophages are stimulated by interacting in vitro with polymers. The intensity of their activation
varies from one material to another. Their adhesion to the surface, via receptor molecules, is
modulated by adsorbed matrical and humoral constituents. The activation and incitement of the
macrophages to synthesize and secrete cytokines and growth factors are
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should be considered when evaluating biocompatibility? The widely used polyethylene is a case in
point. Myriad joint replacements being carried out annually, orthopedic surgeons are evidently
convinced of the biocompatibility of the ultrahigh molecular weight polyethylene, making up an
articulating surface of the artificial joints. Indeed, smooth surfaced polyethylene blocks are well
accepted by the tissues as expressed by the formation of a thin, bland, fibrous capsule, an apt marker
of optimum biocompatibility. Devices such as the Rashel polyethylene net (employed in the
treatment of musculofascial defects) and the high-tensile polyethylene filamentous prosthesis (used
experimentally in the replacement of the anterior cruciate ligament) incite a mild foreign body
granulomatous response and are adequately organized by tissular ingrowth and ongrowth (Figs. 1, 2).
Phenotype preservation of highly differentiated cell types in culture is precarious. That the
chondrocytes growing within the pores of a polyethylene substrate maintain collagen type Il
synthesis for several weeks, validates this polymer’ s in vitro biocompatibility [3,97 - 100].

Alas, there is another side to the coin. Cells die when cultured on polyethylene in a saline medium
(and, by the way, on some other polymers as well). Hence, the polyethylene is, at least conditionally,
toxic to the cells; ergo, it is bioincompatible. Conceded, physiological saline does not simulate the
milieu interne. This toxic effect is averted, however, when the cells are seeded on the polyethylene in
serum-containing medium or if the polymer is preadsorbed in a proteinaceous solution (albumin, IgG
or fibronectin). Saline incubated with the polyethylene is innocuous to cells. Hence, the saline is
devoid of detectable (leached) toxic traces. Therefore,

Figure 1 Abundantly formed, well-aligned, bundled collagenous tissue (CT) close to bundled polyethylene filaments
(arrows) of a Rashel net which was retrieved a decade after its implantation for augmentation of a large postoperative
musculofacial defect. Giemsa stain. X 30.
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Figure 2 The bundle of polyethylene filaments of the Rashel net is poorly organized, scarce cells having penetrated in
between the individual polymeric fibrils (arrows). The bundle is surrounded by mono- and polykaryonic macrophages (M)
intermixed with a few lymphocytes. Newly formed fibrous tissue (FT) abounds around the bundle. Giemsa stain. X 200.

the noxious effect of the polyethylene in a saline medium is ascribed to the substrate’ s physical
properties. Cell attachment to the polymer is prerequisite for this intrinsic surface toxicity to occur.
Critique is justly directed at assays in which a material is tested in a culture medium without direct
contact of the material with the cells. Without close cell-material contact, test results show whether
or not the polymer leaches toxic compounds. Such tests gauge the material’ s (non)toxicity but not
its bio(in)compatibility. Likewise, the results of in vitro cytotoxicity tests depend to a large measure
on the procedures used by the investigators in the preparation of their materials. In conclusion, the
outcome of in vitro tests is ever so often an unreliable indicator of the in vivo conduct of
biomaterials. As persuasively gleaned from the analyses of both patients’ and animals’  well-
functioning retrieved implants, the purportedly “ ‘toxic” polyethylene is innocuous. On the other
hand, the R-4 latex, which in vitro proves devoid of any cytotoxic effects, provokes an intense
tissular reaction when inserted into a rat” s muscle [101 - 104].

The morphological assessment of specimens retrieved postmortem from patients with well-
functioning total joint replacements endorses the biocompatibility of polyethylene. Yet, not so long
ago, aseptic loosening of artificial joints was equated with “polyethylene disease.” It was early
implied and later corroborated that an erstwhile harmonious bone-implant coexistence deteriorates in
the wake of an expansive polyethylene-induced granulomatous response to wear particles shed from
the articulating surface and accumulated at the interface. In a rabbit tibial model, polyethylene in
bulk form is separated from its osseous bed by a thin, dense,
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fibrous interfacial membrane with infrequent mono- and polykaryonic macrophages at surface
irregularities. On the other hand, polyethylene particles are being separated from their bony bed by a
thick layer of florid granulomatous and fibrous tissues. The clinical and experimental data leaves
little doubt but that in osseous environs, as at other locales, polyethylene as such is perfectly
biocompatible but its breakdown products elicit tissular reactions which are irreconcilable with long-
term successful function of implants [105 - 107].

The rate of generation of polyethylene wear debris is remarkable: Forty million to 40 billion
particles are yearly shed into the joint cavity of patients with a Charnley total hip prosthesis.
Disintegration proceeds even more briskly when a polyethylene component is implanted without
cement. Bone does not grow up to the polyethylene surface. For the first three postoperative years,
uncemented polyethylene tibial inserts become separated from the bone by a synovial-like membrane
in the presence of but a scant macrophagic response and in the absence of significant osteolysis.
Interfacial micromotion-related generation of particles from uncemented polyethylene acetabular
cups induces a granulomatous reaction which is associated with alarmingly high rates of aseptically
loosened sockets. At the 10-year follow-up, nearly half of all patients with uncemented threaded
polyethylene acetabular sockets require revision operations. This unacceptably high failure rate has
alerted surgeons to shun a direct polyethylene-bone contact. It turns out that the failure is related to a
faulty technique and in no way reflects on the polyethylene’ s biocompatibility [108 - 110].

Periprosthetic tissues of aseptically loosened artificial joints display inflammatory, granulomatous
and fibrosing changes which are mainly induced by the submicron-to micron-sized polyethylene
wear products emanating from the articulating surfaces of the artificial joints. The tiny polyethylene
particles are phagocytosed by large, polyhedral, deeply eosinophilic or foamy macrophages (Fig. 3),
as evidenced by the very fine birefringence and oil red O-affinity of their cytoplasm. Intra-articularly
impacted acrylic fragments may abrade larger polyethylene particles. The forbidding role of
biomechanically poor designs in leading to catastrophes is exemplified by precipitous generation of a
great deal of up to 130-um-long polyethylene shards when a patient” s knee joint is replaced with a
cementless prosthesis manufactured of porous-coated components having too small contact areas
between the articulating surfaces [111 - 113].

The chain of events finalizing failure of artificial joints is initiated by the dispersal of prosthetic
debris in the so-called effective joint space. In addition to mono- and polykaryonic macrophages,
lymphocytes also participate in the infiltration of the periprosthetic tissues. Depending on the
composition of the alloplastic components, a T-cell- or B-cell-predominant or a mixed T- and B-cell
reaction is aroused. The periprosthetic tissues close to osteolytic cavities in patients with a loose
cemented artificial joint hold many more T-lymphocytes than the periprosthetic tissues of patients
with either a well-fixated or a loose cemented arthroplasty without localized osteolysis. The
biocompatibility of any one of the ingredients of joint replacements is suspect if this finding is in fact
indicative of an immune process. Activated lymphocytes synthesize lymphokines. The detritus-laden
macrophages produce monokines. The osteolysis-enhancing factors are of especial interest in as
much as they recruit and stimulate the osteoclasts. The stimulated macrophages may, however, also
directly resorb the bone, a process referred to as surface resorption, distinguishing it from lacunar
resorption performed by the osteoclasts. The degree of ensuing diffuse and localized osteolysis
correlates, as a rule, with the number of particles-laden macrophages. Localized osteolysis
(occurring even aside stable components) may be related to cement mantle defects providing a route
through which debris from the joint cavity reaches the endosteal bony aspect via a cement-metal gap.
The high rate of 40% localized acetabular osteolysis around well-fixated sockets of cementless hip
arthroplasties is worrisome. Once fixation of a component has deteriorated in the wake of osteolysis,
interfacial motion intensifies not only generation of wear particles but promotes osteo-
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Another important consideration is to match the type of material being tested with an appropriate
model. For example, graft substitutes which are particulate or which will be used for cavitary defects
may be better evaluated in a calvarial model. Conversely, a segmental long bone model is more
appropriate for grafts which have structural properties.

Rabbits and rats are usually the first choice for calvarial models, and rabbits and dogs are best for
segmental defects. Dogs and sheep are also most often used for experiments using heavy internal or
external fixations. A summary of some popular animal models used for the evaluation of bone graft
substitutes is given in Table 1.

Table 1 Selected Bone Defect Models in the Literature
Animal Bones Type of defect Author, year

Rat Cranial bone Circular Ray 1957 [10], Takagi 1982 [9], Kenley 1994
[11], Miki 1994 [12], Sweeney 1995 [13],
McKinney 1996 [14]

Radius Segmental Herold 1971 [15], Gepstein 1987 [16], Alper
1989 [17], Solheim 1992 [18], Nyman 1995
[19]

Femur Segmental Melcher 1962 [20], Einhorn 1984 [21], Pelker

1989 [22], Feighan 1995 [23], Hunt 1996 [24],
Stevenson 1997 [25]

Fibula Segmental Narang 1971 [26], Chakkalakal 1994 [27],
Bluhm 1995 [28]
Rabbit Cranial bone Circular Frame 1980 [7], Schmitz 1988 [29], Damien

1990 [30], Arnaud 1994 [31], Robinson 1995
[32], Ashby 1996 [33]

Radius or ulna Segmental Herold 1971 [15], Tuli 1981 [34] Bolander 1986
[35], Hopp 1989 [36], lyoda 1993 [37], Yang
1994 [38]

Tibia Circumscribed Shimazaki 1985 [39], Suh 1995 [40], Uchida
1985 [41]

Fibula Segmental Yang 1994 [38], Taguchi 1995 [42]

Dog Cranial bone Circular Oklund 1986 [43]
Radius or ulna Segmental Key 1934 [44], Nilsson 1986 [45], Delloye 1990

[46], Grundel 1991 [47], Cook 1994 [48],
Johnson 1996 [49]

Ulna Segmental Frayssinet 1991 [50]
Femur Segmental de Pablos 1994 [51]
Tibia Segmental Tiedeman 1989 [52], Markel 1991 [53]
Fibula Segmental Enneking 1975 [54], Welter 1990 [55]
Mandible Segmental Holmes 1979 [56], Toriumi 1991 [57]
Goat Femur Transcortical hole Radder 1996 [58]
Primate Cranial bone Circular Hollinger 1989 [59]
Mandible Grooves Drury 1991 [60]
Sheep Cranial bone Circular Lindholm 1988 [61], Viljanen 1996 [62]
Femur Segmental Ehrnberg 1993 [63], Brunner 1994 [64]
Tibia Drill hole Hallfeldt 1995 [65]
Segmental Gao 1995 [66]
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Figure 3 Sheet of large, polyhedral, foamy, submicron- to micron-sized polyethylene-particles-laden macrophages in the
interfacial membrane of an aseptically loosened, cemented total hip joint replacement. Several macrophages have also
phagocytosed metallic particles. (Inset) The large, foamy, polyethylene and metallic-particles-laden cells are CD68-
immunoreactive, evincing their macrophagic nature. Hematoxylin and eosin. X80. Avidin-biotin immunostain for
monocyte/macrophage-associated CD68 antigen. X 320.

clastic activity as well. Many years postoperatively, the dominance of activated macrophages over
activated fibroblasts at the interface of loosened arthroplasties is a sign of insufficient clearance
mechanisms, implying that the phagocytes are overwhelmed in their capacity to dispose of the large
amounts of generated prosthetic and necrotic debris. Activation of the macrophages by the implant
may be a blessing in disguise. The activated macrophage-derived transforming growth factor-f3 along
with the basic fibroblast growth factor encourage ingrowth of tissue into porosities but they also
further the progressive enlargement of the interfacial membranes. Also, other macrophage-derived
factors cause tissue damage and bone resorption. Small to sizable foci of coagulation necrosis
accompany extensive polyethylene deposits. This vicious circle results in intractable loosening and
failure of artificial joints. It is independent of the reaction to acrylic cement as such. Usually, the
reaction to the polyethylene debris is more prominent than the reaction to metallic particles. It stands
to reason that the adverse response to particulate polyethylene is the most forceful factor in aseptic
loosening of artificial joints, equally condemning cementless and cemented arthroplasties to failure
[23,114 - 128].

A discussion of the tribological aspects of particle generation from a polyethylene surface sliding
over a hard counterface is beyond the scope of this chapter. Suffice to say that the amount of the
breakdown particles depends on several, only partially controllable factors, prime among which are
the contact stress and the geometry as well as yield strength of the component. Polyethylenes of an
inferior quality, manufacturing processes adversely affecting
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wear resistance, lack of congruency, undue properties of the counterface, improper modularity,
incorrect thickness of a polyethylene insert, malalignment of the components, hapless skeletal
geometry, third-body wear, shift or tilt of a component, and the patients’ weight, height and level
of activity have all been implicated in excessive debris generation. Having analyzed their cases of
tibial osteolysis in patients with uncemented total knee arthroplasties, Peters et al. view particles-
associated cavitation as being related to mechanical factors, primarily to destruction of a thin tibial
polyethylene insert, excessive abrasion of a prominent polyethylene tibial eminence and failure of
the metal-backed patellar component, and secondarily to corrosion between the titanium screws and
the cobalt-chromium baseplate. Length of service likewise taking its toll, it is not surprising that
polyethylene particles incrementally accumulate in the joint cavity, articular capsule and implant-
bone interface. The reality of a profuse deposition of particles, rather than their innate properties—
toxicity versus inertness—fore and foremost accounts for exorbitant tissular reactions. Hence, what
happens at the implant-bone interface of failed arthroplasties does not reflect on the biocompatibility
of the polyethylene, or any other biomaterial for that matter, but rather on the strenuous mechanical
conditions of the artificial joint. Component modifications promising improvements while still on
the drawing board, such as a carbon filaments-reinforced polyethylene, have not justified
themselves, the clinical results with the “bettered” material being worse than the “primeval”
one [129 - 138].

Polyethylene is not unique in the untoward effects of its breakdown products on the integrity of
the bone-implant boundary. The microscopical features of the response to polyacetal and
polyethylene particles are indistinguishable from each other. However, polyacetal particles are
released in extra large amounts from the femoral stem of the so-called isoelastic cementless and the
acetabular socket of the Christiansen hip prostheses. Unsurprisingly, the massive inflammatory,
granulomatous, fibrosing, and necrotizing reactions in the periprosthetic tissues of artificial hip joints
with polyacetal-based components are associated with high failure rates so much so that orthopedic
surgeons mostly avoid employing this polymer [139 - 142].

Principles similar to those governing incorporation of carbon filamentous implants (vide infra)
account for deficient bony fixation of the high tensile polyethylene filamentous braid used for
replacement of the anterior cruciate ligament. Deposition of wear products is limited. A thin
granulomatous layer at the perimeter of the braid and a thick fibrous mantle around it evolve, but
there is only scant ingrowth of tissue into its core. A disastrous expansion of the femoral and tibial
tunnels ensues within three months of implantation into the goat’ s stifle. This hardly approximates
the outcome expected of a biocompatible biomaterial. Yet when implanted into the subcutis, the high
tensile polyethylene filamentous braid is amply ingrown by fibrous tissue and enveloped by a thin
fibrous film. It manifests superb biocompatibility in the subcutis. Behavioral disparities of one and
the same device—the high tensile polyethylene filamentous braid in the cited example—in different
sites of the body and under unequal mechanical settings emphasize once more the importance of
reviewing the “unique circumstances’ ’ in biocompatibility assays. The chemical and physical
properties of the polyethylene braids are obviously identical within the osseous tunnels and in the fat
tissue. Locomotion-related motion of the prosthesis within the bony tunnels prevent not only an
adequate tissular ingrowth and organization but a secure bony anchorage as well. The adverse effects
of the biomechanical factors offset the salutary acceptance of the implant by the tissues, spuriously
making the high tensile polyethylene filaments appear bioincompatible when in the stifle [98].

B. Polymethylmethacrylate
Cemented artificial joints attain good long-term clinical results in many patients. Cemented joint

replacement has enjoyed wide popularity until orthopaedic surgeons and researchers alike have made
the polymethylmethacrylate the scapegoat for many prosthetic failures.
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The acrylic cement is cytotoxic in vitro. Its nanoparticles provoke degranulation of neutrophils.
Surface and lacunar osteolysis is triggered in vitro by macrophages that have been isolated from
subcutaneous polymethylmethacrylate-induced granulomas. The scene in the interfacial membranes
of aseptically loosened cemented arthroplasties has been interpreted—wrongly as we are aware
today - as being dominated by polymethylmethacrylate “pearls” and the macrophagic response
thereto, sometimes to the exclusion of polyethylene debris. The polymethylmethacrylate has been,
simplistically, blamed for prosthetic failure and aseptic loosening of cemented artificial joints has
been labeled “cement disease.” Surgeons’ frustration with high rates of prosthetic failure has
rationalized the quest for cementless fixation techniques. Basic scientists’ encouraging findings and
clinicians’ early enthusiastic accounts notwithstanding, the analyses of retrieved uncemented
artificial joints usually do not evince the anticipated widely spread fixation by bony ongrowth and
ingrowth into the porous-coated surfaces but rather an expansive formation of an interfacial
membrane. With introduction of the bone-bonding ceramics, orthopedic surgeons have anticipated
earlier and stronger fixation of hydroxyapatite-coated surfaces by more extensive osseous ongrowth
and ingrowth. The concept of cementless implant fixation was taken one step further. Alas, press-fit
interference, porous coating and hydroxyapatite coating of the alloplastic components have not
alleviated the loosening predicament. There is more to prosthetic failure than cursorily meets the
eye: Indeed, in some surgeons’ experience, the incidence of aseptic loosening of noncemented
artificial joints is higher than that of conventional cemented arthroplasties. Mechanical overload
rather than the discoursed “implant” incompatibilities may be the culprit. This has to be kept in
mind when discussing the biocompatibility of the acrylic cement. Polymethylmethacrylate is not an
adhesive; i.e., it does not glue opposing sidings to each other. Alloplastic components loosen not
only, as ordinarily conceived, at the bone-cement interface, but also at the metal-cement interface.
The limited strength of the drawn-out cement projections interdigitating with the rugged bony
surface colludes with the limited strength of the bony trabeculae buttressing the implant. The fatigue
failure of both the cement and osseous projections under cyclic loading leads to instability and
interfacial motion of the cemented (and uncemented) arthroplasties alike [143 - 156].

The distinct material properties of the polymethylmethacrylate, that is, high fatigue rate, fracture
propensity and physical as well as chemical deterioration account for the loss of mechanical strength
with time. Its breakdown particles accumulate at the bone-implant interface. The resulting
inflammatory-granulomatous reaction, like that due to any other particulates, is associated with
production of mediatory substances, importantly with the macrophage-derived prostaglandin E,,

which in turn activate the osteoclasts to enhanced osteolysis. The notion that the formation of
interfacial membranes and osteolytic cavities is brought about by a reaction to
polymethylmethacrylate particles ( “ “pearls” ) is supported, or so it seems, by anecdotal instances
in which a response to acrylic products occurs in the absence of all other prosthetic detritus. If this
were the case, it would be a lone occurrence. In certain published microphotographs, but few cement
granulomas appear in a spacious sea of macrophages. These large and finely granular macrophages
are laden with submicron- to micron-sized polyethylene debris, which fact is likely to be missed by
microscopists unless they exploit oil red O staining and polarization microscopical techniques. There
is no difference between types and amounts of the mediatory substances, i.e., collagenase,
prostaglandin E,, interleukin- 1 and others, produced by inflammatory cells in the interfacial

membranes of loosened cemented and uncemented arthroplasties. Being deposited interfacially,
acrylic debris contributes to but, by itself, it hardly accounts for aseptic loosening. On the other hand,
fragmentation of the cement mantle leads to prosthetic failure. The methylmethacrylate and N,N-
dimethylel-p-toluidine (a catalyst added to the methylmethacrylate monomer) have experimentally
been proven to be toxic to tissues.
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In clinical practice, osseous, fat and hematopoietic tissues aside recently cemented components
looks, histologically, healthy so that participation of the methylmethacrylate and N,N-dimethylel-p-
toluidine in the loosening process of patients’ prostheses is largely contentious. Heat produced
during methylmethacrylate polymerization has been accused of destroying a 0.5-mm-deep zone of
the bone. Coagulative bone necrosis takes place at 72° C, a temperature above that recorded at the
surface of curing methylmethacrylate. Even within the small tubular bones, the maximum rise of
11.7° C during the polymerization process does not suffice to cause adverse thermal effects. In view
of the cement’ s bad reputation, it has been recommended to exclude polymethylmethacrylate from
the junction of host bone and allograft bone. When this point is explored experimentally by
evaluating the effect of intramedullary cement on the incorporation of intercalary bone allografts, it
turns out that the polymethylmethacrylate does not affect the healing processes. Cementation has
evidently been falsely condemned for intraoperative bone death, prosthetic failure and manifold
other mishaps [116,149,157 - 169].

Deductions apropos an intractable in vivo effect of polymethylmethacrylate on the attainment of a
balanced host-implant relationship rest, at least partly, on the study of the periprosthetic tissues
removed at revision operations for failed arthroplasties. Conjectures based on such studies fail to
discriminate causes from effects. It is simplistic to argue that polymethylmethacrylate is
bioincompatible because macrophagic reactions to cement and its fragments occur in the interfacial
membrane of failed arthroplasties. In fact, polymethylmethacrylate in bulk form is without any
cytotoxic potential in in vitro tests. Osteoblasts adhere to and proliferate on its surface, synthesizing
plentiful collagen. On the other hand, macrophages exposed in vitro to pulverized acrylic cement
release intermediates (including the bone-resorbing factors) and, along with other cell types, are
lethally damaged. A bolus of polymethylmethacrylate is enclosed by a thin fibrous layer within the
bone of animals, but particulate cement provokes a giant celled granulomatous response. On the
practical side, the reaction to the cement particles is enhanced by the admixed barium sulfate (Fig.
4). When growth hormone is incorporated, the cement bulk is covered by osteoid rather than being
encircled by fibrous tissue. Osteoid seams commonly abut on the cement mantle of osseointegrated
components of patients’ artificial joints (Fig. 5). This author has time and again observed roundish
polymethylmethacrylate slabs incorporated in the periprosthetic fibrous tissues without an
accompanying inflammatory-granulomatous response (Fig. 6). Yet, at other times, the acrylic chunks
are surrounded by a two- to three-cells-thick, uninterrupted film of mono- and polykaryonic
macrophages.

When the opportunity lends itself to assess samples of clinically sufficient artificial joints
retrieved postmortem, the acrylic mantle is found to be separated from the bone by a thin, bland
fibrous membrane or osseointegrated (Figs. 7, 8). Cement mantles of well-fixated tibial inserts often
rest on fibrocartilage, a tissue which hardly withstands the rigor of a toxic neighbor. Observers may
ponder whatever happened to the purportedly extensive necrosis of the bone and hematopoietic
tissue contended to be omnipresent in samples of the cemented implants collected in the immediate
postoperative period. All in all, the degree of tissular injury may be sparse. Cement in bulk form
does not cause necrosis in the canine bone, it becomes incorporated and displays nothing more than
the formation of a thin film of bland fibrous tissue. Whatever in vitro tests may imply, the
flourishing osseous and hematopoietic tissues near the cemented components refute earlier claimed
inferences about the cytotoxicity of polymethylmethacrylate. In appraising the body’ s faculty to

“disallow” or “countenance” its presence, the cement’ s physique rather than its chemistry
determines the reaction pattern. While methylmethacrylate hypersensitivity certainly inconveniences
the occasional surgeon, scientifically well-founded basis for its role in the loosening event is scarce.
Dissenting researchers point out that cellular responses to cement particles are more expansive and in
vitro cytokine production of the lymphocytes in the presence of polymethylmethacrylate is higher in
patients
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Figure 5 Sizable osteoid seams of bone abutting on an osseointegrated cement mantle of the femoral stem of a Charnley
total hip arthroplasty. Notwithstanding the proximity of cement (C) on one side of the osseous trabeculae and polyethylene-
laden macrophages (arrow) on their other side, there is ongoing active mineralization of the osteoid. Von Kossa stain with
McNeal counterstain. X250.

it has been evinced that implant instability rather than its mode of fixation, cemented versus
uncemented, correlates with the intensity of the inflammatory response and the amounts of released
mediators of inflammation [139,188 - 197].

The early postoperative interlock of the cement with the bony trabeculae persists around
successful artificial joints but is lost in the wake of poor mechanical (rather than biological)
circumstances. Stable cemented components are well accepted by their osseous environs and are, at
least, segmentally osseointegrated, whereas loose ones are sequestered from their bony bed by the
synovial-like interfacial membrane. Given that formation of the latter is independent of the
cementation per se but dependent on interfacial accumulation of wear particles, prosthetic failure
may, if anything, be viewed as a “small particles disease.” Its typical expression is the late failure
of the acetabular socket of hip arthroplasties, where loosening begins circumferentially at intra-
articular margins, the polyethylene particles-driven granulomatous membrane interposing itself in
between the bone and the cement and progressing with time toward the dome of the implant
[193,198,199].

To conclude, polymethylmethacrylate as such is not pathogenic. In the context of aseptic
loosening of total arthroplasties, the epithet “cement disease” is a misnomer. The literature’ s
testimony apropos the bioincompatibility of acrylic cement is pathetic. Alike other species of natural
and man-made foreign bodies, acrylic particles provoke a granulomatous response. They partake in
the induction of the “aggressive” interfacial membrane. Yet, cement granulomas in periprosthetic
tissues of failed artificial joints are quantitatively less conspicuous than
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Figure 6 (A) Globular cement slab (GS) is incorporated in a hypocellular and densely textured fibrous tissue without an
interposed layer of cellular response. This and many other similar slabs were present in the pseudocapsule of an artificial hip
joint which loosened almost 20 years postoperatively. Some BaSO, granules (arrows) persist in the ‘ ‘cavity” appearing

after dissolution of the cement during preparation of the section. Goldner stain. X 80. (B) The bonding of the acrylic cement
slab (AS) with the fibrous tissue of the pseudocapsule without mediation of a reactive macrophagic film bears witness to the
biocompatibility of the polymethylmethacrylate. Hematoxylin and eosin. X 320.

are the polyethylene or metallic debris-induced granulomas (Figs. 3, 9). The currently in vogue
paradigm attributes prosthetic failure to a multifactorial mechanism [200,201]. The obstacles to
successful prosthetic joint replacements are primarily mechanical factors. The processes usually
responsible for the loosening process are initiated and aggravated by friction at the joint articulation
and micromotion at the bone-implant interfaces. As the case may be, the breakdown products of any
other alloplastic component, such as polyacetal or hydroxyapatite, may supplant or may be added to
the biomaterials specified in the scheme summarizing the loosening paradigm (Fig. 10), which
specifically pertains to the commonly implanted Charnley prosthesis.

C. Other Nonresorbable Polymers

Reconstruction of the anterior cruciate ligament has been attempted with a variety of polymeric
devices such as polyethylene, polytetrafluoroethylene, polypropylene and terylene. Whether used as
a substitute, a tissue ingrowth scaffold or an augmentation device for allogeneic or autogeneic grafts,
the outcome in the long run is disappointing and the peril of debilitating detritic synovitis is ever
present [202 - 207]. An anatomically proper and functionally effective
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Figure 7 Excellent bone-cement interdigitation at the acetabular socket of a patient who died 16 years postoperatively with a
functionally efficacious, cemented, total hip arthroplasty. The projections of the acrylic cement mantle (P) are
osseointegrated; that is, they adhere to the bone without mediation of a soft tissular layer. Goldner stain. X 30.

load-transferring implant-bone joining does not ensue postoperatively. A fibrous interfacial
membrane separates the bone from the intraosseous segments of the devices. It is not surprising that
a majority of replacements fail at the tibial or femoral insertion site; only a minority display
midsubstance rupture. The polymeric implants are conducive to ingrowth and ongrowth of tissue,
although it is erroneous to speak of the development of a “neoligament” in the absence of axial
orientation of the fibroblasts and collagen fibers within the devices’ interstices. Furthermore, the
implants are subject to attrition by abrasion and rupture. Particles-induced granulomas are
omnipresent and, being responsible for a painful detritic synovitis, may seal the fate of the
reconstruction. Replacement of the canine anterior cruciate ligament by tendon autografts is
promptly ingrown by well-vascularized tissue. On the other hand, tissular regeneration is defective
and revascularization is delayed within tendon autograft replacements augmented with polymeric
filaments. After the third postoperative month, implant-augmented grafts have no mechanical
advantage over conventional autografts [208 - 213].

Load-resistance-conferring interdigitation of the polymeric filaments and collagen fibers alternates
with granulation tissue in organized polytetrafluoroethylene implants. Bulk polytetra-

*The functional significance of the enthesis in the context of physiological load transfer from a ligament or tendon to the
bone is discussed at some length in the section on collagen-based implants.
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Figure 8 The adipocytes and the normally active hematopoietic tissue (HT) present alongside, and also abutting on, a
projection of the acrylic mantle (P) of an acetabular socket of a cemented total hip joint replacement attest to the
biocompatibility of the polymethylmethacrylate. Goldner stain. X 80.

fluoroethylene being relatively inert, at least in comparison to most other polymers, the
inflammatory response evidently stems from an unfavorable mechanical situation. The
microstructure plays a pivotal role in the cell-biomaterial relationships. Thus, fibroblasts adhere to
polymeric filaments with striated surfaces. Rough surfaces, on the other hand, provoke a
macrophagic response [214 - 216].

Polymeric filamentous prostheses are prone to mechanically induced adversities in animals’
stifles. Half of all terylene implants replacing the anterior cruciate ligament of sheep rupture within a
year of operation, whereas none of those substituting medial collateral ligaments do. Reportedly,
well aligned, mainly type | collagen fibers admixed with elastic fibers are produced by the
fibroblasts growing into the terylene prostheses; these findings are exceptional and should be
confirmed. More often than not, normally structured elastic fibers are absent, or at best scarce, in
reconstructed soft tissues, the nature of the fibrous tissue shaping in the interstices of polymeric
filamentous devices is more akin to a scar tissue than to the native connective tissue [217,218].

Surgeons have prudently abandoned these reconstructive modalities in favor of tendon grafting,
not because of biocompatibility predicaments but because of technical hurdles which are presently
beyond an expedient solution. The polymeric filamentous implants are subjected to tension and
bending, abrasion at bony surfaces, as well as interfilamentous friction. The prospect of preventing
generation of wear debris and the ensuing detritic synovitis is an unrealistic goal. Particles, matching
in size and shape wear products retrieved from patients’ tissues, were produced by grinding
terylene, polypropylene, polytetrafluoroethylene, carbon and alloge-
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Figure 9 The distinctive perspective of the interfacial membranes of the aseptically loosened arthroplasties, be they
cemented or cementless, is the macrophagic reaction to submicron- to micron-sized prosthetic debris. This field is
representative of the membranes of loosened, cemented tibial components. In this field, there is no evidence of a tissular
response to acrylic detritus, which is generally sparsely present. Polyethylene-particles-laden foamy macrophage (small
arrow) and metallic-particles-packed macrophages (large arrow) are scattered within a background of a densely textured
fibrous tissue. A few, large polyethylene fibers (F), which are hardly discernible unless viewed under polarized light or in oil
red O-stained sections, are surrounded by mono- and polykaryonic macrophages. (Inset) At higher magnification, the foamy
macrophages are seen to contain some metallic particles as well. Goldner stain. X 80 and (inset) X 320.

neic or xenogeneic tendon. These particles activated synoviocytes in vitro and their injection incited
a “small particles disease” in vivo, the severity of which was dose dependent. Patients and their
physicians alike perceive operative interventions as unwarranted in face of the prospect that
osteoarthritis or a particles-migration-related lymphadenitis may evolve in the wake of replacement
of an anterior cruciate ligament by one polymeric prosthesis or another. The history of the quest for
ideal intra-articular ligament substitutes once more attests to the predominance of wear debris over
the biomaterials’ chemical symbols in settling the fortunes of reconstructive surgery [219,220].

The regenerative potential of hyaline cartilage is poor. As a rule, diseased or lost parts of the
cartilage are not replenished. The literature is replete with descriptions on endeavors to promote
repair of cartilage defects. Placement of polytetrafluoroethylene felts into osteochondral defects of a
rabbit’ s stifle causes bone to amply grow from the base into the implants’ porosities, but a
subchondral bone plate does not reform; the alloplastic matrix is not incorporated laterally;
ingrowing tissue rarely extends centrally; chondroid differentiation is limited
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Figure 10 The today on vogue paradigm which rationalizes the cardinal role of the mechanical adversities in aseptic
loosening of total arthroplasties. There is no place in this scheme for bioincompatibility of the alloplastic components of the
artificial joints. Generation of submicron- to micron-sized debris of the components is the outcome of the harsh mechanical
and physical circumstances at the host-implant interfaces and the articulating surfaces. Prosthetic debris induces inflammatory
and granulomatous responses. The thereby stimulated macrophages and other leukocytes, as the case may be, release
mediatory substances, prime among which are osteoclast-activating factors. Thereupon, bone resorption leads to loss of
anchorage of the components in their osseous bed and, thus, to prosthetic failure.
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and imperfect; the felts are regularly exposed to the joint cavity; and detritic synovitis is common.
The researchers’ claim that such synthetic felts “can be used to fill full-thickness cartilage
defects” is remarkable [221], skeptics arguing that such reconstructive surgery is a recipe for
development of osteoarthritis. This is an illustrative example of how “pernicious” effects of a
biomaterial may be the outcome of an unsuitable application rather than biocompatibility issues.

A variety of synthetic, biostable polymeric devices serves the augmentation of soft tissues.
Bundled filamentous implants are well accepted by both subcutaneous and muscular tissues (Figs. 14
and 15). Mono- and polykaryonic macrophages enclose on the bundles and filaments (Fig. 16).
There is no critical disintegration of these implants such that, despite some interfacial movements,
injurious granulomatous reactions do not ensue. With time, the bundles become encircled and
separated from one another by ample fibrous tissue, which is initially hypercellular and loosely
textured and later matures into a densely packed, scar-like collagenous tissue (Fig. 17). Single
filaments and fragments thereof detach from the bundles and are present amidst the newly formed
collagen fibers without an accompanying crucial inflammatory response. The mild foreign body
reaction and brisk fibrous tissue formation conform with the conjecture that in vitro cytocompatible
alloplastic materials, such as polytetrafluoroethylene and polyethylene terephthalate, ensure a
functional success of surgical interventions where a “small particles disease’ ’ is evaded because
of existent biomechanical circumstances [222,223].

Figure 11 A large focus of coagulation necrosis (N) in the midst of a sheet of metallic and polymeric detritus-laden
macrophages. The necrotizing process involves matrical fibrous tissue and macrophages, which appear as “ghost-like”

cells (arrows, the viable macrophages possess well-stained nuclei). This focus, the age of which is indeterminate, discloses no
sign of undergoing organization by ingrowing granulation tissue. Von Kossa stain with McNeal counterstain. X< 80.
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Figure 12 Large giant-celled necrotizing granuloma in the interfacial membrane of a cemented artificial joint. The central
necrotic mass (NM) of the granuloma consists of an eosinophilic, amorphous and granular material and is surrounded by a
giant-celled granulomatous fence (arrows). Hematoxylin and eosin. X 30.

Because of its good tissue compatibility, hemocompatibility, pliability and material
characteristics, polytetrafluoroethylene has explicit advantages over other synthetic as well as natural
materials in cardiovascular surgery. The histological patterns of incorporation of
polytetrafluoroethylene implants in rats” adipose tissue are illuminating in that they sketch the
dependence of tissular reactivities on parameters distinct from the chemical composition of the
device. Polytetrafluoroethylene patches with an internodal distance of 100 um provoke a stronger
inflammatory response and are less conducive to vasoneogenesis than polytetrafluoroethylene
patches with an internodal distance 30 um. In addition, both kinds of implants cause a much greater
fibroblastic response and stimulate less growth of blood vessels in the subcutaneous than epididymal
fat tissue. Polytetrafluoroethylene patches with an internodal distance of 60 pm stimulate the least
fibrous tissue and the most rapid formation of blood vessels at both locales. These observations are
instructive when one comes to generalize and discover the ruling principles in implantology. They

“indicate that both the polymer structure and the site of polymer implantation have dramatic effects
on the relative nonbiocompatibility.” The authors of this commendable research were, however, not
evaluating the biocompatibility of a material used in vascular reconstruction but were scoring the
degrees to which physical, as opposed to chemical, characteristics determine the host response to a
polymeric device at different body sites [224].

Polyurethane and polypropylene are also widely used in vascular surgery. In a canine model,
myofibroblasts and macrophages colonize the inner siding of the prostheses within
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Figure 13 Higher magnification of Fig. 12 showing the mono- and polykaryonic macrophages, intermixed with
lymphocytes, at the boundary of the necrotic mass (NM) of the granuloma with the surrounding fibrous tissue. Hematoxylin
and eosin. X250.

two weeks, confluent endothelialization is achieved within one month and a well-collagenized
pseudointima is complete within four months. Fibrous tissue grows into the porosities up to a
degree. Anchorage of such vascular grafts to adjoining mural structures is segmentally optimal, but
other interfacial segments may disclose an inflammatory infiltration or a giant-celled granulomatous
response. Some prostheses undergo focal mineralization. In addition to thrombotic or tissular
occlusion of the graft” s lumen, long-term failure is often related to aneurysmal dilatation due to an
inflammatory-granulomatous reaction-induced weakening of the wall of the reconstructed blood
vessel. In patients with limb ischemia, placement of a vein autograft provides a two-year salvage rate
of almost 90% compared with a less than 60% salvage rate in patients with a polytetrafluoroethylene
prosthesis. The use of polymeric grafts in vascular surgery is yet problematic. The gamut of
applications of nonresorbable polymers in reconstructive surgery has not been exhaustively covered
herein. To name but two examples, polytetrafluoroethylene and polypropylene devices have been
employed with success in the construction of a bilioenteric bypass and in the repair of hernias.
Patients undergoing repair of abdominal incisional hernias with a mono- or double-filamented
polypropylene mesh or expanded polytetrafluoroethylene patch are usually cured, while fistula
formation, infections or a recurrent hernia complicates the postoperative course of many patients
whose hernia has been fixed with a multifilamented polyester mesh. Techniques of placement having
no influence on the outcome, polyester cannot be recommended for the repair of incisional hernias.
Polyester manifests no cytotoxicity and only weak cell activation. It well supports the growth of the
sensitive endothe-
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Figure 14 Bundled filamentous tetrafluoroethylene implant (asterisks) inserted aside a tendon (T) has induced a limited
granulomatous response and stimulated formation of a glut fibrous tissue (FT), as expected at the time of the reconstructive
surgery. Von Kossa stain with McNeal counterstain. X 30.

lial cells. Despite its otherwise laudable biocompatibility, polyester is evidently unsuitable for one
surgical intent or another [225 - 234].

Nonresorbable polymers also support the surgical treatment of eye disorders, for instance,
operations for pathological myopia. There is no intention to delve herein into this discipline of the
ophthalmologists save to say that several, coated and uncoated, porous and solid materials have been
evaluated. Taking the fibrous capsule thickness (the smaller the better), the amount of deposited
collagen (the more the better) and the number of macrophages (the lower the better) surrounding the
implants as a measure of biocompatibility, polytetrafluoroethylene and polyurethane have been
testified to be the most suitable compounds for operations on the sclera [235].

IV. METALS

The biocompatibility of the metals is controlled by chemical, actually, by -electrochemical
interactions which result in release of metallic ions. The biocompatibility is a function of the toxic
effects of those ions gaining access to the tissues. The interaction is adverse when corrosion products
injure the immediate environment, distant organs or both. Hence, the biocompatibility of metals
correlates with their corrosion resistance. Because of the spontaneous formation of an inert oxide
layer on their surface, titanium and titanium alloys are currently the most corrosion-resistant metals
in use in medical practice. Having analyzed a large body of toxico-
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logical data, Wapner has concluded that there is no unequivocal clinical evidence to ascribe
patients” systemic ailments to the effects of metal ions leaked from the implants serving their
useful purpose for many years [236 - 240].

Heavy metals, of which cobalt, chromium and titanium are of particular concern in the context of
artificial joints, have been found to exert toxic effects in tissue cultures. Also, they are carcinogenic
in experimental animals. The outcome of in vitro cytocompatibility assays relates to the type of the
metal tested but also to its concentration and the state of its surface. Cellular functions, for instance,
are less impaired by a smooth-surfaced than by a rough-surfaced cobalt-chromium compound. As

few as 8 X 10 6 v/v of cobalt particles are toxic for cultured bovine chondrocytes. On the other

hand, as many as 8 X 10 ! v/v of chromium or titanium particles are required to affect the cells’
metabolic activity. Signs of cytotoxicity are apparent in cultured bone marrow stromal cells exposed

to metal ions at concentrations of 50 > to 50 8 Investigators disagree with each other when it
comes to grade metals’ cytotoxicity. Some argue that chromium is highly toxic, cobalt,
molybdenum, iron and nickel are moderately toxic and, finally, titanium, aluminum, vanadium and
magnesium are minimally toxic. Others assert that cobalt is most poorly tolerated: At concentrations
of 0.01 - 0.1 mg/ml, the degree to which particulate cobalt damages osteoblast-like cells in vitro and
inhibits synthesis of collagen type I, osteocalcin and alkaline phosphatase is not matched by
chromium and cobalt-chromium alloy; at a concentration of 1 mg/ml, chromium and cobalt-
chromium alloy exert an inhibitory effect as well. Osteogenic cells are irreversibly injured after
exposure times as short as 3 to 6 h. One claim to clinical relevance of these findings is that the
concentrations of the in vitro tested metal ions and particles equal those measured in patients’

periprosthetic tissues. It awaits to be established whether metallic particles and corrosion products
modulate osteoblastic activity not only in the artificial culture medium but also at the implant-bone
interface. In addition, the role of a cellular immunity in patients with metallic implants, in general,
and with an artificial joint, in particular, deserves prospective studies. Allegedly, the cellular
response to metallic particles is more expansive and in vitro cytokine production of the lymphocytes
in the presence of the alloy is higher in patients whose artificial joints have been revised for
loosening than for mechanical failure or sepsis. Except for aluminum, which causes erosions of
osseous tissues, other metals are well tolerated in bulk form in the bony environment of man and
experimental animals. Bone easily grows into the porosities of a titanium implant but not into those
of cobalt-chromium implants. It may be that the osteoprogenitor cells discern in vivo material
differences which have as yet eluded the researchers but which parallel the in vitro observations.
Long-term in vitro exposure of osteogenic cells are desirable to pursue the argument that ions
released from metallic surfaces play a role in osteolysis. After a four-week exposure period to ions
released from titanium alloys (but not to ions freed from cobalt alloys), the cultures of osteogenic
cells show suppression of osteocalcin secretion and matrix mineralization. The validity of the in vitro
assays may go unchallenged but not the notion that this data indicates that periprosthetic osteolysis is
related to interference with osteoblastic differentiation by ions released from titanium-based

components of an artificial joint. The uptake of 9Mrc and 3%p by the newly formed bone early after
ablation of the medullary cavity of rats is decreased nearby titanium or stainless steel implants.
Whatever drawbacks titanium and its alloys may have in clinical practice, impaired osteogenesis
does not seem to be one of them. The inconsistencies between the results of the experimental studies
and the excellent clinical experience with metal-based implants remain to be explained [186,238 -
250].

Results obtained during in vitro testing of neodymium-iron-boron magnets serve to alert materials
scientists to the vagaries of their calling. Parylene-coated demagnetized magnets are cytotoxic for
human but not murine fibroblasts. Uncoated magnetized, uncoated demagnetized and parylene-
coated magnetized magnets are cytotoxic for both human and murine fibroblasts.
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Lastly, the corrosion products, and not the bulk material, prove to be cytotoxic. Are the neodymium-
iron-boron magnets biocompatible or not? Is the parylene coating cytotoxic? What about the effects
of magnetism? There are references to the untoward effects of the magnetizing force on cells [251].

Many studies have established the locally benign traits of stainless steel, cobalt, titanium and their
alloys. Under perfect conditions, metallic screws within the osseous environment are enclosed by an
hypocellular, densely textured fibrous tissue without an accompanying inflammatory reaction. An
acellular, thin, proteinaceous film is often seen to abut on the metallic surface without the mediation
of macrophages (Fig. 18). To cite another example, stainless steel compression plates, used for
fixation of bone fractures, are generally isolated from the bone by bland interfacial membranes
composed of well-aligned collagenous tissue (Fig. 19). In other patients, however, necrotic material,
nearby the plate, overlays a nonspecific granulation tissue (Fig. 20). In such interfacial membranes,
variously sized, partly large, metallic particles are often seen within and without mono- and
polykaryonic macrophages (Fig. 21). Variations on this theme of tissular damage associated with the
generation of breakdown products of an implant are repeatedly referred to in this chapter.

The clinical consequences of raised metal levels in the serum of patients with a loosened artificial
joint cannot be discounted off hand. Rats with permanent intramuscular implants of chromium-
cobalt-molybdenum fail to gain weight; when compared to a control group, more animals with an
implant die or develop interstitial pneumonitis. In other authors’ experience,

Figure 15 Polarization optical details of the field illustrated in Fig. 14. An injurious granulomatous reaction has not ensued
since tetrafluoroethylene filaments barely disintegrate when implanted into the soft tissues. Collagen fibers have been
produced by the stimulated fibroblasts in abundance. Von Kossa stain with McNeal counterstain, photographed under
polarized light. X< 30.
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Figure 16 Mono- and polykaryonic macrophages have encircled the bundled tetrafluoroethylene filaments (arrows) but have
not penetrated in between individual fibrils although this augmentation device was retrieved many years postoperatively. Von
Kossa stain with McNeal counterstain. X 320.

the health of the animals does not fail after the injection of diverse metals in particulate form into
different body sites, though an inflammatory-granulomatous reaction ensues locally. These reactions
are brisk for iron, medium for cobalt and modest for titanium. It is intriguing and yet unexplained
why disposal of the metallic granules from their place of deposition decreases in the same order.
With the exception of storage of the cleared metallic particles in the lymph nodes, other organs are
unaffected. The same is premised to hold true for the metallic particles deposited in the
periprosthetic tissues of patients’ arthroplasties [252 - 256].

The concentration of titanium in the serum and urine of rabbits with intraosseous titanium fiber
felts is not raised in comparison with the level in control animals. In the absence of wear of the
implant, the metal is evidently released in small amounts and is preferentially retained in the local
tissues. It is assumed that raised titanium, and other metal, concentrations in patients’ biological
fluids result from mechanically induced or assisted release phenomena [257].

Titanium has for some time been the orthopedic surgeons’ favorite selection in view of its
superior corrosion resistance and its intimate contact with bone. Under optimal experimental
conditions, chromium-alloy components are segmentally osseointegrated as well. In the bones of
miniature pigs, rough-surfaced titanium cylinders are 60% to 70% osseointegrated, whereas smooth-
surfaced cylinders are 75% to 80% apposed by fibrous tissue. Osseointegration is contingent on lack
of interfacial motion. Experimentally, just 20 diurnal cycles of interfacial movements (of 0.5-mm
amplitude) encourage fibrous tissue rather than bony ongrowth onto titanium implants.
Osseointegration is the ultimate affirmation of the biocompatibility of a material. It is a light
microscopical image. Light microscopically osseointegrated titanium screws do not,
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Figure 17 The granulomatous reaction is limited to the vicinity of the bundles of the tetrafluoroethylene filaments
(asterisks). Well-aligned collagen fibers of the newly formed fibrous tissue (FT) abound around the augmentation device.
Goldner stain. X 80.

ultrastructurally, abut directly on the bone but are rather separated from it by a 100- to 200-nm-wide
amorphous film and a 100-nm-wide lamina limitans-like layer [258 - 265].

The behavior of undifferentiated mesenchymal cells encountering metallic surfaces is affected by
physicochemical interactions of the outermost metal oxide layer with the nearby matrical
extracellular milieu. In this environs, the proteoglycans and collagen fibers play a major role.
Surface oxidation of metals within the tissues is an ongoing process. Calcium and phosphate
precipitate within the oxide layer, thus controlling the differentiation of the osteoprogenitor cells,
which in turn mature into osteoblasts and lay down a bony matrix onto the oxidized surfaces.
Titanium and other metals delay maturation of the extracellular matrix vesicles (the submicroscopic
organelles involved in the calcification of osseous matrices). The oxides, leached from the 5- to 100-
A-thick oxide film coating the metallic implants, apparently exert untoward effects on the cells
engaged in the synthesis of the matrix vesicles. Yet, a concurrent increase in the production of the
vesicles enhances the primary mineralization of the newly formed osteoid. Compared with pure
titanium, the inferior biocompatibility of its alloys is possibly related to the release of aluminum
ions, which inhibit mineralization. It is not surprising that intense osteolysis in the face of scant
osteogenesis occurs around an intraosseous lesion filled up with titanium alloy debris-laden
macrophages. Materials scientists have of late explored options of preimplantation modification of
the surface properties, e.g., by heating or sol-gel coating, in order to promote not only bone-metal
apposition but also bone-bonding. Within the soft tissues, titanium and titanium alloy implants are
enclosed by a thin and ever-dwindling fluid space, which contains a few inflammatory cells, and an
ever-regress-
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Figure 18 (A) Encapsulation of a metallic screw by densely textured and hypocellular fibrous tissue without an
accompanying inflammatory response. Hematoxylin and eosin. X40. (B) At higher magnification, a fine film of an
amorphous material (arrows) is seen to abut on the surface of the screw. There are no CD68-immunoreactive macrophages at
the metal-tissue junction, hence, this screw is solely enclosed by fibrocytes and collagen fibers. Hematoxylin and eosin. X
320.

ing fibrous capsule. Mainly scattered close to the surfaces, some mono- and polykaryonic
macrophages, lymphocytes, a few mast cells and neutrophils infiltrate the fibrous capsule
[258,266 - 272].

Autoptically retrieved, clinically effective, uncemented total arthroplasties exhibit ingrowth—to
varying degrees—of bland fibro-osseous tissue into the porosities of the metallic parts. Where bony
ingrowth falls short, “ligamentoid” fibrous tissues affixes the metallic surface to the bone, one
more compelling argument endorsing the biocompatibility of the commonly used metals. Anchorage
to the bone by Sharpey-like fibers forms at the surface of diverse nonosseointegrated biocompatible
implants. Grafting of autogeneic bone chips overcomes the scarce bony ingrowth into a porous-
coated component. The deficient bony ingrowth, therefore, pertains to technical difficulties of
achieving a close bone-implant fit and does not reflect on properties of the materials. The recently
popularized modular artificial hip joints are greatly vulnerable to corrosion as well as to generation
of extra large amounts of both metallic and polyethylene wear particles. The inhibition of bony
ingrowth into porous-coated components has to do with engineering rather than biological issues of
modularity [97,273 - 276].

Metallic implants are subject to service-related deterioration. Their wear products evoke an
injurious macrophagic response. Metallic particles are sometimes deposited in the periprosthetic
tissues in such massive amounts as to bring about a blackish discoloration of the tissues, so-called
metallosis. Histologically, broad sheets of crowded, large, round to polyhedral, granu-
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lar to foamy, mono- and polykaryonic macrophages are strewn in the chronically inflamed interfacial
membrane and pseudocapsule. The macrophages are packed with black, barely visible to 1- to 3-pum-
sized, roundish to rod-shaped or jagged metallic particles. Some larger metallic fragments, up to 100
pm in length, may be present intra- and extracellularly (Figs. 3, 9). If coagulation necrosis ensues, as
it often does, the sheets of macrophages are interrupted by variously sized foci of an amorphous,
metal-dust-dotted matter, which inexplicitly discloses no or just scant signs of undergoing
organization by invading granulation tissue (Fig. 19). The metallic debris may abound within the
fibrinous exudate on the synovial surface of the pseudo-capsule. Metal-laden macrophages usually
pervade the fibrotic bone marrow of the subjacent bone. Periprosthetic tissues of long-term surviving
(over 15 years) artificial hip joints with an alumina ceramic femoral head may be burdened by
extensive aggregates of macrophages filled to capacity with metallic dust but nearly devoid of either
polyethylene or cement. Metallosis, evolving a few months postoperatively, is ascribed to interfacial
motion-related fretting-corrosion of an unstable, porous-coated, uncemented femoral stem. Florid
macrophagic responses to metallic debris originating from stainless steel or cobalt-chrome cables,
used for fixation of trochanteric osteotomies, may bring about acetabular socket loosening. The
sometimes aired statements that “microscopic metal particles (are) seen only in tissues from
infected hips” or that “metal particles (are) less important in the inflammatory reactions and
loosening event than cement and polyethylene particles” are unsubstantiated. True, bacterial
metabolic activities may be responsible for a notably high content of metal in the tissues around
infected components. But metallic debris-laden macrophages abound as well in the periprosthetic
tissues of

Figure 19 An interfacial membrane of a stainless steel compression plate composed of well-aligned, loosely textured fibrous
tissue without an associated inflammatory or granulomatous response. Hematoxylin and eosin. X 100.
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aseptically loosened joint replacements and may be, albeit infrequently, the most weighty
morphological finding [277 - 285].

Metallosis may be a dominant or contributing cause of painful detritic synovitis as well as of
localized osteolysis and aseptic loosening of an artificial joint with either a cobalt- or a titanium-
based component. The cardinal role of the reaction to the metallic debris in bone resorption was
already known in the mid-1980s when Amstutz et al. reported on titanium-particles-filled
macrophages in bony cysts of dogs with uncemented porous-coated resurfacing hip prostheses.
Metallic particles activate macrophages and fibroblasts in vitro. Deterioration of implant fixation and
synovitis progress when a metallic surface crumbles. The increased vulnerability to wear and third-
body-induced abrasion with consequent shedding of extra large amounts of particles explains the
prevalence of early metallosis in patients with titanium- or titanium-alloy-based prostheses.
Industrial techniques utilized to produce a matte or a satin finish, intended to promote cemented or
cementless fixation, leave processing materials embedded within the surface, apparently resulting in
enhanced corrosion and abrasion. Metallosis-related pain necessitating a revision operation of a well-
fixated artificial joint is a truly frustrating ordeal. Titanium alloys have been counted on to be

* ‘both safe and efficacious in clinical use.” However, an almost 20% incidence of aseptic
loosening within just 26 months of operation hardly reflects an encouraging clinical outcome.
Compared to cobalt-chromium-alloy-based components, the titanium and its alloys have not only a
10 times higher wear rate but they cause more polyethylene wear as well. Titanium-based prostheses
can hardly be labeled “inoffensive implants” when a patient with an arthroplasty presents with
inguinal lymphadenopathy due to migrating particles [277,280 - 292].

The cell population near titanium fracture fixation plates or near metallic particles in the
periprosthetic  tissues of artificial joints consists of helper/inducer T-lymphocytes,
cytotoxic/suppressor T-lymphocytes, activated macrophages, a few B-lymphocytes (if any), rare
plasma cells and mast cells. The nature of this infiltrate indicts cell-mediated hypersensitivity as
being the major pathogenic factor in eliciting the reaction. The response is more intense around
stainless steel screws inserted into the bones of nickel-sensitive rabbits than into the bone of normal
rabbits, incriminating cellular immunity in the induction of the inflammatory reaction close to the
metallic implants or breakdown products thereof. Besides, epithelioid and giant-celled necrotizing
granulomas arise, albeit rarely, in the periprosthetic tissues of patients with a cemented or an
uncemented arthroplasty (Figs. 20, 21). Polymeric and metallic debris is widely dispersed in the
necrotic core, stroma and macrophages of the granulomas. The necrotizing granulomas may be
accompanied by necrotizing arteritis and tissue eosinophilia. It is well known that tissue
eosinophilia, necrotizing arteritis and granulomas characterize patterns of damage mediated by
cellular immune responses to insoluble antigens or haptens. Polyethylene being nonantigenic,
allergic-pathergic reactions to metal released from the implants seems to be pathogenically involved
in the evolution of these and similar manifestations. Understanding the body’ s reactivities to the
metals may explain some unusual complications in metal-hypersensitive patients with failed
uncemented cobalt-chromium joint prostheses. To exemplify, a metal-hypersensitive patient with a
loosened uncemented cobalt-chromium femoral stem had a para-articular pseudotumor featuring
necrotizing arteritis and epithelioid cell granulomas on the background of an eosinophils-rich
inflammatory infiltrate. Tissue eosinophilia and/or necrotizing arteritis have repeatedly been
observed around corroded cobalt-chromium implants. Expectedly, not all researchers subscribe to
this perspective. To name just one contradictory argument, screws inserted into tibia of nickel-,
chromium- or cobalt-sensitized guinea pigs stay well fixated for several months, being separated
from the bone by a thin fibrous interfacial membrane [125,273,293 - 306].

The often portrayed osseointegration of titanium and its alloys is conditional on the
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Figure 20 An interfacial membrane of a stainless steel compression plate composed of a florid, non-specific granulation
tissue (GT) which is covered by necrotic material (circles) abutting on the metallic surface. Hematoxylin and eosin. X 80.

physique of the implant’ s surface. Rough-surfaced implants undergo rapid osseointegration, while
similarly constructed but smooth-surfaced implants become mostly separated from their bony bed by
an interfacial membrane. The arrangement of fibroblasts alongside the implants is mediated via an
amorphous electron-dense zone. The orientation of the fibroblasts is a function of the surface
topography as well. Irrespective of textural features, wherever a close bone-metal apposition has not
materialized, mono- and polykaryonic macrophages abut upon the surface of the implant while
osteoclasts resorb the adjacent bone. Dependent on different modes of stress transfer, unlike designs
of titanium-based devices (e.g., threaded versus fully or partially porous coated designs) lead to
either bone buildup or bone loss. When compared to the segmental and limited osseointegration of
artificial joints, it is noteworthy and impressive that titanium-based oral implants are over 80%
osseointegrated. This difference in the degrees of osseointegration instructively depicts the crucial
technique- and biomechanics-dependent behavioral traits, as opposed to the chemical constitution of
the implants. Design, surface topography and load pattern decisively alter genres of cellular activity
such that new bone formation prevails under favorable settings, whereas inflammatory infiltration,
fibroblastic proliferation and bone resorption monopolize the scene under adverse conditions.
Unfortunately, the advantages which titanium and its alloys have over other metals, in that they
prompt surface precipitation of apatite, is offset by leaching of injurious ions and voluminous
particles generation [259,303 - 308].

Fractures of the long tubular bones are commonly fixated with variously designed nails fabricated
of the biocompatible 316L stainless steel. Pitting, crevice and other types of corro-
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Figure 21 Variously sized metallic particles are scattered extracellularly while others have been phagocytosed by the mono-
and polykaryonic macrophages infiltrating the interfacial membrane of a stainless steel compression plate. The intractable
effects of metallic breakdown products explain the “conflicting” perspectives of a bland (Fig. 19) versus a highly inflamed
(Fig. 20) interfacial membrane, both of which face chemically and texturally identical surfaces of the stainless steel
compression plate. Hematoxylin and eosin. X 320.

sive reactions occur as early as six weeks after implantation of stainless steel plugs into the hard or
soft tissues of rats, where they progressively increase with time. Is stainless steel perhaps not as
innocuous as is generally assumed? The interfacial membranes surrounding stainless steel nails
consist of bland fibrous tissue in but a minority of patients. More often, the membranes comprise a
chronically inflamed fibrous tissue strewn with clustered, metallic particles-laden mono- and
polykaryonic macrophages. The metallic particles are generated not only by corrosion but also by
motion-related surface abrasion. The extensive and intensive response to the stainless steel particles
suffices to lead to bone resorption. By the way, tracts of pins, inserted for the external fixation of
fractures, show similar appearances. Overt metallosis is infrequently found in patients with stainless
steel nails. The iron concentrations are high in the metallosis-discolored periprosthetic tissues of
implants incorporating stainless steel components. In the experimental animal, both bone resorption
and formation are trivial around tight pins, but loose pins are accompanied by a granulomatous
interfacial membrane, profuse osteolysis, abundant osteogenesis and, rarely, bone necrosis. Metal
ions in excessive amounts are toxic. The focal bone necrosis is ascribed to a direct noxious effect, an
immune-mediated reaction or to both. Metal ions being potent haptens, T-lymphocytes are
anticipated to be and
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are, indeed, dominant within the inflammatory infiltrates associated with the ferric deposits* in the
membranes of nails. However, necrosis also happens where extra large amounts of the nonantigenic
and nontoxic polyethylene detritus collects. Thus, it cannot be excluded that cell death in the vicinity
of a stainless steel device is solely due to the overburdening of the tissues by massive amounts of the
metallic particles [294,307 - 316].

What happens at the bone-metal boundary is influenced, inter alia, by release of ions into the
tissue, the “corrosion resistant” implants not being exempt. The leached ions appear to play a
major role in the formation of the interfacial membrane. Osseointegration expresses the healing
potential of the bone. Osseointegration of nonloaded stainless steel pins is a well known occurrence
but only on condition that a stable interfacial setting is attained. In contrast to the scene at the nail-
bone interface, which fits in with a variation on the theme of the “small particle disease,” stainless
steel meshes in soft tissues induce a giant-celled granulomatous response in the absence of
breakdown particles [234,317].

V. CERAMICS

In vitro biocompatibility tests specify cytotoxic effects of the ceramics. The scope of the cytotoxic
effects depends on the material as well as on its surface texture. The manufacturing techniques may
as well influence a ceramics’ cytotoxicity. Such effects are, fortunately, minimized in the in vivo
setting. True, intraperitoneally injected high-dosed ceramic powder is lethal to mice and rats. Since
death of the animals is caused by renal failure due to silicon release from the ceramics, this
observation of a highly laboratory artifact is peripheral to the issue of biocompatibility in the context
of reconstructive surgery. Most calcium phosphate ceramics, in particular the widely employed
hydroxyapatite, are highly compatible with the soft and hard tissues, causing no undue inflammatory
reactions. Acknowledging that the thinner the interfacial membrane the more congenial an implant’
s constituents, hydroxyapatite-coated titanium-based composites constitute the most biocompatible
moiety of the ceramic alternatives within the bone. Yet other ceramics, e.g., magnesium-whitlockite,
do elicit adverse reactions as they induce macrophagic responses and formation of poorly organized
fibrous tissue. Whether and to what extent the diverse ceramics are removed by cellular activity is a
moot question. Recent studies suggest that, depending on composition and porosity of the implant,
the ceramics are resorbed, albeit to unequal degrees, by both osteoclast-type and foreign-bodytype
giant cells and are then replaced by bone [318 - 326].

Interest in the ceramics derives from their bioactivity. Hydroxyapatite ceramics are widely used in
orthopedic and dental surgery, by reason of their osteoconductive potential, i.e., they direct bone
formation in osseous environs. Hydroxyapatite surfaces bond to bone via a mixed mineral phase in
which bone-restricted proteins coprecipitate with carbon-apatite. Surface-bound fibronectin benefits
anchorage and attachment of osteogenic progenitor cells to the surface of the ceramics. It also
supports the proliferation and spreading of the preosteoblasts onto the ceramics. The gradual
modification of the hydroxyapatite exterior during ion exchange with the surrounding fluid,
dissolution into and precipitation from the fluid allow for the incorporation of the ceramics into the
maturing osseous tissue. Significantly, bone-bonding occurs even in the face of cyclic loading.
Osseous ingrowth into the porosities of the hydroxyapatite-

*1t is acknowledged that reference to iron deposits is an oversimplification, since the 316L stainless steel comprises Fe, Mo,
Mn, Cr and Ni and inclusions of their oxides are detected by chemical analysis of the retrieved implants [318].
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coated metallic implants takes place earlier, deeper and is more extensive than the ingrowth into the
porosities of noncoated implants. Granular hydroxyapatite may also be incorporated into the bone.
The emerging ceramo-osseous regeneration complex exhibits an adequate orientation of its newly
synthesized collagen fibrils, in alignment with the preexisting collagen fibers. Finally, even under
locomotion, the initially laid down woven-fibered bone remodels into lamellar-fibered bone.
Because of insufficient strength and toughness of the ceramics and their susceptibility to fatigue
failure, hydroxyapatite-coated metallic components are employed in the manufacture of artificial
joints. In a canine model, uncoated stems of hip prostheses are loosely attached to the bone by
fibrous tissue, while hydroxyapatite-coated stems of the same design become rigidly fixated by
bone-bonding within three weeks. Also, osseous tissue fills defects of up to 2 mm within six weeks.
Uncoated polymeric implants, which within the bone are invariably enclosed in an interfacial
membrane, become osseointegrated when coated with hydroxyapatite. Ducheyne and Cuckler warn
that an hydroxyapatite coating may adversely affect the bone-implant coupling if relative motion
between the coating and the substrate generates particles and electrochemically increases the wear
processes. Because of the ceramics’ poor fracture toughness, a hydroxyapatite coating may shear
off after extended loading periods [10,321 - 343].

The mesenchymal cells in the interfacial fibrous tissue may undergo osteoblastic differentiation
after the postoperative inflammatory phase subsides. The osteoblasts rest either directly on the
hydroxyapatite or they line the newly formed bone apposing the hydroxyapatite. Membranous
ossification takes place within the interfacial fibrous tissue and gives rise to osseous bridges, joining
the endosteal and hydroxyapatite-apposing bone with each other. Further attesting to the
biocompatibility of the hydroxyapatite are the absence of inflammatory infiltrates and preservation
of adjacent normal hematopoietic marrow. In the experimental animal, newly produced bone forms
along ~10% of hydroxyapatite-coated femoral stems three weeks postoperatively, and along ~50%
after 12 weeks, with clearcut evidence of bidirectional bone remodeling [148,334,341,344 - 346].

Notwithstanding these envisioned advantages of the ceramics, failure of hydroxyapatite-coated
artificial joints is yet commonplace in clinical practice. To materialize, osseointegration requires a
close initial fit. Osseointegration is forestalled by a gap of just 350 um in the rabbit model. An
implant-bone gap of less than 50 pm is essential to assure success in man. When interfacial motion
ensues, calcium phosphate implants become enclosed by fibrous tissue and osteoclast-type giant
cells and macrophages assemble at the interface and phagocytose the hydroxyapatite. The metal-
ceramic interface being a weak link, hydroxyapatite particles may debond and accumulate
interfacially. Once mechanical attachment of the coat to the bone has been achieved, the
hydroxyapatite-coating is liable to readily detach from its substrate. The loosened hydroxyapatite-
coated press-fit prostheses display a stereotypical synovial-like interfacial membrane replete with
ceramic-filled macrophages (Fig. 22). Alike the circumstances leading to aseptic loosening of
cemented arthroplasties, a progressive granulomatous reaction to the particulate hydroxyapatite
debris also coincides with periprosthetic bone loss [54,259,347 - 351].

The erstwhile held belief in the inoffensive bearing of particulate hydroxyapatite, purportedly
sequestrated intracellularly, turns out to be erroneous. Alike phagocytosis in general, ingestion of
hydroxyapatite particles results in macrophagic activation and synthesis of cytokines. Rather than
exhibiting the anticipated direct bone-implant apposition, hydroxyapatite-coated titanium-based
components are often associated with overt bone loss and are surrounded by an interfacial
membrane. Periprosthetic tissues retrieved at revision operations are found to contain macrophages
laden with myriad 1- to 15-um-sized and some larger hydroxyapatite particles. Besides, 0.1- to 75-
pm-sized particles may migrate to the joint cavity and become
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Figure 22 Hydroxyapatite particles-laden macrophages in the interfacial membrane of a loosened, ceramic-coated, press-fit
total hip arthroplasty. (Other prosthetic debris was present elsewhere in this membrane.) Hematoxylin and eosin. X 400.

embedded within the polyethylene surface. In the wake of the thereby enhanced third-body wear, the
alloplastic femoral head becomes burnished and scratched and the polyethylene covered by cracks,
scratches and grooves. Roughening of the articulating surfaces of an artificial joint further speeds
generation of particulates [259,352 - 359].

The alumina ceramic femoral head, introduced in 1970 for total hip replacements, has the inferred
advantages of good biocompatibility, fitting hydrophilicity, low friction coefficient, high wear
resistance and high mechanical strength. On the other hand, the ceramics are brittle, have poor
resistance to tensile loading and are notch sensitive. Alumina in bulk form induces a low-grade
reaction within the soft tissues so much so that it was initially considered to be bioinert but it was
later shown to actually be slightly bioactive. Particulate alumina provokes a granulomatous response,
the intensity of which is less than that to particulate polyethylene and metals. Alumina particles
smaller than 5 um are ingested by macrophages, those larger than 10 um remain in the extracellular
compartment. Alumina becomes osseointegrated but does not bond chemically to the bone. Ingrowth
of bone into the porous-coated surfaces is, therefore, required to achieve a strong mechanical union.
Inducing formation of fibrous membranes, interfacial micromotions cause separation of the alumina
from its osseous bed. Indeed, direct contact of alumina ceramic with the bone is a rare occurrence. In
most authors’ experience, osseointegration fails to develop. Irrespective of the absence or presence
of some wear-particles-laden macrophages and despite component stability, an interfacial membrane
is consistently present around alumina-based implants. The interfacial membrane is thin as long as
artificial joints remain well fixated. But following loosening, alumina debris-laden mono- and
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polykaryonic macrophages aggregate throughout a thick synovial-like interfacial membrane and
pseudocapsule, lymphocytes and plasma cells abound and the attracted osteoclasts resorb the
adjacent bone. Much extracellular ceramic debris may amass. The macrophagic clusters sometimes
undergo necrosis. As a rule, the tissular reaction to alumina particles is less extensive and less
intense than that to particulate polyethylene, metal and cement. All in all, the performance of total
hip arthroplasties with a ceramic femoral ball, whether combined with a polyethylene or a ceramic
acetabular insert, share the ordeals of conventional total hip replacements. At the seven-year follow-
up evaluation, the revision rate is as high as 30%. Retrieved components exhibit signs of significant
wear and dislodged loose grains cause third-body wear [57,108,360 - 370].

V1. SILICONE

Polydimethylsiloxane, known by its generic name of “silicone,” is used in the manufacture of oils,
gels and rubbers, often in combination with a variety of additives. It is present in consumer goods
(cosmetics and toiletries), processed foods, household products and is widely used in medical
practice (as a lubricant in tubing and syringes and in some implantable devices). It was formerly
judged to be nontoxic and bioinert. Polyurethane, used in the manufacture of silicone breast
prostheses, is characterized by its superb biocompatibility, assertedly superior to that of many other
commercially available polymers. Overt signs of toxicity have not been observed in mice followed
for about half a year after subcutaneous injections of silicone fluid or gel or subcutaneous
implantation of silicone elastomer or polyurethane. Immunoglobulin-producing cells in the spleen
may be slightly reduced but the antibody response to sheep erythrocytes is not impaired. The T-
lymphocytes are unaffected but natural Killer cell activity is depressed in the silicone-treated mice as
well as in animals with a polyurethane implant. The animals are not overly susceptible to infections
and they normally reject transplanted tumors. As with the other biomaterials, fragments of an
implant induce locally a tissular reaction and, having been ingested by macrophages, the silicone
particles may be carried to distant sites, e.g., from the peritoneal cavity to the spleen [371 - 376].

The clinical results of replacement of phalangeal and carpal joints with a silicone rubber prosthesis
are satisfactory. Except for painful detritic synovitis, the findings at the follow-up examinations are
unremarkable in most patients. However, focal, even widespread, bone destruction occasionally
ensues in the wake of a foreign body reaction to particulate silastic and the migrating debris may
cause a granulomatous lymphadenitis. Similarly, osteolysis may occur after replacement of the disk
of the temporomandibular joint by Dacron-reinforced silicone implants. As with all other
intraosseous devices, breakdown products, in this case the particulates generated on abrasion of the
silastic prostheses, are responsible for the bone-resorbing potential of the debris-induced giant celled
granulation tissue. In the absence of critical breakdown, silicone-based devices serve as
commendable templates for tissue regeneration, provoking but a minimal foreign body response
[35,377 - 383].

Silicone rubber stimulates platelets aggregation. Sophisticated experimentation has brought out
surface-entrapped air microbubbles, rather than intrinsic material properties, to be responsible, at
least in vitro, for this untoward effect of the silicone [384].

The lay and medical media have focused the public’ s attention on the ostensible health hazards
of silicone breast prostheses, in use to cosmetically restore a woman’ s postmastectomy look,
improve the appearance of a disfigured breast or augment an otherwise normal breast. The high
complication rate of the procedure is disquieting. Reoperation is frequently required. Implant shift,
formation of a fibrous capsule, often followed by mineralization of the capsule,
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“silicone-bleeding” ’ -associated reactions and immune-mediated diseases, in crescendo order of
seriousness, are hazardous to the patients” well-being. The incidence of the complications increases
with service time of the implants. Calcium phosphate is the main constituent of the intracapsular
mineral deposits. It is accompanied by a small amount of zinc phosphate, the zinc being an
ingredient of the glue used in sealing the prostheses [385,386].

The silicone rubber envelope of the breast prostheses bounds a saline or silicone gel core. The
envelope is coated with polyurethane foam in some implant types. The commercially available
models differ from each other by minor structural and chemical features. Axillary lymphadenopathy
becomes clinically overt, at variable postoperative intervals, in a minority of women with an implant.
The enlarged lymph nodes disclose either massive sinus histiocytosis or epithelioid celled
granulomas. Both these macrophagic reactions are due to lymphatic migration of an implant’ s
leaked constituents to the draining lymph nodes. The prostheses themselves are confined within a
host capsule. The latter may consist of a densely textured, bland, hypocellular and hyalinized fibrous
tissue. The silica added during the manufacturing process exerts a fibrogenic effect. In other
patients, the capsules comprise an inflamed and, at least, focally loosely textured fibrous tissue
containing lymphocytes admixed with plasma cells, foamy macrophages and, often, mono- and
polykaryonic macrophages. The pericapsular fat tissue is sometimes necrotic. As with other
alloplastic materials, the junction with a silicone-gel-filled, saline-filled and polyurethane-coated
implants often displays a synovial-like aspect, palisading macro-phages abutting the prosthesis. The
tissular reaction patterns appear to correlate with the implant type used. The host capsules adjacent to
smooth-surfaced implants are of regular structure and uniform thickness. Those subjacent to textured
implants vary in thickness, are disrupted along their length and are festooned with 0.25- to 0.5-mm-
sized knob-like projections. These features are likened to the detritic synovitis caused by breakdown
products of artificial joints. Silicone particles are continually shed at the implant-tissue boundary, a
scene equaling that ensuing in the wake of liquid silicone injections. The leading causes of silicone
gel escape are seepage via breaches in of the silicone rubber envelope, whereupon fragments scatter
throughout the surroundings. Droplets of liquid silicone, rectilinear silicone rubber fragments, and in
patients with a coated model also geometric crystalline polyurethane fragments, are embedded in the
fibrous tissue or engulfed by mono- and polykaryonic macrophages, which ingest the particulate
foreign bodies. Examination of capsules retrieved after variable time intervals indicates that
separation of the polyurethane coating begins a few months postoperatively. Fragmenting, slowly
disintegrating, iron-encrustated polyurethane particles, partly associated with silicone flakes, seem to
be overly active in inducing the granulomatous response (Figs. 23 - 25). Gross envelope rupture may
trigger a follicular mastitis. The adult respiratory distress syndrome may develop when silicone gains
access to the vasculature and disseminates hematogenously [387 - 391].

Little is known about long-range effects silicone breast implants, attention having mostly been
focused on the connective tissue diseases. Epidemiologic studies have suggested that the risk of
breast carcinoma might actually be reduced among women with a prosthesis but clinical data hint at
a potential risk of sarcomas and hematologic malignancies. If this turns out to be true, then the
bioincompatibility of silicone breast implants is legible. The type of implants may be pivotal since
those with polyurethane foam covers can leak toluene diamine, a demonstrated carcinogen in
animals [392].

Some authors view the periprosthetic inflammatory process to solely pertain to a foreign body
reaction. Other investigators postulate the involvement of a cell-mediated immune mechanism in the
host response. The patients infrequently present with a systemic immune disorder or an adjuvant
disease-like state. Silicone-protein complexes are immunogenic in experimental animals, exciting
humoral and cellular immunity. It is noteworthy in this context that the

http://emedia. netlibrary. com/nlreader/nlreader. d11?bookid=44778&fil... 2003-8-29



s, 1/1

Page 39

PONEY o] L i

Figure 23 The capsule of a long-term surviving breast prosthesis of a patient with a debilitating neurological syndrome. The
capsule comprises hyalinized collagen fibers (HCF), oriented parallel to the envelope of the prosthesis, and a foreign-body-
induced granulation tissue (GT) with silicone and polyurethane particles. Masson stain. X 30.

silicone and the silica (vide supra) manifest adjuvant potentials. A variety of immune aberrations are
identified after exposure to silicone oil, gel or rubber. It is theorized that the silicone’ s
adjuvanticity is linked to adsorbed native molecules which, having undergone conformational
changes, stimulate the formation of antibodies to interstitial and cellular antigens, both kinds of
antibodies having been detected in the serum of the patients. Antisilicone antibodies are also
common, their titres being highest in women with either ruptured or leaking implants. Kossovsky
and Freiman propose a model of silicone immunogenicity that ascribes, in analogy with the
traditional vaccinations, adjuvanticity to freed silicone and immunogenicity to surface-adsorbed,
denatured native macromolecules. This prototypical pathway is acceptedly operative in experimental
autoimmune diseases. Those who, based on epidemiological data, doubt the reality of silicone’ s
capacity to cause systemic disorders, suggest that the clinically observed collagen-vascular diseases
happen in women who are predisposed to autoimmunity. Physicians caring for women with
augmented breasts should be cognizant of the incidence of implant-associated connective-tissue
diseases which is 1 per 3801 implant-years. In a 14-year-ongoing follow-up study of a cohort of
87,501 women, Sanchez-Guerrero et al. have established that the relative risk of connective tissue
disorders is 0.6 among women with any type of implant but just 0.3 in women with a silicone-gel-
filled prosthesis. The authors, therefore, negate an association between silicone breast implants and
connective-tissue diseases. In Bar-Meir and his co-workers’ series, autoantibodies to 15 (out of 20
tested) autoantigens were significantly more prevalent in sera of women with breast implants than in
a control population; the patients
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Figure 24 Acellular, hyalinized, fibrous septa (FS) in between the rectangular and triangular polyurethane particles of the
ancient capsule of the breast prosthesis illustrated in Fig. 23. Masson stain. X 320.

presented with such nonspecific complaints as polyarthralgias, fatigue, myalgias, morning stiffness
and decreased memory. The authors suggest that silicone or its by-products have an adjuvant action
on the immune system [393 - 404]. Conceding that silicone and polyurethane are biocompatible in
bulk form, surgeons ought nonetheless to profess that the safety of silicone-based breast
augmentation devices is still contentious in view of the grievous locoregional and, albeit infrequent,
distant effects.

Silicone tubular devices are employed with success in the reconstruction of blood vessels and the
construction of arteriovenous shunts. Modifications of current devices are being explored, e.g.,
silicone-polymer or silicone-collagen composites. Endothelial or muscular cells seeded in vitro onto
silicone rubber tubes survive and stay attached to the luminal surface even after having been
subjected to pulsatile and cyclic strain. Endothelial cells proliferate in vivo on the luminal aspect of
the silicone tubes. Circumferentially encircling fibrous tissue flourishes and grows inwardly into the
interstices of the silastic network. It is accompanied by some mono- and polykaryonic macrophages.
This granulomatous reaction is more lively at the abluminal side of the reconstructed blood vessel.
Myocytic or myofibroblastic differentiation of the cells infiltrating the interstices of the prosthesis
does not come about. Thrombotic occlusion of the conduit and aneurysmal dilatation of the
conjoining vascular segment are two forbidding complications. The intra- and extramural
granulomatous reactions accompany silicone spallation, the absence of myocytes and elastic fibers in
the newly formed tissues and the densely textured, partially myxoid and hyalinized, collagenous
scar-like nature of the tissue occupying the interstices of the implant readily account for the
weakness of the shaping wall
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Figure 25 Unstained silicone flakes (S), incorporated in hypocellular fibrous tissue, are associated with focal lymphocytic
infiltrates (L). Hematoxylin and eosin. X 250.

and, thus, the resulting aneurysmal dilatation. The functionally deficient scar tissue within and
around the implant evolves in the wake of rampant inflammatory and granulomatous changes which
are induced by the widespread dispersal of tiny to sizable silicone breakdown particles. The silicone
breaks down into such small specks that they are ingested in vast numbers by a single polykaryonic
macrophage [225,405,406].

Scientists who have studied the in vitro and animal models applaud the biocompatibility of
silicone. They stress its nearly bioinert and nontoxic properties. The mild foreign body reaction
provoked by silicone in bulk form does not impede the function of silicone-based implants, which
perform, at least initially, as has been intended at the time of their conception. Practitioners who
perceive the many and manifold, now and then life-threatening complications arising in patients with
silicone-based implants are likely to distrust the judgment of the laboratory workers. A close look
portrays a recurrent chain of events characterized by an initial physical damage of the device, a host
response to released constituents and lastly the expression of a disease. A clinically consequential
exception concerns the hemocompatibility of silicone, thrombi forming on the surface of tubular
devices irrespective of what happens at the tissue-implant level. Otherwise, silicone’ s unsavory
behavior is to be understood in the framework of variations on the theme of the “small particles
disease.” Troubles do not become overt prior to the point in time at which the implant comes apart
and polydimethylsiloxane disperses in the tissues. The reactions to breakdown products, albeit those
emanating from a particular chemical compound, dictate the steps which directly or indirectly, i.e.,
via immune mechanisms, exert adverse effects on the individual’ s health. Be this as it may, silicone
is hardly the biocompatible material as formerly assumed [405,406].
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factors and collagenase. The cells are apparently activated when their membranes make multiple
independent contacts with the asperities of the material. In fact, the potency of carbon exceeds that of
polymers in this respect [219,408 - 414].

The centrally located bundles of carbon filaments of an anterior cruciate ligament prosthesis are
often just partially organized by fibrous tissue years postoperatively. At the same time, the
peripherally located parts of the implant are amply organized by an ongrowing and ingrowing
fibrous tissue. The implant is also encased in a sleeve of fibrous tissue. Typically, the individual
carbon filaments are enclosed by concentrically layered fibroblasts and macrophages as well as a
tube of longitudinally oriented collagen and reticulin fibers (Figs. 27, 28). However, this image too is
deceptive since collagen synthesis within the implants is deficient, and the tensile strength of the
newly formed fibrous tissue does not near that of the native anterior cruciate ligament. For as long as
a prosthesis is in service, mono- and polykaryonic macrophages abut on the filaments and ingest tiny
carbon particles. The filaments disintegrate to some extent and there is no effective mechanism of
disposal of the debris. Both the filamentous and particulate carbon continually activate an
inflammatory-granulomatous reaction, thereby modifying the metabolic activities of the fibroblasts
which synthesize more type Il and V collagen than type | collagen all of the time. Hence, even a
decade or more postoperatively, the nature of the interfilamentous fibrous tissue is that of
functionally inferior young scar tissue. In contrast, fibrous tissue in and around biocompatible
biomaterials is in a steady state after type | collagen has supplanted types 111 and V collagen with the
lapse of time. Additionally, the carbon filamentous implants are, as a rule, separated from their bed
within the intraosseous tunnels by thick interfacial membranes, the formation of which is likely to

Figure 27 Well-organized carbon filamentous prosthesis used for substitution of the anterior cruciate ligament. Both the
peripheral and the central portions of this implant contain much more tissue than carbon filaments (black dots in this cross
section). Hematoxylin and eosin. X 10.
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Figure 28 The characteristic peculiarity of the organized carbon filamentous implant is the so-called composite unit. Each
unit is composed of the centrally located carbon filament enclosed by concentrically arranged fibroblasts and macrophages
and a tube of longitudinally oriented collagen and reticulin fibers. Hematoxylin and eosin. X 400.

have been initiated and then maintained by interfacial motion. In the unusual event of an implant” s
postoperative stability, a carbon filamentous prosthesis may undergo osseointegration (Fig. 29, 30):
The implant becomes anchored to its bony bed by the osseous trabeculae which grow in between
single and groups of carbon filaments [35,208,415 - 419].

In contrast to the intra-articular locale, carbon filamentous devices do not induce excessive tissular
reactions in other sites. The carbon-filaments-reinforced plastic plate has been applied successfully
in the fixation of fractures and treatment of nonunion of fractures. These very strong but flexible and
light plates accelerate the formation of an abundant external callus. Experimentally and clinically,
the thin fibrous tissue layer at the plate-bone interface displays just mild inflammatory and
granulomatous reactions, notably where isolated carbon filaments or particles collect (the debris
mainly concentrates around screw holes); the healing processes under these circumstances are not
interfered with. Carbon filamentous constructs designed for anchorage of polymeric implants and
enhanced healing of patellar bone defects elicit a mild tissular response, are well accepted in the
bone and perform satisfactorily. Fibrous and fibrocartilaginous tissues develop in experimentally
produced osteochondral defects packed with carbon filamentous pads. Cartilage does not arise in and
around the carbon filamentous pads inserted into surgically created articular defects in patients’
patella. The ambition of the resurfacing operations being repopulation of the defects by chondrocytes
producing cartilaginous matrix, the woven carbon filamentous pads do not fulfill this expectation. In
the nonconducive environment of an ongoing granulomatous reaction, provoked by the carbon
filaments (Fig. 31), stem cells infiltrating the pads and their surroundings appear to be incapable of
maturing
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Figure 29 The inner aspect of the bony bed (B) of the intraosseous tunnel and outer aspect of a carbon filamentous braid
implanted to replace a patient’ s ruptured anterior cruciate ligament. Single and groups of carbon filaments are encompassed
by bony trabeculae (OT). Neither fibrous nor granulation tissue insulates the bony trabeculae from the carbon filaments.
Hematoxylin and eosin. X 200.

into highly differentiated cells (chondrocytes) synthesizing a highly complex (cartilaginous) matrix,
instead forming a poorly organized scar-like fibrous tissue (Fig. 32). Animals’ meniscal lesions
repaired with either bundled carbon filamentous implants or carbon filaments - organic polymer
composites heal by ingrowth of fibrous tissue and formation of fibrocartilage without a
granulomatous response. A mild and harmless inflammatory response accompanies orderly fibrous
tissue ingrowth into the woven carbon filamentous mesh used for the repair of defects in the
rabbits’ lumbar fascia. It is informative to highlight the differential organizational patterns of
different constituents of a device inserted at a certain body site: Replacing a rabbit’” s meniscus, the
concentrically stacked hoops of carbon filaments ensheathed by terylene filaments reveal abundant
fibrous tissue in between the polymeric filaments while the carbon portion of the implant remains
virtually unorganized [420 - 426].

The purported inconsistencies in tissular reactions to carbon filamentous devices cannot be
ascribed to investigators’ bias nor to conflicting interpretations. Ostensibly opposing patterns of
host behavior are explained away when one takes into account the diverse biomechanical settings
operative at different sites for different applications. In addition to species-specific handling of
foreign bodies, the anatomic site, implant stability and interfacial motion determine the tissular
response. Extra-articular reconstructive surgery is often successful. Intra-articular operations are
usually ineffectual. These facts validate the pivotal roles played by biomechanical,
anatomophysiological and other factors in establishing the morphological and functional outcome of
reconstructive surgery employing alloplastic materials. The organizational pattern by growth of
tissue into a carbon filamentous device replacing an Achilles tendon or a collateral ligament is
fundamentally identical with that of its intra-articular counterpart. Yet, fibroblastic proliferation and
collagenization within and without the implant progress more favor-
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Figure 30 The same field as in Fig. 29 photographed under polarized light. The innermost layer of the implant’ s osseous
bed and the ingrowing osseous trabeculae are composed of woven-fibered bone. The bulk of the bony bed consists of
lamellar-fibered bone. Hematoxylin and eosin. X 200.

ably in extra-articular sites such that the implant’ s diameter increases several fold within a few
months. Ingrowth of fibrous tissue into an anterior cruciate ligament prosthesis is slower than into a
collateral ligament implant, as dramatically illustrated by a comparison of patients’ biopsies
simultaneously obtained from both sites. Since wear debris is not generated in significant amounts
within collateral ligament and Achilles tendon substitutes, there is no room for the infamous

* ‘small particles disease.” Also and in sharp contrast to the intra-articular site, undifferentiated
mesenchymal cells are available in abundance and revascularization is expansive in extra-articular
locales. No wonder that near physiologic tensile strength is rapidly regained postoperatively and,
consequently, the replacements successfully substitute for extra-articular tendons and ligaments.
Still, when tested in vitro, the constructs fail at the bone-implant junction, because a functionally

adequate osseous anchorage mechanism fails to materialize [208,426 - 429].*

VIiIl. BIODEGRADABLE SYNTHETIC POLYMERS

Biodegradable polymers have obvious advantages when function is required for a limited time span
only, e.g., for bone fracture fixation, bone defect filling, bridging of severed tendons or blood vessels
and drug delivery. In addition to possessing proper mechanical strength, these

*The functional significance of the enthesis in the context of physiological load transfer from a ligament or tendon to the
bone is discussed at some length in the chapter on collagen-based implants.
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Figure 31 Giant-celled granulomatous reaction aside several bundles of a poorly organized carbon filamentous pad inserted
in the articular aspect of a patient’ s patella seven years prior to retrieval. There is hardly any penetration of cells in between
individual carbon filaments. Goldner stain. X200.

polymers must be nontoxic, nonantigenic and cause least morbidity. The aliphatic polyesters are the
most desirable biomaterials in this context. Polylactic acid, polyglycolic acid, poly-g-caprolactone
and polydioxanone as well as their copolymers have been extensively studied. These and similar
biomaterials have been collectively referred to as biodegradable polymers. In the strict sense,
however, they pertain to a heterogencous group of materials: The bioabsorbable polymers dissolve
in the body fluids without either a chain cleavage or a molecular mass decrease. The biodegradable
polymers break down into macromolecules which, though not eliminated from the body, disperse
locally or remotely. The bioresorbable polymers degrade into products which are eliminated by
filtration, either directly or after having been metabolized via the natural pathways. Finally, the
bioerodible polymers are subject to surface degradation. These subtle distinctions between
elimination modes are often disregarded. The prefix “bio” reflects phenomena contingent on a
material” s contact with tissues, cells or enzymes of the body fluids. The terms (bio)degradability
and (bio)resorbability are interchangeably spoken of in the literature. The ideal “biodegradable”
polymer provides the least inflammation and its gradual disappearance is synchronized with the
remodeling of the ingrowing tissue in the desired direction without leaving a trace of the preceding
intervention. In vitro, the surface of a biocompatible synthetic polymer ought to be conducive to
cellular growth, attachment, spreading and migration. In vivo, it ought to display an adequate
conductive potential for both soft and hard tissues. In practice, the rate of biodegradation is all
important because an implant
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Figure 32 General view of a woven carbon filamentous pad inserted in the articular aspect of a patient’ s patella. The
interstices of the bundled carbon filaments have scarcely been permeated by cells after seven year on situ. Where there are no
bundled carbon filaments, a poorly aligned, scar-like fibrous tissue (ST) incorporates solitary carbon filaments. The hoped for
growth of cartilaginous tissue into the articular defect has not materialized. Goldner stain. X 80.

should retain its mechanical properties for a specified time period. Apropos the biomechanics of
biodegradable devices, the self-reinforcing technologies have been introduced so as to provide the
surgeons with implements of adequate properties and strength retention. Polymers’ innate or
manufacturing-related capacity to activate the complement cascade may elicit unforeseen severe
inflammatory reactions in spite of their affirmed in vitro biocompatibility—the results of routine in
vitro tests being ill-adapted to predict this and similar unexpected events unless they are specifically
searched for [430 - 434].

The biodegradable synthetic polymers in bulk form, especially the poly-a-hydroxy esters, are well
tolerated. In vitro, they favorably sustain the growth of rat osteoblasts, the cells attach-
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ing to the surface, early exceeding confluency numbers and adequately producing alkaline
phosphatase. However, their degradation products are chemically irritative in vivo. It is not
surprising, therefore, that devices manufactured from biodegradable synthetic polymers induce
inflammatory, granulomatous and fibrosing reactions. For as long as the implants persist in the host,
their external and internal surfaces are insulated from the tissues by mono- and increasingly also
polykaryonic macrophages. Following their implantation into soft tissues, the majority of the
commonly used biodegradable polymers do not discernibly damage adjacent or remote structures. A
mononuclear-celled inflammatory infiltration, with recruitment of macro-phages, vasoneogenesis
and collagen synthesis by proliferating fibroblasts make up the prototypical response. Degradation of
the implants is accompanied by enhanced deposition of collagen fibers in widening spaces arising in
the wake of the removal of polymeric fragments. Different biodegradable synthetic polymers differ
from one another in the severity of the tissular responses they occasion. This holds true for polymers
of the same family but unequal molecular weight and also for those with or without leachable
impurities or soluble low molecular weight parts. The severity of the reaction of some polymers is
site  specific. For example, while the phosphate-fiber-reinforced polycaprolactone/lactide
composition is nontoxic in vitro and well accepted in osseous environs, it causes necrosis when
inserted into the muscle of rabbits [435 - 437].

The degradation kinetics of chemically dissimilar and physically differently designed polymers
diverge from each other. The degradation kinetics are as well altered by additives. Enzymatic or
nonenzymatic hydrolysis and bulk or surface degradation participate in the bioresorption of the
biodegradable polymers. The degradation may take place with or without cooperation of the
macrophages. It may or may not be associated with oxidation and mechanical perturbation of the
polymer. These disparate pathways operative in bioresorption depend on the particular biomaterials
studied. The widely used a-polyesters—polylactide and polyglycolide—are degraded principally by
hydrolysis. Following deesterefication, the fragments are incorporated into metabolic pathways and
the end products are excreted in the urine and feces or exhaled by the lung as carbon dioxide. The
biodegradable polymers are not known to exert adverse systemic side effects [7,70,438 - 449].

Degradation products of a biocompatible polymer may be toxic, especially if they accumulate and
are concentrated at the site of their formation. As a rule, monomers inhibit cell proliferation to a
greater degree than their polymers. The rate of bioresorption is decisive in determining the extent
and intensity of the inflammatory response to a degrading polymer. The rate is not only a function of
the material itself but also of the specifics of the implanted device, such as its size, shape, density,
surface area and porosity. In vitro tests portray a scale of toxicity of the monomers, in which the -
caproic and lactic acids have the dubious honor of heading the list (maybe unexpectedly in view of
the prestige enjoyed by their respective polymers), followed by glycolic acid, cyclohexane
dimethanol and propionic acid and winding up with some of the less well known compounds. The
results of Suganuma and Alexander’ s exquisite experiments catalog the reaction of bone to diverse
coupons inserted into the intramedullary cavity of canine femora. More bone grows in between
polymeric coupons than in between stainless steel coupons for the first six weeks. Once degradation
of the polymer (polylactide) commences, granulomatous reactions to the small breakdown particles
usher in extensive bone resorption. Suganuma and Alexander relate the biocompatibility of
polylactide to the postoperative time interval. The biocompatibility of polymeric devices appears to
decrease dramatically with time of residence in the body while the biocompatibility of metallic
implants stays constant [448 — 452].

Incidental to the surface textural features, large interfaces and plentiful release of particulates, the
tissular response is stronger to a porous and degradable implant than to a compact
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and nondegradable one. Hence, porous and degradable devices seem to be less biocompatible than
compact and nondegradable implants. The molecular weight of the polymer used for the manufacture
of the implant plays a role as well. The rapid liquefaction of the low molecular weight polymers,
e.g., polylactide, causes an exuberant macrophagic response. The excessive phagocytosis of
polymeric particles is associated, by itself and of itself, with cell damage and cell death.
Theoretically, only the slowly degrading and high molecular weight moieties of the biodegradable
polymers behave as genuinely biocompatible materials within the osseous environment as they
provoke but mild reactions and the abundantly formed bone directly apposes their surfaces
[70,453 - 456].

The instantaneous influx of neutrophils and eosinophils after implantation of synthetic
biodegradable polymers is followed by a moderate macrophagic response, an incremental
fibroblastic proliferation and, eventually, a reduction in the cell population accompanied by an
enhanced collagen synthesis. Where degradation has sufficiently advanced, macrophages remove
polymeric microparticles not only at the perimeter of the implant but also from its centermost region.
Compared with the scenery enfolding after insertion of stable materials, the great upsurge of the
cellular catalyzing enzymes suggests active attack on the biodegradable material. Attendant on the
high rate of disintegration of the polymer, the tissular response and giant-celled reaction are intense.
Rapidly degrading implants, e.g., glycine and lactic acid copolymer, elicit more extensive responses
than slowly resorbing ones, e.g., polylactide. Finally, the larger the biodegradable implant the more
expansive is the tissular reaction [441,457 - 460].

Composites tailored to specific requirements combine several biomaterials. They are likely to
open new venues in implantation surgery. To cite an example, the filamentous poly(2-
hydroxyethylmethacrylate)/poly(caprolactone) blend hydrogel matrix reinforced with polylactic acid
mimics structurally and mechanically native tendons. In view of its proficient bearing as a load
transmitter, it is intended to temporarily bridge tendon gaps. Unfortunately, ingrowth of tissue in
between the individual filaments of the composite does not ensue within two months of the
operation. Also, the filament bundles are surrounded by crude scar tissue rather than the expected,
axially aligned collagen fibers. This result is diametric to the theorized betterment. Any implant is
unsuitable to serve in tendon repair if it results in the formation of intratendinous scars after its
resorption, no matter that it is composed of otherwise praiseworthy biomaterials on account of their
biodegradable and biocompatible properties. This implant is incongruous, by implication, with the
objectives of reconstructive surgery. Research on artificial devices has to target attainment of
refashioned tendons and ligaments which are anatomically and functionally adequate following
resorption of the polymers [461,462].

Biodegradable rods, pins, screws and plates have been used with success for the internal fixation
of fractured bones. They ought to retain their initial biocompatibility, strength, stiffness and
ductility—without causing side effects—for several weeks to months prior to undergoing complete
bioresorption. In addition, the strength, stiffness and ductility of the biodegradable devices should
nearly equal those of stainless steel. Although polylactide and other polyester-based implants
promote intramedullary bone formation, are osteoconductive and become osseointegrated, modern
biodegradable polymers do not measure up to the requirements. With strict indications for their
application, effective healing of bone fractures is attained, as reported by European investigators.
Biomechanically, the outcome of fixation of rabbits’ osteotomized femora with self-reinforced
polylactide or polyglycolide rods, on the one hand, and metallic wires, on the other hand, is
equivalent. Initially, osteogenesis proceeds undisturbed. This is the anticipated eventuality, since the
inflammatory-granulomatous response does not begin until degradation and liquefaction of the
polyesters reach the final phase, which trails bone healing by a long time. The implants are resorbed
and replaced by fibrous, osseous and hematopoietic
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tissues. The traits of composites are altered by the ratio of their components. Thus, by raising
calcification of the copolymer, increasing the ratio of poly(ethylene oxide) to poly(butylene
terephthalate) enhances the implant’ s bone-bonding potential. On the debit side, it should not go
unnoticed that polylactide-based osteosynthesis devices are said to be cancerogenic in rats
[442,463 - 474].

In clinical practice, the devices fabricated from polylactide, polyglycolide and their co-polymers,
especially the self-reinforced constructs, measure up to the requirements demanded for fixation of
patients’ bone fractures. The implants induce a moderate and transitory inflammatory reaction. So
far so good. Only that internal fracture fixation with biodegradable rods (notably those made of
polyglycolide or lactide-glycolide copolymer) is beset with an unpleasant complication. Swelling
appears during the second to fourth postoperative month at the site of the fixated bone in close to 1
of every 10 patients. Spontaneous drainage, leading to formation of a discharging sinus, and surgical
incision produce copious amounts of a sterile, pus-like secretion, comprising the residues of the
degrading polymer. Biocompatibility of any material depending, inter alia, on its specific
application, it is instructive to note that such secretions occur almost five times oftener after fixation
of a fractured distal radius than of a fractured ankle. Analysis of the patients’ biopsies and
animals’ retrieved specimens unfolds a chain of events spanning the gamut of plausible courses,
with adequate union of the fractured bone fragments at one end of the spectrum and osteolysis and
tissue necrosis at the other end. Bone healing does take its ordinary path after fraction fixation with
these stiff polymeric devices. The implants are initially well accepted, though they are fenced off
from the bone by a synovial-like, giant-celled granulomatous interfacial membrane. Every so often,
breakdown products, toxic compounds, pH change, and all collectively damage the tissues, cause
necrosis and provoke a brisk neutrophilic infiltration and an expansive inflammatory-granulomatous
response. Macrophages ingest the polymeric detritus. Contingent on their activation, the
macrophages release osteoclast-activating factors. The recruited and activated osteoclasts resorb the
surrounding bone. In some patients and animals, the osteolytic cavity expands considerably, but the
process later resolves, probably coincident with complete resorption of the residues. Because fewer
than 10% of the patients treated for a fractured bone with self-reinforced polyglycolide rods develop
accumulation of sterile fluid requiring drainage, the fixation within cancellous bone is good and no
hardware has ever to be removed, biodegradable rods are, according to some authors, best suited for
the fixation for certain fractures [64,65,440,475].

Distinct biodegradable synthetic polymers must be individually tested for each proposed
application. Take the interference screws. Because of a short degradation time, high concentrations
of by-products build up and cause joint effusion and cavitary osteolytic lesions in some patients
whose anterior cruciate ligament autograft is fixated to the bone with poly-DL-lactide-glycolide
copolymer screws. These difficulties may be avoided if poly-DL-lactide screws are used. While they
do not degrade within the first six postoperative weeks, they have cleared completely after 10
months such that there is no foreign body granulomatous response to remnants of the screws [476].

The extent and intensity of the adverse reactions to intraosseous biodegradable polymeric implants
differ not only between animals of different species but also between animals of the same species.
Even so, when a material undergoes a metamorphosis from the beneficial to the harmful state,
Williams”  biocompatibility dictum is not satisfied: The compositional changes of the polymer,
occasioned by activities of the milieu interne, are accompanied by an excessive and unruly, neither
qualitatively nor quantitatively appropriate tissular response. A patient’ s and physician’ s
apprehension may also be raised by a progressively expanding lymphadenopathy due to a
macrophagic response to migrating crystalline remnants of, say, polylactide plugs. This setting, too,
does not fit in with the profile of a biocompatible biomaterial. Why do not
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other polylactide-based implants disclose such adverse behavior at other locales? Thus, the bilayered
regeneration template with a porous polylactide undersurface readily incorporates into the subcutis
and muscle, the inflammatory response abates with time and fibrous tissue amply grows into the
porosities of the device [70,471,477].

Synthetic biodegradable polypeptides constitute a novel class of biomaterials. They deserve only
brief mention, because potential clinical applications have not been popularized. The in vivo
reactions to the synthetic polypeptides, e.g., polyglutamic acid ester derivatives, are kindred to those
described above in the context of the synthetic biodegradable polymers. Following an acute
inflammatory infiltration and the fragmentation of the inserted polypeptide, the interstices are
invaded by granulation tissue and the implant is fibrotically encapsulated. That neighboring
parenchymal tissues are not overtly damaged evidences the polypeptide’ s biocompatibility [478 -
481].

IX. COLLAGEN-BASED IMPLANTS

Organ and tissue transplants constitute a form of biomaterial in the widest sense. They are not dealt
with herein. On the other hand, collagen-based implants are briefly reviewed. For practical reasons,
surgeons avoid the utilization of fresh, allogeneic or xenogeneic collagen-based preparations. In
addition to the chance of transmission of infectious diseases and the obstacles posed by the
histocompatibility-antigens barrier other hurdles must be overcome prior to the widespread
application of the chemically modified collagen-based implants. Their adept processing is decisive in
order to attain adequate tissular incorporation. Glutaraldehyde-treated collagen is not permissive of
fibroblastic repopulation and induces an ongoing inflammatory reaction. The principal cause of
clinical failure of stented glutaraldehyde-treated porcine aortic bioprosthetic valves is calcification.
The biocompatibility of glutaraldehyde-treated collagen as such is understandably distrusted
[482,483].

The resorbable collagen-based implants may be used as temporary scaffolds for tissue
regeneration in the treatment of soft tissue defects, bone fractures and diseased or lost tendons,
ligaments and blood vessels. The allogeneic or xenogeneic, frozen or freeze-dried, natural or
modified collagen-based devices are rather well tolerated in the cutaneous and subcutaneous sites,
the host” s reaction being mild. Nonetheless, the macrophagic response to a collagen-based implant,
such as fibrin-collagen paste, and the succeeding fibroblastic proliferation may be so profuse as to
suppress the desired osteoneogenesis [484].

Cross-linked purified collagen is preferred over other collagen moieties because of its congenial
physicochemical properties and minimal immunogenicity. Cross-linked collagen fibers support cell
adhesion, locomotion and function. They optimally suit to serve as temporary porous scaffolds for
cellular ingrowth and allow for an effective tensioning by the ingrowing myofibroblasts. Their
degradation products continually recruit more fibroblasts, an advantage in surgical repair of fibrous
structures. A crucial limitation of cross-linked collagen-based devices is a rapid loss of mechanical
strength. The degradation rate of reconstituted collagen fibers is critical. Prolonged degradation may
inhibit remodeling of the implant by ingrowth of and foster its encapsulation by fibrous tissue. In
this context, the stability of the cross-links is of concern. In spite of extensive and lengthy rinsing of
the preparations, the glutaraldehyde-cross-linked collagen still releases enough toxic chemicals to
kill the fibroblasts in vitro. Failure is a distressing ordeal when the anchoring tissue of a life-
sustaining collagen-based prosthesis, e.g., a cardiac valvular substitute, suddenly withers away after
a protracted interim of effective clinical performance [485 - 492].
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Following implantation of collagen-based devices, the early neutrophilic infiltrate is promptly
replaced by mono- and polykaryonic macrophages and ingrowing fibrous tissue. The foreign
collagen and calcific material deposited therein are resorbed within a short time. Concurrently, the
foreign collagen is substituted by the host” s own fibrous tissue. Yet, the biocompatibility of
collagen-based implants is contentious. Knowledge concerning the issue of immune reactions is
fragmentary. Anticollagen antibodies circulate in the serum of animals and patients with a with
collagen-based implant. Their presence is not associated with any detrimental clinical sequelae. It
may solely reflect an epiphenomenon, perhaps announcing elevation of the titers of natural
antibodies, which are not harmful to the organism [493 - 497].

The diverse cross-linked dermal collagen preparations differ from one another as well as from
native dermal collagen, of sheep provenance for instance, in their biological and, specifically, in their
cytotoxic effects. The mode and the extent of cross-linking have a profound influence on the rate of
biodegradation and tissular response. In comparison with the cross-linked collagen-sepiolite
complex, the native collagen-sepiolite complex degrades within a short while, provoking a copious
granulomatous response. In contrast to glutaraldehyde-treated collagen fibers, collagen fibers cross-
linked with cyanamide better support fibroblastic growth in vitro. This and more. Glutaraldehyde-
treated fibers are not conducive to invasion of fibroblasts into and collagen synthesis within the
implants. But they do elicit a vigorous acute inflammatory reaction, stimulate fibrous encapsulation,
cause morphologic anomalies of the neighboring tissues and initiate matrical calcifications. Acyl
azide-cross-linked dermal sheep collagen-based implants provoke an extensive macrophagic
response. Hexamethylenediisocyanate-cross-linked dermal sheep collagen induces only a mild
inflammatory infiltration and stimulates an orderly ingrowth of fibroblasts and ample collagen fiber
formation. Better results have been achieved with the reconstituted carbodiimide-cross-linked
collagen-based devices. Their structural and mechanical properties approximate those of native
collagenous structures. They degrade in vivo at a similar rate to that of an implanted autogeneic
tendon graft. Severed rabbits’ tendons repaired with a carbodiimide-cross-linked collagenous graft
have recovered 10 weeks postoperatively, the implant having been resorbed and replaced by fibrous
tissue akin to the collagen fibers native to the site. The reconstructed structures have recovered the
normal strength and modulus of the replaced tendons 20 weeks postoperatively. Tendon ruptures
heal spontaneously by the formation of a poorly organized scar tissue. This contrasts with the
refashioned, normally textured and crimp patterned neotendon observed one year after a large gap in
a tendon has been repaired with a carbodiimide-cross-linked collagen-based implant. This
accomplishment in the treatment of a notoriously problematic setting in orthopedic surgery speaks of
the biocompatibility of carbodiimide-cross-linked collagen fibers and, contrariwise, highlights the
bioincompatibility of glutaraldehyde-cross-linked collagen fibers [458,495 - 498].

The enthesis—the aligned collagen fibers-fibrocartilage-calcified fibrocartilage-bone complex—
constitutes the physiological coupling of the ligaments and tendons with the bone. The enthesis is
nature’ s solution to the demanding target of force transfer without undue concentration of stress
and shear at the interface of two very different tissues. A leading cause of failure of replacements is
the body’ s inability to refashion an enthesis at the junction a carbon or polymeric filamentous
prosthesis with the bone. With rare exceptions, synthetic filaments attach to the bone via a
granulomatous or fibrous interfacial membrane, a biomechanically inadequate linking mechanism. It
is not surprising, therefore, that failure on loading a ligament or a tendon replaced with synthetic
filaments generally occurs at this unphysiological anchorage site. In contrast, an enthesis-like
junction is remodeled after substitution of tendons or ligaments, including the anterior cruciate
ligament, with tendon autografts. The suitability of
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collagen-based devices to functionally reduplicate these autografts is plainly elucidated by the fact
that enthesis-like junctions are refashioned after intraosseous insertion of carbodiimide- or
cyanamide-cross-linked collagen fibers embedded in a collagen matrix [499 - 501].

Implants of carbodiimide- and cyanamide-cross-linked collagen fibers are initially infiltrated by
inflammatory cells and, then, they are rapidly degraded and replaced by the host’ s well-aligned
fibrous tissue. Their replacement by autochtonous connective tissue coincides with formation of
refashioned enthesis-shaped structures. On pullout testing a long-term carbodiimide- or cyanamide-
cross-linked collagen-fibers-based implant, failure usually occurs within the bulk of the construct
rather than at an attachment site. Similarly crafted but glutaraldehyde-treated devices are ill-suited as
tendon or ligament replacements, since parts of their original collagen fibers are still intact at the
20th postoperative week. Solvent preservation and preoperative irradiation of collagen fibers-based
devices may bring about changes in their chemical and morphological properties. Because of meager
and deficient tissular ingrowth, their expediency to perform as effective substitutes is impaired. A
hydroxyapatite-tricalcium phosphate-collagen composite has been evaluated for the treatment of
bone loss accompanying fractures of the canine femur. One year postoperatively, bone occupies
40 - 70% of the former defect. The fibrillar collagenous component of the implant has been
completely resorbed and its place taken by a newly formed, mostly lamellar-fibered bone, directly
apposing the ceramic particles. The composite is blandly incorporated within the bone. Except
polarization optically, the newly formed and native bone can hardly be distinguished from each
other. Thriving hematopoietic bone marrow within the remodeled implant evinces the
biocompatibility of the composite. However, wherever they come into contact with the adjacent soft
tissues, scattered ceramic particles elicit an encapsulating giant-celled granulomatous reaction
(202,218,502 - 505].

X.  BIOCOMPATIBILITY OF DIALYSIS MEMBRANES AND
FLUIDS

Concern has been voiced with respect to the quality of membranes utilized in hemodialysis
treatment. Exposure of blood to poorly biocompatible membranes has a detrimental effect on the
patients’ clinical course even though the renal disease itself is unaffected. Clinical practice suggests
that bioincompatible membranes exert systemic toxic effects. Experts in this field have schooling in
the principles of hemocompatibility, a subspeciality of biocompatibility. Issues which are mostly
peripheral in reconstructive surgery are central in hemodialysis, such as activation of the
complement cascade by dialysis membranes. Researchers’ goal is to develop systems which
minimize changes of the cells and proteins of the blood. Patients dialyzed with the low-complement-
activating membranes have a survival advantage over those treated with membranes having a high
complement activation potential. The compatibility profile of cellulose-based membranes appears to
be inferior to the profile of membranes manufactured from polysulfone, acrylonitrile copolymer or
cuprophane; lately, polyacrylonitrile has been evaluated. There are no significant differences in the
hemocompatibility of these compounds. On the other hand, the postdialysis neutropenia,
thrombocytopenia and hypocomplemetemia are limited after dialysis with a polymeric membrane
when compared with the deviations from norm after a cellulose-based membrane is used. At any
rate, dialysis with polysulfone membranes results in leukopenia and an increase in the levels of
neutrophil elastase and C;, and Cs, in the serum. The B-2-microglobulin serum level increases in

dialyzed patients. Being larger with bioincompatible membranes, the increments are lowest in
patients dialyzed with a polysulfone-based membrane. This deserve special awareness since an
elevated serum B-2-microglobulin is associated with amyloidosis. Not just the membrane makeup
but also the sterilization
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methods have to be considered. All alterations are less substantial after employment of steam-
sterilized membranes rather than ethylene-oxide-sterilized ones. Allegedly, steam sterilization
“improves” the biocompatibility of the membranes. Early hypersensitivity symptoms, intradialysis
eosinophilia and high-ethylene-oxide-specific IgE serum levels tend to diminish when steam-
sterilized membranes are employed. Alike the biomaterials used for reconstruction of blood vessels,
dialysis membranes should be nonthrombogenic. It is self-evident that man-made polymers do not
equal the endothelial cells in preventing surface-induced thrombosis and maintaining hemostasis.
Current research focuses, among others, on modifying the polymeric surfaces by immobilizing
heparin onto them or coating them with a polymer-heparin composite. The nephrologist’ s dilemma
is that proinflammatory pathways are universally activated during all dialysis modalities.
Purportedly, the side effects are especially intense in patients dialyzed with “bioincompatible”
membranes. Clinically relevant but of uncertain nature is the role played by the interaction between
biocompatibility and membrane flux [506 - 514].

Hemodialysis patients have increased erythrocyte osmotic fragility compared to controls. The
structural integrity of the erythrocytes benefit from dialysis with the polyacrylonitrile-rather than the
cuprophane-based membranes. Also, platelet-neutrophil coaggregates and neutrophil hydrogen
peroxide products increase after dialysis with cuprophane- but not with polyacrylonitrile-based
membranes. There is little doubt that, at least as far as hemocompatibility is concerned, the material
properties of polyacrylonitrile surpass those of cuprophane [515,516].

The biocompatibility of the conduit as well as of the fluid is of paramount import in the treatment
of patients with end-stage kidney disease by peritoneal dialysis. The investigators seek, for instance,
to find out whether an amino-acid- or a glucose-based peritoneal dialysis fluid is preferable. To
exemplify, the lipopolysaccharide-stimulated macrophages isolated from the latter produce more
interleukin-1p and interleukin-8 than cells present in the former. The phagocytosis capacity, as a
measure for macrophagic function, is better preserved after exposure to the amino-acid-containing
fluid while the higher release of the interleukins suggests a brisk intra-abdominal activation of the
macrophages by the glucose-based fluid, which acts as a chemical inflammatory agent. Which of
these and other parameters is most relevant for the biocompatibility of the peritoneal dialysis fluid
[517]?

In patients undergoing peritoneal dialysis, local effects of the dialysis solution may be a
compelling factor in biocompatibility considerations. Reflecting tissular injury, the morphological
and functional aftermath of the dialyzing fluid and catheter is complex and involves permeability
abnormalities of the peritoneal membrane as well as changes of the cellular and noncellular contents.
Sclerosing peritonitis, a life-threatening disorder, develops in about 0.5% of patients undergoing
continuous ambulatory peritoneal dialysis for four or more years. The etiopathogenesis is debatable;
if bacterial infections are responsible for sclerosing peritonitis, as has been suggested by some
investigators, then the disease has nothing to do with biocompatibility issues. Otherwise, dialyzing
solutions and catheters should be painstakingly probed for their compatibility with the tissues of the
abdominal cavity [518 - 520].

Xl. BONE ALLOGRAFTS AND BONE-DERIVED FACTORS

Implantation of bone allografts, allogeneic or xenogeneic devitalized, mineralized or demineralized
bone and bone morphogenetic protein may provoke an inflammatory and granulomatous reaction in
the soft and hard tissues. This reaction inhibits induction of bone within the osseous environs.
Autogeneic bone grafting is the only means to consistently assure flawless healing of bony defects
by osseous tissue. Predictably, other materials would be recognized as non-self by the body. This
biologically rational sounding perception is disputed by authors whose
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esoteric xenogeneic bone grafts do not induce inflammatory responses, and are, therefore, allegedly
biocompatible. Minor and major histocompatibility antigen differences between a donor and host as
well as different preparation modalities of the grafts verily affect the outcome of bone grafting.
Osseoplasty with bone grafts dates back to the Stone Age. The history of implantation of bone grafts
and bone-graft substitutes and present-day mastery of the methodologies make interesting reading.
Being a detour in this path of this chapter, attention is called to the surveys of Damien, Enneking,
Stevenson and others on this subject. Suffice it to say in the context of biocompatibility that a loss of
template function is witnessed with each additional, preoperative processing step of the bone grafts,
e.g., from freezing to freeze-drying to chemical modification [321,486,521 - 530].

Implantation of demineralized bone matrix is sometimes succeeded by excessive osteolysis rather
than the anticipated expansive osteogenesis. Implantation of a composite preparation incorporating
the bone-inducing extract within a carrier may upgrade the low osteoinductive potential of the
xenogeneic demineralized bone matrix, most likely because the inflammatory reaction is thereby
abrogated. At other times, however, composite implants fabricated from demineralized bone matrix
and a biodegradable or a biostable polymer incite inflammatory responses which suffice to repress
the activity of the osteoinductive agent [23,531 - 537].

The pernicious consequences of the inflammatory and granulomatous responses on
osteoneogenesis is pictured by ‘ ‘an animal’ s own bone becoming bioincompatible,” a
preposterous, if not farcical, sounding proposition. Still, the granulomatous reaction provoked by
powdery, irregularly shaped, edgy, micron-sized autogeneic bony particles (Fig. 33) is severe enough
to inhibit new bone formation in a gap-healing model in the rabbit. The reaction being outrightly
inappropriate in the setting of the bone-healing process, the autogeneic bony debris behaves toward
its environment as if it were a bioincompatible matter. The deterministic drive deciding reactivities
of the body is not solely the basic chemical nature of the material (provided of course that it is not
toxic) but also its innate physical traits such as size, shape and surface topography [538].

XIl. THE LESSONS LEARNED

Clinical failure of up-to-date prostheses utilized in reconstructive surgery ought to be divorced from
the issue of biocompatibility of the materials employed in fabrication of the implants. With rare
exceptions, prosthetic failure relates to untoward mechanical settings. Prosthetic failure cannot be
construed to reflect on the biocompatibility topics straightaway. In the context of total joint
replacements, a plethora of articles records the mishaps to which the cement is vulnerable, on the one
hand, and the excellence of titanium and its alloys, on the other hand. Yet, less than 40% of
cemented acetabular cups of total hip arthroplasties have failed after 11 years of service, but close to
40% of uncemented threaded titanium-based acetabular cups are already loose after 6 years.
Logically, the stigma of aseptic loosening relates more often than not to factors other than
biocompatibility of the alloplastic components, say, flawed design-related biomechanics.
Catastrophic events, such as a fracture or rupture of an implant and excessive generation of
breakdown products, do not fall within the domain of biological reactivities. Years of studious
observation have resaid time and again that the cells tend to be indiscriminate in their response to
small particles. When it comes to these infamous small particles, the body’ s defenses do not
distinguish between rubble of their own provenance and litter of outside origin (Figs. 34, 35). This
fact, among others, accounts for the monotony of the morphological and biochemical scene near
diverse failed devices, as is forthwith evident
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Figure 33 Giant-celled granulomatous reaction to autogeneic bony debris in the tibia of a rabbit. The drilled cortical defect
was polluted with the animal” s own micron-sized bony particles. Healing of the defect was delayed by the ensuing foreign-
body-induced granulation tissue. (A) Mono- and polykaryonic macrophages are phagocytosing and engulfing variously size,
bizarrely shaped, calcific, bony particles (arrows). The macrophages are scattered within a densely textured fibrous tissue
(asterisk). (B) Small bony particles within the cytoplasm of a polykaryonic macrophage. Von Kossa stain with McNeal
counterstain. (A) X 280 and (B) X 400.

when recalling the retrieval studies and experimental models described above. It is timely to put
away the impulse to accuse the polymethylmethacrylate, as if it were playing an unrivaled role in
periprosthetic bone resorption. Otherwise authors will go on declaring that localized osteolysis aside
a stable, cementless femoral stem is “surprising since it occurred in the absence of bone cement,”

when in fact the intraosseous cavity was filled with polyethylene and metallic debris. It is recalled
that localized, and particularly the balloon-like, pelvic osteolysis is more often encountered in
patients with an uncemented acetabular cup than in those with a cemented one. It is well established

*

that design features and reconstruction specifics are principally responsible for initiation of the
circumferential invasion of the polyethylene debris-rich granulation tissue into the bone-implant
interface of acetabular cups. Having reevaluated the scientific basis of fixation of alloplastic
components, Freeman, Hozack and co-workers have aptly concluded that, equivalence of the clinical
results being overt, there is neither an overwhelming advantage nor a disadvantage for the cemented
versus the cementless techniques. The primacy of biomechanics, rather than of the biocompatibility
of the replacing biomaterials, should be

*Type of femoral component, design, position and technique of insertion of the acetabular component, presence of fixation
screws or pegs, initial degree of porous surface-bone contact, volumetric wear rate of the polyethylene and stress shielding.
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Figure 34 Metallic-particles-induced giant-celled granuloma in the pseudocapsule of an aseptically loosened, uncemented
total hip arthroplasty. Some large titanium fragments (arrows) have been ingested by the polykaryonic macrophages. Movat
stain. X 320.

acknowledged also in the failure of most intra-articular nonbiodegradable, synthetic, filamentous
implants. The latter are incapable of successfully substituting for anterior cruciate or other intra-
articular ligaments because they do not emulate the physiologically demanding and complex
biomechanical functions of the native structures [408,539 - 542].

In the context of load transfer between an implant and the bone, osseointegration constitutes
functionally the optimal host-implant relationships. Clinically, osseointegration is defined as the
process whereby an asymptomatic rigid fixation of alloplastic materials is achieved and maintained
in bone during functional loading. Morphologically, it is defined as the direct contact of the bone and
implant at the light microscopic level. Ultrastructurally, osseointegrated surfaces of the implants are
separated from the bone by a few hundred nanometers thick proteoglycan layer; e.g., this layer
measures 300 - 1000 nm at the surfaces of osseointegrated cemented alloplastic components. Bone-
bonding, which is defined as the establishment by physicochemical processes of continuity between
an implant” s surface and the bone matrix, is the favored state of osseointegrated parts, be they
metals, polymers or ceramics. Naturally, just thoroughly biocompatible materials evince bone-
bonding. Comparative analysis has clarified that bone-bonding ceramics do not adversely alter
mineralization of the bone matrix while the non-bone-bonding ceramics exert harmful effects on the
synthesis and maturation of the matrix vesicles. The dominating role of the surface texture is
unmistakable. Contingent on whether the undifferentiated mesenchymal cells face a rough- or a
smooth-surfaced implant, an osseoin-
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Figure 35 Bony-debris-induced giant-celled granulomatous reaction in the interfacial membrane of an aseptically loosened,
uncemented total hip arthroplasty. A few large calcific fragments (arrows) are scattered in a giant-celled granulation tissue in
which other than bone-derived foreign bodies are not detectable. Hematoxylin and eosin. X 320.

tegrating or granulomatous setting prevails. The common property of all bone-bonding biomaterials
(titanium and its alloys, bioactive ceramics) is the formation of a calcium phosphate-rich, apatite-like
surface layer. The reaction of cortical bone to titanium and hydroxyapatite-coated titanium is similar
but in addition to promoting more bone formation, hydroxyapatite-coated surfaces also trigger
bidirectional bone growth and replacement of a motion-induced fibrous interfacial membrane by
bone [266,270,331,334,441 - 551].

Yet, both titanium and hydroxyapatite particles, generated when a flawless bone-implant
apposition does not ensue, provoke a granulomatous reaction. The surmised gap-healing potential of
hydroxyapatite does not alleviate the obstacles to the faultless bone-implant apposition. On the
contrary, bone contact of hydroxyapatite-coated surfaces decreases, whereas bone contact of the
surfaces of uncoated titanium increases with time. The granulomatous reaction to particles formed on
delamination of the hydroxyapatite coating and the osteolysis resulting therefrom, particularly in a
loaded setting, are responsible for the untoward effect of the coat fragmentation in patients with
orthopaedic or dental implants. The course of hydroxyapatite-coated total hip replacements goes
from bad to worse if third-body wear, caused by particulate hydroxyapatite entrapped within the
joint space, increases breakdown of the polyethylene ace-tabular insert [259,356,552 - 557].

The practitioner’ s predicaments cannot be resolved by the basic scientists. In the reconstructive
operations, the barrier to success is not that suitable and biocompatible materials are not available.
The hurdles that the surgeon has to overcome in order to attain long-lasting
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stable fixation of artificial joints are harsh mechanical and physical circumstances at the interfaces
and articulating surfaces. Effects of the physiologically operative forces are amplified by anatomical
constraints, design faults, malalignment, components placed “onto” rather than “into” the bone,
teeter-totter phenomena with tilting caused by asymmetrical loading, abnormal strain patterns, stress
shielding, microfracture of bony trabeculae supporting the constructs and gross polyethylene failure.
In aseptic loosening of cemented arthroplasties, additional factors playing a role are a poor
cementing technique, debonding at the cement-metal interface, fracture of the cement mantle, upsets
at the bone-cement unit and fatigue cracks in the cement. Bone remodeling stemming from an altered
stress-strain field combines with these events to occasion generation of excessively large amounts of
prosthetic detritus. The ensuing inflammatory-granulomatous response causes that extensive
osteolysis which leads to prosthetic failure. To sum, mechanical and biological adversities conflict
with effective fixation of implants in the long term. In the final analysis, the incidents at and about a
prosthesis raise the rate of osteolysis and lower the rate of osteogenesis. Hence, all joint replacement
systems, whether cemented or uncemented, are destined to loosen some time. Within the presently
popular paradigm, mechanical adversities are solely condemned for the loosening of artificial joints
(Fig. 10). In this scheme there is no place for concern about bioincompatibility of the employed
ingredients, not one of which is known to provoke osteolysis when facing bone in its unadulterated
bulk form. That the so-called interfacial membrane adversely affects the functional integrity of
orthopaedic implants has been amply dealt with in the literature and repeatedly pointed out herein. In
fact, there is nothing unique to the interfacial membranes within the framework of the body’ s
defense options. They express the formation of protective buffer zones fencing off inanimate and
animate invaders. For instance, they bound a polytetrafluorethylene-based nephrostomy tube (Figs.
36, 37), but they as well surround an echinoccocus cyst. They perform laudable functions under most
pathophysiological circumstances. Their unlucky repercussions on the well-being of some patients
with implants, notably intraosseous ones, are a payoff modern medicine offers for the outstanding
achievements in other patients [116,558 - 561].

The biological behavior of biomaterials, which under disparate situations evince opposing effects,
have been elucidated at some length in an attempt to impress on the reader, be she or he convinced,
lately converted or skeptical, that current denotations of biocompatibility are unsatisfactory.
Materials deemed biocompatible by basic scientists are made the perpetrators of prosthetic failure by
practitioners. Irrespective of the outcome of test tube and animal experiments, definitions ought to be
uncommitted and separated in everyday practice from questionably relevant in vitro and unfittingly
made in vivo experimental situations. The list of observations stressing this point is long.

1. Implants are bathed in a replenishable, proteinaceous, enzyme-laden and cell-rich body fluid.
They are surrounded by a reacting and remodeling tissue. Transient pathophysiological
processes regulate and continuously adjust the interfacial environment. Injurious agents, unless
accumulating in extra large quantities, are likely to be totally or partially removed by the
flowing fluids and surveiling cells. These events cannot be satisfactorily mimicked in vitro
experiments.

2. Secondary to unlike handling of biomaterials, in vitro tests often fail to recognize subtle
differences in the surface chemistry of materials.

3. Ordinarily, the in vitro tests do not take in account the isolation procedure-effected changes in
cell behavior. It is well known that isolated cells respond more readily than explanted cells to
changes in the surface chemistry of a substratum they colonize.
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Figure 36 Synovial-like aspect of an interfacial membrane surrounding a polymeric nephrostomy tube (NT). In the absence
of interfacial motion, generation of alloplastic debris does not take place and, consequently, the membrane solely comprises
fibrous tissue, without those foreign body granulomas which are a characteristic landmark of a failed orthopedic implant. (RP
= renal parenchyma). Masson stain. X 30.

4.

~

The in vitro tests miss the in vivo formed, conditioning, surface-coating film, which regulates
attachment of cells to implants. Indeed, the thickness of this film is one measure of a
material’ s biocompatibility.

The in vitro tests ignore the part played by surface-adsorbed elements of the biological fluids
in modulating enzymatic and cellular activities. This explains why the cellular reactions to
fresh and retrieved particles of acrylic cement differ from one another.

In vitro biocompatibility tests disregard the effects of degradation products arising in vivo
after contact of a material with interstitial, and humoral or cellular enzymes.

The nonloaded implants in animals do not reduplicate patients” loaded prostheses.

The different bone anatomy, dissimilar kinetics of locomotion and human-specific age-related
bone changes rationalize the unmatched biomechanical conditions in biped man and quadriped
animals. Interspecies extrapolations are to be viewed with skepticism. Many an esoteric
alloplastic implant, devised to experimentally explore tissular reaction patterns, are
functionally successful in the animal model.

Given that the periprosthetic tissues of a patient’ s failed arthroplasty retain many billions of
200-to 500-nm-sized wear particles per gram, Kossovsky et al. rightfully rationalize that,
irrespective of other considerations, “particulates smaller than 500 nm may have an effect on
material biocompatibility.”
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Figure 37 The inner aspect of the interfacial membrane facing the nephrostomy tube (NT) consists of stratified, palisading
macrophages (arrow) overlying a loosely texture fibrous tissue (asterisk), thereby imparting a synovial-like appearance which
is akin to that commonly seen at the implant-tissue junction of orthopedic devices. Masson stain. X 320.

10. Time, extent and intensity scales of healing processes in animals are so unlike those in man
that extrapolations based on data obtained at analyses of the implant-tissue interface in, say,
the rabbit or dog are at best suspect and as a rule invalid for the clinical setting.

11. Reactivities to implants are site specific. Tissular behavior to a certain foreign body may
deviate from the pattern a researcher expected in view of her or his experience with that
material implanted at a different body site.

12. Reactivities to foreign bodies differ not only between species and strains of the animals used
in the experiments but even between individuals of the same species [99,478,562 - 564].
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XI1l. DEFINITION OF BIOCOMPATIBILITY

Biomaterials are presently in widespread use in all specialties of medicine so that any one observer
has personal knowledge and experience with no more than a small fraction of the entire scope. A
recent MEDLINE-based literature perusal has disclosed about 3000 papers on biocompatibility, but
there are many more articles in which the body’ s reactions to biomaterials are as well dealt with.
The motifs brought up in this chapter have been chosen to suit this author’ s expertise. The
biocompatibility of the materials preferentially applied in operations on the central and peripheral
nervous systems or the eye, hemocompatibility and biocompatibility of dialysis membranes and drug
delivery systems, to mention just a few of the gamut of themes, have been completely or somewhat
neglected. It is premised that the principles deduced after morphologically studying periprosthetic
tissues retrieved from patients and animals with certain types of prostheses and after reviewing other
authors” masterful reports qualify to outline the crucial and general laws which hold true for the
subject matter of biocompatibility in its entirety.

1. Biocompatibility implies a lack of untoward effects of a biomaterial on the adjacent tissues and
distant tissues or organs as well as a lack of compositional changes of the material due to the
chemical and physical activities of its environs which may impede the functional competence of the
implant comprising that material.

Implant-related osteolysis consequent on the production of mediatory substances by a particles-
induced granulation tissue is the prototype of deleterious consequences of biomaterials, albeit in a
special physical state, on adjoining tissues. Lymphadenopathy due to florid sinus histiocytosis, with
cobalt or titanium alloy- and polyethylene particles-laden macrophages distending the nodal sinuses,
typifies a harmful effect on a distant tissue by far migrating prosthetic debris. Likewise, debris
wandering afar is blamed for pathological fractures through a polyethylene or metallic-particles-
induced osteolytic cavity in a femoral shaft. Vice versa, cracks turning up under foreign body giant
cells adherent to polyetherurethane surfaces exemplify the damaging effects of cellular activities on
a biomaterial [97,561 - 567].

2. Biocompatibility expresses the ability of a biomaterial composing an implant to perform with
an appropriate host response in the specific application originally planned for that particular implant.
Foreign matter, whether deliberately introduced or accidentally inserted into or pathologically
formed within an organism, incites a response that is intended to attack, destroy and remove it.
Williams has rightfully stated his reservations as to simplistic definitions of biocompatibility. Not the
response by itself but rather its intensity and extent set limit to the biofunctionality of the implant.
Ergo, any definition should be amended by quantitative parameters. Biofunctionality specifies the
mechanical and physical properties which permit an implanted device to perform its expected
functions. More precisely, the (in)appropriateness of the tissular response of the host determines the
bio(in)compatibility of a material. It is too broad a generalization to define biocompatibility solely as
the state of ‘ ‘passive” mutual coexistence of a material and its environs, neither actuating an
undesirable effect on the other. It is imperative to evaluate bio(in)compatibility in the context of the
precise application of the biomaterial in question. Illustratively, the fact that the physeal plates of
growing rabbits’ bones are irreversibly damaged by penetrating polyglactin (copolymer of lactide
and glycolide) or polydioxanone rods is immaterial to the issue of biocompatibility. Whatever the
rods are made of, such treatments are doomed to fail if the diameter of the device is large enough to
cause a permanent injury to the physeal plate. Indeed, the growth disturbance of the bone is but brief
if the diameter of the rods is kept small [54,409,568 - 572].

Definitions of biocompatibility do injustice to factual in vivo situations by ascribing behavioral
traits to materials while ignoring their physical conformation. Biocompatibility de-
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pends, albeit among other items, on the surface texture of the biomaterial and the type of tissue
harboring the implant containing that material. Heedful reasoning mandates to make size, shape and
surface topography of a material, in addition to its chemical composition and breakdown products,
responsible for the extent and intensity of the inflammatory-granulomatous response induced by
devices containing the compound. The pivotal commands of texture on the behavior of cells at the
tissue-implant interface has been known for quite some time. As substantiated by morphological
studies of patients’ and experimental animals’ retrieved orthopedic implants, prosthesis failure is
more often than not brought about by exuberant inflammatory-granulomatous reactions.
Undoubtedly, other quantitatively measurable parameters have as well to be considered when
formulating the concept of biocompatibility. Just to mention the as yet inexplicable observation of
variance of the tissular reaction at different regions of the interface of one and the same implant
[89,260,262,573].

Capitalizing on the discussed propositions, one and the same biomaterial will be declared
biocompatible under one set of circumstances but professed bioincompatible under other sets of
circumstances. In the context of arthroplasties, the granulomatous response to prosthetic debris
deposited at component-bone interfaces is inappropriate because it is responsible for aseptic
loosening. Deductively, small polyethylene particles are bioincompatible. The polyethylene Rashel
net is surrounded and penetrated by fibrous tissue, the fibroblasts of which abundantly produce
crimp-fashioned collagen fibers. Macrophages, accompanied by some leukocytes, invade the net. In
the wake of organizational activity, the polyethylene filaments are internalized in composite units,
consisting of the individual filaments encircled by concentrically aligned macrophages, fibroblasts,
collagen fibers and reticulin fibers. In spite of the macrophages’ frustrated phagocytosis, attended
by exocytosis of cytoplasmic enzymes, injurious effects on the environs are morphologically
conspicuous by their absence. The Rashel net endures some interfacial motions during daily
activities, but there is minimal generation of wear products such that discrete foreign body
granulomas are rarely evident in the adjacent connective and muscular tissues. Since movability and
compliance of implants cause enhanced tissular reactions, factors other than just the chemical and
textural attributes control the intensity of the response. Not conflicting with the device’ s planned
function, the host response to the Rashel net is appropriate to the circumstances, and it follows that
the filamentous polyethylene of the net is biocompatible [3,97,455,574 - 576].

In addition to the factors brought up above, chemical modifications of a device as well control the
extent of the host response and, consequently, the (in)appropriateness of the reaction and, therefore,
also the bio(in)compatibility. The fact that just slightly modifying—not refashioning—a device may
significantly shift the scene at its surroundings underscores Williams” behest to evaluate implants
in the context of their precise applications [570,571].

XIV. CONCLUSIONS

A property designates an attribute. It defines a characteristic which is unrelated to other things, that
is, its reality is not conditional on the circumstances. With respect to our perceptions of the concept
of biocompatibility, a paradigm shift may be desirable at the present time. Biocompatibility is neither
an absolute quantity nor a fixed attribute, that is, an all-or-none asset. Bio(in)compatibility is to be
perceived relative to the events existent at the time of our inquiry.

To the degree that this concept is sound, polyethylene making up intact smooth surfaced motifs,
filamentous nets and tibial or acetabular components of an artificial joint is biocompatible. In
contrast, the polymer appears to be bioincompatible when death is the fate of cells
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grown on it in a saline solution and when its wear particles induce the formation of a sizable
interfacial membrane. Following long-term and useful service, ongoing and intensifying
inflammatory-granulomatous reactions associated with otherwise intrinsically biocompatible
materials, like carbon, polyethylene, polytetrafluoroethylene and titanium, leads to prosthetic failure.
To reconcile the seemingly contradictory extremes of the behavioral traits of one and the same
material under different circumstances, the concept of the “relativity of biocompatibility” has
been introduced. The concept implies that this attribute of biomaterials is subject to the conditions
under which biocompatibility is measured and observed. Patients and their physicians may rightfully
take it for granted that implanted devices are “safe.” Materials scientists and engineers assume
that safety of implants depends, at least in part, on the biocompatibility of the materials from which
they are fabricated. Black emphatically points out that a biomaterial, as a component of an implant
claimed to be safe, does not become, by that association, categorically safe: “In the same way that
safe is not an absolute attribute of a device, it cannot become an absolute attribute of any
biomaterial that the device may contain. ”; In addition to displaying their safety in experimental
animals and humans, biomaterials should successfully pass the test of performance standards in
specific applications. Black adds that after examining the clinical experience, all that can be said is
that a certain biomaterial, in a certain setting, is either biocompatible or not biocompatible. Judging a
biomaterial is a subjective affair. It requires the evaluator to weigh the evidenced local, systemic and
remote host responses against the implied therapeutic achievements of the device. Host reactions do
not have to be entirely benign nor do the materials have to be inert. Evaluators will render a
favorable ruling also when the host response is appropriate to the specific application
[3,569,570,577].

What happens at tissue-biomaterial interfaces depends not only on the chemical composition of
the implants but also on their textural features as well as on the stress and micromotion to which they
are subjected. There is more to the explanation of the properties setting the biocompatibility of an
implant than just cataloging the chemical essentials of the materials contained in that implant. The
study of the implant-activated modifications of the cellular behavior with permutations of the
adhesion molecules and the microfilamentous cytoskeleton when confronting a biomaterial is apt to
open new vistas in biocompatibility research [3,578 - 580].

Wear-debris-induced osteolysis around stable hip arthroplasties has been more common in recent
years than it was a decade or so ago. Surely, there was no setback in the manufacture of raw
materials. The rising prevalence of osteolytic lesions is likely due to design alterations, some
contemporary femoral bearings embodying significant mismatches in the surface finish and
sphericity of the mating polyethylene and metallic components such that wear particles are shed in
extra large amounts. This and further examples affirm the dictum that catastrophic events are more
often occasioned by an improper mechanical situation than by bioincompatibility of the ingredients
used in the manufacture of a prosthesis. The stature of biocompatibility should be separated from the
image of prosthetic failure. With the rare exception, prosthetic failure reflects wear debris- or
mechanics-related disasters. Hence, one should question the legitimacy of a phrase such as the

“biocompatibility of THR prostheses.” > Not the implant as such but load-related physical
predicaments of the construct and its breakdown products stood between the satisfactory outcome
the authors hoped for and the fiasco they witnessed. Mallory did not speak in vain when he
forewarned that all prostheses were apt to fail sometime, the interfacial events kicking off “a race
between the life of the patient and the life of the prosthesis.” One should keep in mind that, except
for the biodegradable synthetic and collagen-based compounds, there are no known enzymatic or
metabolic pathways whereby intracellularly ingested man-made materials used in joint and other
tissue replacements are effectively digested [108,581,582].
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Biocompatibility is not subject to an all-or-none law. It is not a property subsidiary to particular
chemical formulations. Biocompatibility is first and foremost dependent on circumstances under
which the material in question meets the tissue at the interface. In this context, it is deserving to
reiterate the forceful role played by biomechanical factors in guiding tissular responses to a
biomaterial in a salutary or adverse direction. The patterns of tissular reactions are site specific. This
reactivity distinctness is not just the result of distinct functional demands at different body locales.
Anatomical specifics are decisive in setting the degree of mismatch of the properties of the implant
and tissue, e.g., a mismatch in the elasticity module. Physiological specifics determine metabolic
climates particular to every body site. It is recalled that, with the exception of diamonds, all
implanted materials cause at least some degree of tissue injury. For the time being, concoction of
biomaterials personifying absolute biostability is a goal beyond reach. The researchers’ challenge
is to discover how and to what degree biocompatibility is swayed by the degradation of the implant,
the rate of the degradation and the nature of the degradation products (i.e., those derived from the
bulk of the implant, impurities or additives). Qualitatively ascertainable or quantitatively measurable
injury of adjacent tissues or distant organs by the degradation products makes use of the biomaterial
a safety issue. The interface is the place where interactions occur between two systems. The
perspectives of biocompatibility are projected relative to other facets of the events occurring in the
immediate domain of the implant or remote from the implantation site, given the spectrum of
feasible, local and systemic interfacial reactivities to one and the same biomaterial. Cognition of this
principle is crucial to materials scientists, chemists, engineers and medical practitioners who explore
the options of restoring a diseased, damaged or lost tissue or organ by placing a viable or nonviable,
natural or synthetic, organic or inorganic implant in its stead [46,70,356,442,583,584].

Biomaterials have a bright future. At the outset, biomaterials were not designed for specific
applications. They were off-the-shelf supplies found useful in solving an urgent problem. Based on
familiarity with the success and the failure of contemporary implants, physicians practicing in the
21st century will predictably have at their disposal bioengineered materials specifically devised to
satisfy mechanical properties and surface characteristics required to synchronize the capabilities of
the implant with the potentials of the tissues. Surface modifications of and incorporation of

“bioactive principles” into a biomaterial, e.g., cell adhesion sequences, and the novel family of

“bioartificial polymeric materials,” combining synthetic polymers and natural molecules with one
another, may enable implants and cells to actively cooperate with each other so as to establish and
conserve appropriate interfacial conditions [4,585 - 587].

Williams’ interpretation of biocompatibility is inept in Ratner’ s view because “the ability of a
material to perform with an appropriate host response in a specific application provides no clue as to
what biocompatibility really is and offers no useful insight into what materials are biocompatible,
how they work or how to design improved materials.” Ratner understands biocompatibility to mean

“the exploitation by materials of the proteins and cells of the body to meet a specific performance
goal.” This definition accommodates the many * ‘faces” of biocompatibility by stressing the
central role of interfacial proteins, cellular recognition processes and the part played by the
biomaterial itself. Scientists are biased by the customs of their disciplines and the accidental paths of
their education, wherefore the Ratner-Williams controversy is likely to persevere as it mirrors
opposite philosophies. A novel, uncommitted and neutral epithet, say biosuitability, may negotiate
these disagreements. Biocompatibility specifies fundamental effects of the surface of biomaterials
and leached cytoreactive substances on cells and tissues. It also describes tissue-material
interactions. Biosuitability defines the performance of biomaterials in the context of clinically
relevant settings. It addresses the practical side of implantology. Investigators as well as practitioners
embrace the axiom that prosthe-
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ses ought to perform in the mode programmed at the time of their design on the drawing board. To
exemplify the concept of biosuitability, take carbon and polyethylene. Both carbon and polyethylene
are called biocompatible by experimenters. Surgeons, however, consider them biounsuitable in the
filamentous form for the replacement of intra-articular ligaments. No matter how biocompatible their
constituents may be, lack of scaffolding efficacy of the implants and their premature degradation
frustrate attempts at reconstructive surgery. The intricately adapted anatomy of the organs to the
precise functions, e.g., the three-bundled human anterior cruciate ligament, cannot be duplicated by
industrial appliances. Would it not be naive to expect biomechanical sufficiency from
unsophisticated devices? Adverse reactions to motion at the interface of optimally conceptualized
but unstable constructs or to prosthetic debris should be acknowledged for what they are. Prosthetic
failure should not be explained away by indiscriminately ascribing the property of bioincompatibility
to one type of an implant or another. A material is biocompatible or bioincompatible. An implant is
biosuitable or bioinsuitable. Finally, one should not overlook that rare case in which an individual’ s
unpredictable idiosyncratic reaction may make a biocompatible material look injurious at the bedside
[7,9,14,36,45,588,589].

It is taken for granted that biocompatible materials do not damage distant organs. Yet, there has
not been a major investigative endeavor to find out the impacts, if any, of implants on the general
health of the patients, though it is well known that particulate debris disseminates systemically in the
body. If the higher than expected incidence of lymphomas and leukemias in patients with a total hip
arthroplasty is causally related to the oncogenic property of chromium or cobalt, be it an initiating or
promoting potential, the unconditional biocompatibility of at least some alloplastic prosthetic
components is suspect if not worse. It behooves to climax this overview of the subject with
Williams”  dictum that no material is universally biocompatible [236,359,590,591].
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2

Tissue Response to Implants: Molecular Interactions
and Histological Correlation

M. Cannas, M. Bosetti, M. Santin, and S. Mazzarelli
University of Eastern Piedmont “ ‘A. Avogadro, ” Novara, Italy

I. INTRODUCTION

Biomaterials—materials used for the elaboration of systems designed for human implantation or
organ substitutes—can be synthetic (metals, alloys, ceramics and polymers) or from a natural source
[1]. Their uses are largely diversified for soft and hard tissue replacement: in fact, biomaterials can
be employed in neural prostheses, cardiovascular devices, blood or bone substitutes, controlled drug
delivery matrices, dental materials, artificial organs, dialyzers and so on [2].

II. INTERACTIONS BETWEEN IMPLANT SURFACES AND
TISSUES

During the first seconds after implantation, only water, dissolved ions, and free biomolecules (but no
regional cells) are in the closest proximity of the surface. The composition of the bioliquid then
changes continuously as inflammatory and healing processes proceed and, in turn, causes variations
in the composition of the adsorbed layer of biomolecules on the implant surface over the first
minutes, hours, days, weeks [3].

Cells and tissues approach the surface and, depending on the nature of the adsorbed layer, respond
specifically modifying the adsorbed layer of biomolecules [4]. The types of cells approaching the
surface and their activities change with time. The final results may be the formation of a more or less
pronounced fibrous capsule with a different degree of tissue integration [5, 6]. The interaction at the
surface is therefore a coupled series of events developing in space and time which is in a crucial way
influenced by the properties of the original biomaterial surface.

An implant can be considered as a source of irritation or as a stimulus to the tissue in terms of the
response provoked by traumas or infections. In fact, most features of the tissue response to an
implant bear a close similarity to the classical features of wound repair after trauma or of the cellular
and humoral response to invading bacteria.

Acute inflammation is the immediate response to injury. Bleeding is followed by a stag-
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nation of blood flow since it becomes more viscous as water is absorbed by the surrounding tissue
due to the abnormal permeability of the capillaries mediated by histamine, serotonin, complement,
prostaglandins, leading to stasis and increased pressure. The increased availability of blood at the site
of injury is followed by clot formation and by migration of leucocytes and plasma proteins through
the capillary wall into the surrounding tissue. Cell migration is directional and is mediated by a
chemical process known as chemotaxis (Fig. 1).

One of the most important functions of inflammatory cells is phagocytosis, process initiated by the
recognition of the foreign body by the surface of the cell (Fig. 2) through proteins called opsonin,
such as IgG for which the cell surface has receptors. In cases where the foreign body is not a
phagocytable size, phagocytes undergo degranulation with release of enzyme free radicals and
mediators into the surrounding tissue, thus mediating and promoting inflammatory responses (Fig.
3).

Chronic inflammation is a proliferative rather than exudative response, and the tissue is
characterized by fibroblasts associated with collagen-rich repaired tissue and an accumulation of
leucocytes. The cells mainly involved in the chronic response are macrophages, cells able to
transform themselves into multinucleated foreign body giant cells, lymphocytes and plasma cells.

I11. THE RESPONSE OF HARD TISSUES TO IMPLANTATION

Bone response to implants depends on the type of bone, its previous history, the geometrical and
morphological relationships between the bone and implant, the method of attachment of one to the
other, the mechanical stress system acting on the implant-bone system and the

Figure 1 Example of chemotaxis: cells moving toward a biological target.
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Figure 3 Macrophage activation: the macrophage is unable to phagocytose the foreign body (SEM 2000x).
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material chemistry. Biomaterial may contact bone with little direct effect on the bone (plate, nail),
since it is not plated within the healing zone, or be vitally important in determining the response of
the bone to the implant (joint prostheses, bone screws, dental implants).

In these latter cases the progression of healing in the bony defect is found. Healing can therefore
proceed (i) without the aid of any biomaterial (limited to the size of the defect) where defect bridging
occurs spontaneously and completely through an initial exudate which slowly reorganizes to form
new bone (Fig. 4a); (ii) with a solid object placed in the bony cavity (influenced by mechanical and
chemical characteristics of the material) where healing takes place in the space between the implant
and the bone. In the latter case, there will be intimate bone-implant contact or a soft fibrous tissue
interface between bone and implant with considerable differences in the functional performances of
the prosthesis (Fig. 4b).

Orthopedic materials can be classified as (i) biologically inert ( “bioinert” ), with no positive or
negative effects on bone growth; and (ii) “bioactive,” which encourages the formation of new
bone at the surface. The complex interrelationship between mechanical stresses, surgical technique
and characteristics of the implanted material make it difficult to foresee the conditions under which
bone-material contact will reach its optimum.

Studies focusing on titanium, PMMA or certain glass-ceramics were found to have thick
proteoglycan layers at the interfaces not behaving as natural tissue.

Capillary
buds
Fibroblasts

Neutrophils=

Dilated blood vessels Collagen

Fibrin ———

Macrophages

Collagen

{a)

Figure 4a Scheme of process of wound healing in a simple incisional wound.
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Figure 4b Scheme of process of wound healing in the presence of a foreign body, such as an implant.

About the so-called bioactive materials calcium hydroxylapatite ceramics, certain glasses or glass-
ceramics of controlled surface activity and certain porous surfaces are found.

Calcium hydroxylapatite use has been encouraged by its composition which is analogous to the
natural mineral phase of the bone. When placed within a bony environment, it becomes well
incorporated into the bone, without intervening inflammatory or fibrous tissue elements and with
crystals of biological apatites deposited straightforward on its surface.

Glasses or glass-ceramics of controlled surface activity, first developed by Hench [6], based on the
Si0,-Ca0-Na,O phase diagram with a small quantity of P,O;, appear to provide a different

mechanism (Fig. 5): they have a reactive surface that initially leaches out calcium and phosphate
ions, chemically equivalent to the mineral phase of bone. These elements are probably responsible
for the formation of new bone at the surface. It has been hypothesized that the surface reaction would
be self-limiting because of the protective effect of the silicarich surface layer that is exposed after
preliminary leaching, but the transition zone is of such a character that it is able to incorporate the
molecules of the organic matrix of new bone, thus favoring a chemical bond between the glass and
the new bone.

Another mechanism, largely independent of chemistry but controlled by the morphology of the
material, regulates the bioactivity of porous materials which, placed adjacent to existing bone, may
promote the ingrowth of new bone with no osteogenic mechanism.
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BONE GROWTH
CRYSTALLIZATION OF MATRIX
GENERATION OF MATRIX
DIFFERENTATION OF STEM CELLS
ATTACHMENT OF STEM CELLS
ACTION OF MACROPHAGES
ADSORPTION OF BIOLOGICAL MOITIES IN HCA LAYER
CRYSTALLIZATION OF HYDROXYL CARBONATE APATITE ( HCA)

ADSORPTION OF AMORPHOUS CA+PO,+CO,

POLYCONDENSATION OF SIOH+SIOH — SI-O-SI
FORMATION OF SIOH BONDS
BIOACTIVE GLASS

Figure 5 Sequence of surface reactions in bioactive bonding to bone, from the bottom to the top.

IV. RESPONSE OF BLOOD TO BIOMATERIALS

The principles of the interactions between blood and synthetic materials are described under the
headings of the essential characteristics of blood, the mechanism of blood clotting, the effects of
materials on clotting proteins and material-platelet interactions.

Blood is a suspension of cells (Table 1) in plasma, an aqueous solution containing a variety of
organic and inorganic molecules (Table 2). The plasma proteins include those providing nutrients to
the cells (albumin, lipoproteins), those involved in the transport of hormones and chemicals
(transferrin, ceruloplasmin, vitamin-binding proteins, steroid-binding proteins) and those involved in
defense (immunoglobins, complement, protein of the clotting process).

Among blood cells, platelets are of enormous significance in blood compatibility; under certain
conditions, platelets are activated, resulting in significant functional, biochemical and structural
alterations to the cell compared to its resting state.

Table 1 Cells of Circulating Blood

Concentration Volume (%)

Cell (N° /mm3) Normal shape in blood
Erythrocytes 4t06 X 108 Biconcave disk, 8 um X 1 -3 um 45
Leukocytes

neutrophils 15t075 X 103 Spherical, 7 - 22 pm diameter 1

eosinophils 0tod X 102

basophils 0to2 X 102

lymphocytes 11045 X 10°

monocytes 0to8 X 102
Platelets 250 t0 500 X 10° Rounded or oval, 2 - 4 um
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Table 2 Composition of Human Plasma
Concentration

Surface (gdl 1) Molecular weight
Water 90 - 92
Proteins

serum albumin 33-4.0 69,000

fibrinogen 0.34-043 340,000

a,-globulins 0.31 -0.32 44,000 - 200,000

az_globulins 048 - 052 150,000 - 300,000

B-globulins 0.78 - 0.81 90,000 - 1,300,000

v-globulins 0.66 - 0.74 160,000 - 320,000
Cations

Na© 0.31-0.34

k" 0.016 - 0.021

Ca2+ 0.009 - 0.011

Mg2+ 0.002 - 0.003
Anions

cl” 0.36 - 0.39

HCO, 0.20 - 0.24

POy 0.003 - 0.004

The effects of activation are adhesion of the cells to sites of blood vessel wall injury, aggregation
and the fusion of granules with the plasma membrane to facilitate the release of granular contents.

The injury to a vessel involves disruption of the endothelium and initiates a sequence of events
which allow platelets to adhere to the damaged surface. The first stage is the platelet-collagen
interaction, and the stimulated platelet releases a number of substances, principally adenosine
diphosphate (ADP), which causes the platelets to aggregate and form a platelet mass.

The second event is the activation of the sequence of events called coagulation cascade in the
plasma proteins, which leads to the formation of a thrombus. The coagulation cascade may be
initiated by a glycoprotein associated with a phospholipid (extrinsic pathway) or by the exposure of a
nonendothelial surface like biomaterials (intrinsic pathway); in both cases there is a localized
conversion of inactive molecules to proteolytic enzymes, in a sequenzial pattern, that come together
with the conversion of Factor X to Xa and culminates in the conversion of prothrombin to thrombin,
which catalyzes the polymerization of fibrinogen to fibrin, as is well known.

The proposed mechanism by which surfaces may influence the factors of the intrinsic pathway is
that negatively charged surfaces possess the ability to initiate coagulation: first they introduce a
structural change in Factor XII; second the surface promotes an interaction between Factor XII and
the inactive molecule prekallikrein; third the surface promotes the activation of Factor XI by surface-
bound Factor XIIa.

Much experimental data has also been accumulated concerning the ability of foreign surfaces to
adsorb and interact with plasma proteins; it is generally believed that surfaces adsorbing albumin are
generally thromboresistant, while those adsorbing fibrinogen, gamma globulin and fibronectin tend
to be more thrombogenic. Little is known of the way in which different biomaterials are able to
influence these events.

Also the surface characteristics which are responsible for the attraction of platelets have not really
been identified. The literature shows that opposing characteristics are equally impor-
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tant (platelet adhesion decreases with decreasing interfacial free energy, and yet, on the other hand, it
decreases with increasing interfacial free energy), with the role of adsorbed proteins being very
important.

No one theory is able to explain the interaction of platelets with foreign surfaces: it is interesting
that there must be substances within the vessel walls that repel the platelets, and one way to prepare
nonthrombogenic materials has involved the attachment of such substances (prostacyclin or
prostacyclin-like substances) to the surface, and this has indeed shown some success with respect to
antiplatelet activity.

It is clear that the future of biomaterials within the cardiovascular system depends on
understanding their interactions with blood, expecially those leading to the resistance to clot
formation. For many years attempts have been made to define the ideal thromboresistant surface in
terms of physicochemical parameters; more recently a more logical biological approach regards
antiplatelet substances or coating of polymer surfaces with phospholipids that mimic the cell
membrane or with heparin or heparin-like substances that are themselves known to be
antithrombogenic.

Other attempts use natural materials, such as glutaraldehyde-treated pericardial tissue derived
from cows or pigs, in some heart valves, and finally experiments proposed vessels coated with
endothelial cells before implantation.

V. PROTEIN ADSORPTION

The early event that determines the interactions of a surface with the surrounding host tissues is the
adsorption of proteins from the body fluid in which they are dissolved: consequently, the
biocompatibility of the material is strictly determined by these facts [7]. Since proteins play
important roles in the host response processes, the study of this phenomenon is very important for
understanding the molecular basis of biocompatibility and for designing novel biomaterials that are
able to respond to the functions for which they are needed.

We will give an overview about different aspects of protein adsorption with a major emphasis on
(i) the factors governing the process, (ii) the main protein kinds adsorbing onto surfaces, and (iii)
their influence on the biological response.

Organic components present in all the main body fluids, such as blood and wound exudate
plasmas, urine, cerebrospinal fluid, and peritoneal dialysate, tend to adsorb onto the surfaces of all
the most commonly used biomaterials. As a first step, the process of adsorption is mainly
conditioned by the rate of diffusion of the molecules from the liquid bulk to the material/fluid
interface [7]. It is easily understood that low molecular weight proteins quickly contact the surface
due to a rate of diffusion higher than the high molecular weight species. Anyway, the latter are
considered favored in establishing interactions with the surface of the material due to their ability to
better adapt their conformation to the material surface. Therefore, low molecular weight proteins are
usually displaced over time by the high molecular weight ones. The first phase of protein adsorption
is, therefore, a race where speed is only one of the prerequisites necessary to win the competition:
adaptability to environmental changes appears to be more important in view of durable and
biologically significant interactions. That makes the difference between proteins with comparable
molecular weights and determines the final protein composition of the conditioning layer deposited
on the surface.

At the interface proteins and biomaterial attract and repel each other depending on the affinity of
their functional groups [8, 9]. Among all possible chemical interactions (listed in Table 3), van der
Waals and charge interactions and hydrogen bonding are considered the most important.
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Table 3 Forces Involved in Protein Adsorption onto
Surfaces

Kind of interaction
Electrostatic
Charge-dipole
Dipole-dipole
Charge-nonpolar
Dipole-nonpolar
Nonpolar-nonpolar
Hydrogen bond
Covalent bond

It is widely accepted that hydrophobic surfaces adsorb more proteins than hydrophilic ones. The
displacement of the water shell surrounding the folded polypeptide chain of the protein by the effect
of the material moieties enhances the possibility of stable binding with the surface. Furthermore, van
der Waals interactions are very dynamic and allow flexible bounds able to reconstitute upon changes
of the microenvironmental conditions.

Due to the importance of this kind of interaction in determining protein adsorption, we have
recently set up a novel and simple method to determine the strength of the hydrophobic interactions
linking proteins to surfaces [10, 11]. By this protocol biomaterials are treated with body fluids such
as plasma or urine and then sequentially washed with distilled water and isopropanol/water solutions
at increasing concentration. The supernatants are then concentrated and tested for their protein
profiles by electrophoresis. Proteins present in the supernatants of washing solution with no
isopropanol or low isopropanol concentration are considered weakly bound to the material surface or
belonging to the upper layers of a multilayer (Fig. 6, lanes 1 - 4). On the other hand, proteins
desorbed with high isopropanol concentrations are considered strongly bound to the surface by
hydrophobic interactions (Fig. 6, lanes 5 - 7). This procedure, combined with information about the
physicochemical properties of the tested material (i.e., contact angle values), can lead to interesting
speculations about protein adsorption, and it represents a tool to foresee the degree of bioinertness
(or biointegration) of the material.

Opposite charge interactions are important to the formation of a protein layer on the surface of a
biomaterial [7, 8]. This kind of binding takes place at a very fine level due to the possible presence
of patches of opposite charge which allow the formation of salt bridges even when the net charge of
the molecule is the same of the surface. Hydrogen bonding has also been reported among the
interactions occurring at interfaces mainly involving hydroxyl moieties of both the material and
protein functional groups [8].

Covalent binding has been found to occur between proteins and surfaces, although rarely. The
most remarkable example is represented by the binding and activation of the complement C3
fragment in which a spontaneous reaction produces a thioester bond by the substitution of a
nucleophil group of the surface to a disulfide bridge of the protein [12]. Therefore, the material/fluid
interface represents a complex microenvironment where the molecular composition dynamically
changes, depending on many physicochemical factors.

The pattern of protein deposition can be affected by the coadsorption of different kinds of proteins
as well as by the presence of other inorganic and organic components such as salts (i.e., “salting
in” and “salting out” species), glycosaminoglycans, and lipids [8]. These molecules can either
change the composition of the medium in which proteins are dissolved, favoring their solubilization
(or precipitation), or bind the adsorbing proteins, inducing variations in their conformation and
therefore influencing their ability to interact with the exposed surface.
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Figure 6 Typical electrophoresis profiles of plasma proteins eluted from the surface of a biomaterial: lanes 1 - 3—proteins
eluted by washing with deionized water; lanes 4 - 7—proteins eluted by washing with 10%, 30%, 50%, 70% (v/v)
isopropanol/water solutions. Protein bands were detected by a silver staining procedure.

Temperature and pH are among the variables able to change the behavior of a given protein at the
interface, respectively affecting its thermodynamics and electric charge [8]. In reality, lower pH
values, which usually occur at the site of the inflammation, and the pH changes detected in
pathological urine can alter the adsorption of the protein, while the temperature range of the body
would not change the protein behavior at the interface, since variations of the sorption profiles have
been detected at temperatures far from the physiological values [7].

In vitro studies carried out from artificially prepared protein solutions demonstrated the possibility
of forming protein multilayers adsorbed onto materials [6, 7]. Although in these models the
aggregates were very unstable, in vivo studies demonstrated the developing of thick conditioning
layers mainly formed by proteins upon long-term implantation of medical devices [12 - 16]. This
can be explained by hypothesizing the constitution of stable macromolecular complexes by strong
intermolecular interactions also involving other organic molecules such as glycosaminoglycans and
lipids.

In summary, the deposition of a protein film on the surface of a biomaterial contacting a body
fluid has to be considered a highly dynamic process where one species “feels” ’ differently
attracted by another depending on the composition of the surrounding environment. For example, a
new approaching protein can displace a species previously adsorbed on the material (Vroman effect)
by expressing more physicochemical attraction for both the exposed surface and the other
components of the deposited film [15].
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Proteins can be basically divided into inflammatory and structural proteins, according to their
ability to participate in the response toward a foreign body or to their ability to form the framework
of the tissues; that is, although many protein kinds adsorb onto the surface of biomaterials, the vast
majority of observations from the literature are on the most important proteins concurring to
inflammation and tissue regeneration events.

The complement system is undoubtely the most important defense mechanism available to the
host organism to resist tissue invasion by foreign bodies [16, 17]. This system accounts for 20
components which are divided into two cascade mechanisms, both of them predisposed to mark the
invader as foreign and to contribute to its destruction or isolation. The two cascade mechanisms are
called “classical” and “alternative” pathways (Fig. 7, top). In both pathways convertases
produce active fragments which have the ability to bind the foreign surfaces and play a receptor role
for inflammatory cells. In the classical pathway the binding of a complex constituted by IgG and the
C1 fragment of the complement system to the foreign surface is the event triggering the activation of
the cascade, which leads to the progressive formation of a protein complex able to destroy the
foreign body [18].

Common terminal pathway

T

Csa () |:| C5h

CS activation
C3a ()
Alternative Classical
pathway pathway
C3bBb 1C3h
mmplex 'EL“T'Pl'*Jll CL-’I gG complex
BIOMATERIAL

Figure 7 Scheme of the biomaterial-induced complement activation. Top: activation of the classical (right side) and
alternative (left side) pathways; Bottom: receptor role of the adsorbed C3b fragment toward macrophages (M®) (for details
see text).
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Mainly devoted to the destruction of undesired cells (i.e., bacterial cells), the classical pathway is
not considered important in the evolution of the inflammation upon the implant of a biomaterial [17].
However, the presence of the C1/IgG complex on the surface of several biomaterials means the
activation of the “classical” pathway has to be reconsidered in the context of the implant-induced
inflammation. This pathway shares with the “alternative’ ’ pathway the activation of the C5
fragment of the complement system, which is recognized by the inflammatory cells and is
responsible for the amplification of the inflammatory response by agglutinating leukocytes at the
inflammed environment [19]. Furthermore, the C1/IgG complex has also been found to produce
activated C3a fragments of the alternative pathway [20].

In the field of biomaterials the C3 fragment is the most studied component of the entire
complement system [20 - 24], the reason being its ability to be activated upon adsorption and
covalent binding on the surfaces of the biomaterials [21]. In particular, C3 is activated by most of the
solid surfaces by spontaneous reduction of a disulfide bond linking its chains. Nucleophil groups
present on the surface of biomaterials cleave the disulfide bond, establishing a covalent thioester link
with the protein fragment. The formation of separate fragments generates a molecule which in turn
can bind Factor B, forming a convertase complex C3Bb able to cleave more C3 into C3a and C3b
[22]. C3b binding to the surfaces also favors the adhesion of leukocytes (Fig. 7, bottom), while C3a
represents an anaphylatoxin able to recruit cells to the implant/tissue interface [24]. The mechanism
of activation of C3 can be either amplified or inhibited depending on the ability of the adsorbed C3b
fragment to link, respectively, further Factor B molecules or the inhibitor Factor I [22].

In most cases the correct functionality of a prosthesis or medical device surface depends on its
structural interaction with the surrounding tissues. The goal of a good material acceptability is
obtained by the production of surfaces with the ability to support cells growing on their surfaces and,
therefore, tissue integration.

Although cells have been demonstrated to adhere to materials aspecifically [25], the adsorption on
the surface of specific receptors favors the rearrangement of the cytoskeleton toward a pattern
similar to that adopted by the cell within the physiological extracellular matrix, thus promoting its
appropriate metabolic functions [25 - 27]. For these reasons, biomaterials able to support the
adsorption of extracellular matrix proteins with receptor sites for tissue cells represent materials of
choice for those applications in which the integration of the prosthesis within the tissue is required.

Table 4 lists the main structural proteins of the extracellular matrix. These proteins share the
presence in their structure of the amino acid sequence Arginine-Glycine-Aspartic acid (RGD), which
is responsible for the recognition of most cell membrane integrins [27]. Furthermore, these proteins
have relatively high molecular weights and can form macromolecular

Table 4 Main Proteins Promoting Cell Adhesion
Protein kind

Collagen

Fibronectin

Vitronectin

Laminin

Osteopontin

Entactin

Thrombospondin

Fibrinogen
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aggregates between them as well as with other components of the connective tissues, thus
contributing to the formation of the extracellular matrix network [27].

It must be pointed out that these proteins are also able to support the adhesion of inflammatory
cells [28] and bacteria [29], and their binding can occur on the surfaces of prostheses where material
inertness is required.

Proteins involved in the clotting system can also offer double-face responses, depending on the
site of implantation and on the application of the biomaterial used [30]. The deposition of fibrinogen
and its modification to fibrin, for example, can favor the wound healing process consequent to the
implant procedure, but can be an undesired substratum for the growing of thrombi onto the lumen
surface of vascular grafts.

The study of material biocompatibility also involves the possibility of mineralization processes on
the prosthesis surface. Mineralization is a common process in nature, and in the biomaterial field it is
approached as both a wanted phenomenon and an undesired one [31 - 34]. In the case of orthopedic
and dental prostheses, surface mineralization is one of the main goals to be pursued to obtain
biomaterials able to osteointegrate [31]. On the other hand, mineralization has to be eliminated in
applications such as heart valve bioprostheses [33] and urological catheters [34] where the formation
of encrustations can lead to the failure of the device.

Mineralization processes in living organisms are always driven by the presence of an organic
matrix formed by proteins, lipids, and glycosaminoglycans, which constitute a template where
calcium-based crystals can nucleate, grow, and aggregate [35]. This pathway is shared by both
physiological (i.e., bone formation) and pathological (i.e., urinary stone formation) events [36, 37].

The proteins involved in these processes are those able to bind calcium and to interact with other
proteins and crystals [36, 38]. These features allow them to favor the nucleation of calcium-based
crystals and their growing to form macroscopic mineralized structures.

In theory, calcium-binding proteins have been proposed as agents to functionalize the surface of
orthopedic biomaterials with the aim of improving their osteointegrative properties, but, to our
knowledge, no final product has been synthesized yet on these bases [39].

Few studies have been carried out to asses the levels of adsorption of these kinds of proteins upon
biomaterial implantation and their effect especially in pathologic calcifications. For example, the
presence of calcium-binding proteins adsorbed on the surface of mineralizing bioprostheses has been
demonstrated in rat subcutaneous implants, although no clear relationship has been found with the
mineralization process [40].

Recently, we showed changes in the plasma protein adsorption profiles of glutaraldehyde-
crosslinked collagen sponges before and after their treatment with calcification inhibitors, suggesting
that calcification of the collagen-rich bioprosthesis can be induced by the adsorption of particular
protein kinds [41].

V1. HISTOLOGICAL APPROACH TO PERIMPLANTAR
TISSUE

Many studies have evidenced that the surgical implantation of biomaterials in bones and soft tissue is
followed by the formation of a connective tissue membrane encapsulating the implant which changes
with time of implantation and nature of the implanted materials. The fibrous layer is due to a
nonspecific response by the tissue to the physical presence of the implant as a solid body [42].

There are many possible causes of tissue changes adjacent to implant not only due to the chemical
nature of foreign material that may be approached by histology, as surgical procedures inevitably
cause some degree of cell demage that can lead to an end product of fibrous
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repair such as the regeneration of the fibrous joint capsule following hip arthroplasty. Another
important factor, which often occurs after implantation of devices, is the possibility of implant
movement that may provide mechanically or physically tissue damage, with histological
abnormalities arising from such damage and from the response to it.

The release of particles from the implant may cause a local hypersensitivity reaction that may be
evidenced with immunohistochemistry by the presence of particular cells like macrophages migrated
near the implant site to phagocyte the foreign particles.

Microscopic examination of biopsy specimens is also a method for assessing the presence of
infection; it may show granulocytic infiltration in the subacute form, while the chronic form is
characterized by a lymphocyte/plasma cell spread and histiocytic infiltration [43].

Now, the histological approach to peri-implantar tissue may be differentiated into steps, the first
being a basic histological staining to morphologically define the tissue, the second and the third are
electron microscopy and immunohistochemistry to qualitatively define cell populations, and the last
is histomorphometrical analysis to quantitatively define cell distribution.

VII. HISTOLOGICAL REACTION TO MATERIALS
IMPLANTED INTO SELECTED TISSUES

Peri-implantar tissue is the body response to implantation of medical devices. As we already said,
the site of implantation is an important factor that influences the tissue response to biomaterials. The
main differentiation has to be done between soft and hard tissue.

A. Soft Tissue

The tissue response to biomaterials in soft tissue is always characterized by the presence of a fibrous
tissue capsule enveloping the implant and by the presence of interfacial cells like macrophages and
foreign body giant cells. The thickness of the capsule seems to be related to the biocompatibility of
the material and to its chronic inflammatory response. An example of soft tissue response to implant
is the one studied in patients with silicone or saline implants as mammary expanders. Histological
evaluation of the capsule may be performed after explantation of silicone disks together with
surrounding tissue and fixation by 10% buffered formalin solution. Stainings have to be performed
using ethylene dichloride instead of xylene to avoid swelling of silicone with the solvent. The
magnitude of tissue reactions to implanted silicones may be classified according to the degree of
infiltration of inflammatory cells and the appearance of foreign body cells. The thickness of
collagenous capsule formed around the implant, measured by optical micrographs of the histological
sections after 16 weeks, is around 80 - 95 um [44]. The capsule consists of an inner dense
membranous zone of thin, collagenous fibers of the same size concentrically arranged around the
prosthesis.

Early after implantation granulocytes, lymphocytes and a few fibroblasts were the predominant
cell types. Then the population changes progressively to a relatively greater number of histiocytes, a
few lymphocytes and many fibroblasts. B and T lymphocytes may be evidenced by
immunohistochemical staining [45]. The mature capsule is predominantly acellular and vascularity
was well developed.

Hematoxilyn/eosin staining shows the presence of round small cells at the material/capsule
interface which decreased toward the physiological tissue border where there is a higher
concentration of fibroblasts (Fig. 8).

Along with the collagen fiber acids mucopolysaccharides may be observed, while elastic
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Figure 8 Hematoxylin-eosin staining shows the presence of round small cells decreasing in intensity from the implant
interface (right) to the physiological tissue with a higher concentration of fibroblasts (100x).

fibers were not found by Weigert staining with the exception of few cases where they are localized
in the dermis (Fig. 9). This capsule represents the final establishment of an equilibrium between the
organism and the foreign body implant, and its characteristic depends on the susceptibility of the
foreign material to phagocytosis and other cellular mechanisms.

B. Hard Tissue

Histological evaluations of tissue reactions to materials implanted in hard tissues (bone) have
identified the direct apposition of new bone to biomaterial. In some cases bone may be found
directly apposed to one portion of an implant, while the remaining surface is encapsulated by fibrous
tissue similar to that seen in soft tissue. In this case the fibrous tissue capsule takes an additional
significance because it reduces the stability of the implant, leading to implant loosening.

Many histological evaluations have been made on this membrane. Since 1975 [43] attention has
been focused on two histological parameters: the inflammatory infiltrate and the presence of material
debris. The inflammatory reaction is diffused in the peri-implantar tissue: in the acute phase
polymorphonuclear cells are predominant, while in the chronic phase lymphocytes and giant cells are
more prevalent.

In 1986 Linder [46] described the peri-implantar membrane as composed of three layers: near the
prosthesis it has macrophages and giant cells, in the middle layer it is fibrous and poor in cells, and,
finally, near the bone it looks like a granulation tissue rich in fibroblasts, macrophages, round cells
and blood vessels. Macrophages show in the cytoplasm phagocyted particles of metal and corrosion
product.

More recent studies describe the membrane as consisting of an external compact fibrous
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Figure 9 Weigert staining evidences elastic fibers localized on the side of the pseudomembrane (top) through the dermic
layer (100x).

layer and an internal layer richer in cells. The external layer has a thickness ranging from 3 to 5 um
formed by orientated fibers. Blood vessels of various size, few fibroblastic cells and small wear
debris may be recognized. The internal layer, less than 1 um thick, is derived from fibroblastic
differentiation.

V1. HISTOLOGICAL TECHNIQUES

The assessment of a tissue reaction toward a biomaterial has traditionally involved the use of
staining techniques such as hematoxylin and eosin, Masson staining and others. For histological
analysis peri-implantar tissues have to be explanted and fixed in 10% buffered formalin solution.
Tissues, dehydrated in increasing ethanol concentrations and clarified in xylol, are embedded in
paraffin and cut in semithin (4 - 6 um) serial sections using a microtome.

Different stains may be used to qualitatively evaluate the histological characteristics of the tissue
around the implant, and often they are used simultaneously to allow the recognization of each
constituent of the cell. Hematoxylin/eosin staining is the most diffuse method to evidence nuclei and
cell population: nuclear structure is blue while cytoplasm and intercellular substances are reddish.
This staining allows observation of numerous vessels in the middle layer.

To evidence the disposition of collagen in the capsule the best technique is Masson staining.
Collagen fibers are disposed parallel to the surface of the implant and are more diffused far from the
implant (Fig. 10).

Elastic fibers are not frequently observed, but when they are present they are localized near the
dermis layer and are easily evidenced by Weigert staining.

Reticular fibers evidenced with silver impregnation staining show them to be concentrated around
vessels (Fig. 11) and in the layer near the device.
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Figure 11 Silver impregnation shows reticulated fibers at the interface-tissue implant (200x).
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IX. IMMUNOHISTOCHEMISTRY

Many immunoenzymatic staining methods are used for the localization of tissue antigen and then for
the recognization of a cell type. The choice of the appropriate technique depends on the requirements
of the operator. The avidin-biotin technique is the most used. It is a three-stage process which
utilizes a primary mouse antihuman monoclonal antibody, a biotinylated rabbit antimouse polyclonal
secondary antibody and a performed avidin-biotin horseradish peroxidase complex. The process
relies on the strong affinity of the avidin-biotin complex binding nonimmunologically to the
peroxidase activity, and the position of the monoclonal antibody is then identified using 3,3-
diaminobenzidine (DAB).

Studies of peri-implantar tissue may be performed by analysis of the subpopulation of
lymphocytes, macrophages, monocytes as a means to characterize immunological events in an
inflammatory condition. Numerous investigators have recognized the importance of macrophages in
the histological response to implants [47, 48]. While fibroblasts and fibrocollagenous capsules
around the implant represent the end stage of repair, the macrophages on the surface are participants
in the active reparative stage.

Moreover, macrophages have the ability to mediate many important biological processes. They
can secrete a variety of products, including chemotactic agents for other cells, growth factors that
stimulate the production of collagen by fibroblasts, and then may fuse to form multinucleated foreign
body giant cells (Fig. 12) [42]. The production of chemotactic stimuli for polymorphonuclear
neutrophils and monocytes makes them migrate into the wound site where they differentiate into
macrophages to attempt their role in phagocytosis of cell, tissue debris and microorganisms.

The detection of reactive macrophages and histiocytic cells may be performed with CD68
monoclonal mouse antihuman macrophage antibodies, clone KP1.

If microorganisms, bacterial fragments and cell debris are completely digested, the reac-

Figure 12 Foreign body giant cells of histiocitic origin (haematoxylin-eosin) (200x).
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Figure 13 CD3 immunostaining evidences T lymphocyte (200x).

tion is limited to an acute inflammation which tends to exhaustion. But if this is not accomplished,
further development of a specific immune reaction starts. The reaction is governed by T cells and B
cells, which in cooperation with macrophages and other accessory cells, attack microorganisms using
different and sophisticated immune mechanisms [49].

Reactive T cells are detected by CD3 monoclonal mouse antihuman antibodies, clone UCHT1
(Fig. 13), while B cells may be evidenced by CD20 monoclonal mouse antihuman antibodies, clone
L26 (Fig. 14).

The detection of the presence of vessels in the analysis of peri-implantar tissue is made by an
antibody that evidenced the presence of endothelial cells in the membrane: CD31 monoclonal mouse
antihuman endothelial cell antibody (Fig. 15). These antibodies are usually used to define the
different responses of tissue to biomaterials.

X. HISTOMORPHOMETRIC TECHNIQUES

The spatial distribution and concentration of distinct cellular elements and the dimension of the
reaction zone are of great interest in the evaluation of the biological reaction to implant materials.
The histomorphometric evaluation of the soft tissue adjacent to the implant has been carried out for
many Yyears by visual control and counting histological structure according to their morphology and
their staining behavior [50]. In the last 10 years the use of a computer-aided image analysis system
and immunohistochemical techniques have been developed [51]. This image analysis is a versatile
technique that has found applications in every wide range of scientific discipline.

A superficial justification for using an image analyzer would be in terms of labor saving because
speed of measurement is so great when compared to manual methods. However, the
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Figure 15 CD31 immunostaining for the localization of vessels.
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real justification arises from the great certainty that can be attached to quantitative results obtained
by image analysis and to the high reproducibility of the results, even counting different fields on the
same slide [51].

The analysis system is composed of a light microscope connected to a computer unit. Microscope
objectives are selected so that the image analyzed is magnified 100 or 200 times, and from each
section a series of five fields in which the peri-implantar tissue may be divided are captured and
stored on the hard drive of the computer.

The quantification is made by automatic selection based on black-and-white or colored image
intensity, and a selective deletion provides a means of removing noncellular objects. This is
performed on the basis of a set of parameters preventing objects such as fragments of material or cell
debris from being included in the measurement stage. The results are expressed in number of
cells/fields and may be stored in a data file for analysis.

The quantitative histomorphometric approach to peri-implantar tissue has evidenced that cells are
more diffused at the interface, while the connectival component is predominant far from the implant
surface [52].

XI. CONCLUSIONS

For a long time the biocompatibility of a medical device surface was intended to be a priori
evaluated by in vitro tests. A more recent view of the matter is devoted to the possibility of
predicting a possible adverse reaction from the preliminary phase of the production, as in the tissue
engineering model; such a possibility requires a complete knowledge of the molecular level of
interactions between cells and tissue to the biomaterial. In this sense protein adsorption represents
one of the main topics to be addressed to fully understand the variegated aspects of biocompatibility,
along with the histological investigations.
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Biomaterial-Related Infection: Role of Neutrophil
Peptides

Sandra S. Kaplan, Robert P. Heine, and Richard L. Simmons
University of Pittsburgh, Pittsburgh, Pennsylvania

I. INTRODUCTION AND BACKGROUND

The use of prosthetic materials (biomaterials) in reconstructive surgery has altered the course of
medical practice and has enhanced the lives of many millions of recipients worldwide. Yet despite
this phenomenal success and the fact that the incidence of infection actually has been quite low
overall (<5% for most kinds of totally implanted devices) (1), infection at the biomaterial surface and
surroundings has continued to be a vexing and often intractable problem resulting in a heavy toll in
terms of morbidity and expense (1 - 3). These infections are most often introduced at the time of
surgery and, despite the use of prophylactic antibiotics, form the nidus of an infection which may not
become manifest for many years (4 - 8). Some devices, however, especially those which are only
partially implanted, have a much higher incidence of infection. Vascular access devices, for
example, have an infection rate of up to 37% with a case fatality rate of 20 - 40% (3). Urinary
catheters left in place for longer than a month have an infection rate approaching 100%, but with a
lower case fatality rate (1,3,9).

The relationship of foreign bodies to infection has been recognized for at least six centuries. In the
14th century, Guy de Chauliac, a French surgeon, reported that foreign bodies must be removed in
order to effect resolution of an infected wound (7), but it was not until the middle of the 20th century
that a systematic scientific study of the pathogenesis of this phenomenon began. Elek and Conen are
credited with the first scientific study of this issue with their determination that a smaller bacterial
inoculum-induced infection in the presence of silk suture material than it would in the absence of the
sutures (10). Since that initial study, this observation of enhanced infectivity of foreign materials in
general, and prosthetic materials specifically, has been extensively validated as well as generalized
to the many different types of materials used for prosthetic devices (11 - 13). Some of the most
important work has investigated the mechanisms of this increased infectivity of biomaterial surfaces.
This work may be classified under several different subheadings:

Properties of materials which may enhance infectivity

Properties of bacteria which may facilitate colonization of materials

Role of soluble mediators of inflammation (matrix proteins, cytokines, complement)
Effects of the association of phagocytes with materials on phagocyte-mediated host defense
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A. Properties of Materials Which May Enhance Infectivity

It was convincingly demonstrated that bacteria adhered readily to materials and that this action
constituted the first step in foreign-body-associated infection (4,14). The properties of materials
which may affect this adhesion have therefore been the subject of study. Despite this attention, the
structural and chemical properties of the ideal material for implantation have remained elusive and
ideas which seemed sound intuitively, and even were supported in some early studies, have not
proved to be relevant upon further examination. Whether or not the surface roughness of a material
contributed to infectivity has been somewhat controversial. Early studies claimed a direct
relationship (15,16), but other workers did not find roughness to be an important factor (17). Under
conditions of increased turbulence, however, such as might occur at a rough surface under conditions
of flow, increased bacterial adherence was shown to occur (18). In contrast, polymer chemistry in
terms of biodegradability did not appear to affect bacterial adherence (15), but surface chemistry as it
affects the net surface charge also was found to influence the ability of prosthetic devices to induce
cell activation, including complement activation, phagocyte adherence, and cytokine production,
although results have been somewhat contradictory (19 - 21). While it had been assumed that the
best possible materials would be those which were most chemically inert, the salutary effects of
tissue integration had not been considered. When this aspect was investigated, it was shown that
tissue integration, defined as the ability to promote tissue ingrowth, improved biocompatibility
(19,22,23).

B. Properties of Bacteria Which May Facilitate Colonization of Materials

Staphylococcus epidermidis colonization accounts for approximately 50% of infections on
orthopedic implants and also is an important element in infections of vascular and urinary tract
access devices (2,6). Escherichia coli, Peptococcus, Pseudomonas aeruginosa, Proteus mirabilis,
and beta hemolytic streptococci also are important pathogens associated with prosthetic devices.
These organisms have in common their ability to produce a glycocalyx substance known as
extracellular slime substance. This substances is believed to impair phagocytic killing by interfering
with phagocytosis per se (14,24) as well as interfering with subsequent intralysosomal bacterial
killing (25,26). This slime substance also may protect the microorganisms from antibiotics (4). The
role of bacterially derived slime in adhesion of organisms to materials has recently been questioned
by Higashi et al. who found that a mutant strain of S. epidermidis, deficient in both an adhesin and in
slime, adhered effectively to polyethylene regardless of the presence of protein even under a range of
physiological shear stress conditions (27,28). Organisms such as S. aureus also infect biomaterials,
but here the element of tissue devitalization may play a contributing role, and a number of matrix
proteins (discussed in the next section) act to enhance adherence of this organism to prosthetic
devices by means of surface adhesins (12,29 - 34).

C. Role of Soluble Mediators of Inflammation (Matrix Proteins, Cytokines,
Complement)

After implantation, prosthetic devices rapidly become associated with a variety/succession of plasma
and matrix proteins, i.e., the Vroman effect (35), which provide receptor sites for bacterial adherence
and facilitate the adherence of S. aureus to the biomaterial surface (34,36 - 39). These proteins
include fibrinogen, fibronectin, vitronectin, laminin, collagen, and even thrombospondin, but
fibrinogen and fibronectin appeared to be the most potent of these for the adherence of S. aureus
(34). Other workers focused on the attachment apparatus of the S.
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aureus. This work characterized the genes for the protein which binds to fibrinogen (32) and further
determined that mutant staphylococci which were deficient in binding protein failed to bind to
materials (40,41).

Fibrinogen associated with prosthetic devices plays another important role having to do with the
attachment of inflammatory cells, such as neutrophils and monocytes, to the biomaterial surfaces.
This topic has been extensively studied by Tang et al. (42 - 44) who demonstrated that the
spontaneous adsorption of fibrinogen, but not albumin, IgG, or even activated complement
components, was responsible for the attachment of phagocytes to the material surface. Other
workers, however, not only have shown that fibronectin also plays a role in the adhesion of
phagocytes to materials (45), but that other proteins, including the Hageman factor, IgG, and
albumin, play a role in the response of adherent phagocytes to produce inflammatory mediators (46).
Several groups, however, demonstrated that a number of cytokines (IL-1, IL-6, and TNFa) were
produced by macrophages in contact with biomaterials (20,47 - 53), and this was variably reduced
when cells were attached to protein-adsorbed materials. This work suggested that the passivating
effect of proteins could be related to whether or not the surface chemistry of the material resulted in
enhanced adherence and cytokine production in the first place (20). They further described highly
cationic surfaces that were activating and neutral surfaces that were not. Also of interest, these
studies demonstrated that an unidentified factor which stimulated thymocyte proliferation was
enhanced even as IL-1 production was decreased, suggesting that the role of protein adsorption to
materials may be much more complex than anticipated.

That complement is activated at biomaterial surfaces has been appreciated for many years.
Complement generally has been believed to be activated by the alternative pathway (50,51).
Marosok et al. demonstrated that silicone catheters were considerably more effective at activating
complement in this manner than other catheter materials, and that silicone appeared to be more
infection-prone than other materials (52). This also resulted in local complement depletion secondary
to the augmented activation. Tang et al. also demonstrated that materials varied in their capacity to
activate complement, and attributed this variability to the surface chemistry of the material, finding
that materials with uncharged, hydroxyl-bearing surfaces activated complement but surfaces derived
with amine and carboxyl groups did not (21). These observations would seem to contradict the
relationship of surface charge to activation, published by Yun et al. (20), but Yun’ s studies focused
on cell activation while Tang et al. focused on complement activation. Tang et al. further stated that
under conditions in which complement was not activated (polyethylene, terephthalate, polyether
urethane, polyvinyl chloride, and polyethylene), inflammatory cell accumulation mediated by
fibrinogen would occur (21). The role of complement for attachment of phagocytes to biomaterials
also is controversial. Kao et al., for example, found that complement was necessary to mediate
adhesion, but the complement was sufficient only under static conditions (45). Under conditions of
shear stress, other factors such as fibronectin were necessary.

D. Effects of the Association of Phagocytes with Materials on Phagocyte-
Mediated Host Defense

Polymorphonuclear neutrophilic  leukocytes, known as neutrophils or PMN, and
monocyte/macrophage cells are considered to be professional phagocytes with the committed
function to effect host defense against microbial and fungal invading organisms by the process of
phagocytosis followed by the killing of these ingested microorganisms (53). This cytotoxic function
requires that concomitant with phagocytosis there is a marked and rapid production of reactive
oxygen intermediates (ROI) such as the superoxide anion (0:} and hydrogen peroxide (H,0,)
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within the phagocytic vacuole together with the release into this phagocytic vacuole of potent
antibacterial constituents from nearby granules (such as myeloperoxidase, lysozyme, and cationic
peptides known as defensins) (53,54). Given the importance of phagocytic killing for effective host
defense along with the observation that neutrophils rapidly become associated with foreign materials
(42 - 46), it is somewhat curious and paradoxical that infections at biomaterial surfaces are persistent
and intractable (1,3,5 - 7). This apparent paradox, however, becomes understandable in the light of
the accumulating evidence that neutrophils in contact with foreign materials degranulate, produce
ROI, and then become deactivated and dysfunctional (7,11,22,55 - 60). Studies by Zimmerli et al.
using in vivo and ex vivo models of biomaterial-related infection not only demonstrated that
material-associated neutrophils were dysfunctional, but also provided evidence that even the addition
of fresh neutrophils could not rescue the infectious process except under highly specific conditions
(22,57). These studies demonstrated that in the presence of Teflon, phagocytosis and ROI formation
by neutrophils became impaired, granule content became reduced, and phagocytic killing, especially
of catalase-positive organisms, was impaired. Microorganisms introduced into the area of the
materials were not cleared and infection persisted. Addition of fresh neutrophils improved host
defense only if the fresh cells were introduced within 3 h of the bacterial inoculum, or at 20 h but
only if fresh serum was also added to the area of infection at this time point. It was suggested that the
function of the fresh serum was to provide opsonins, which in previous studies had been shown to be
poorly available in the vicinity of an implant (22). Marchant et al., using polyurethane implants, also
reported that material-associated neutrophils exhibited decreased phagocytic capacity (58). Later
work in our laboratory, using an in vitro model of the biomaterial-neutrophil interaction and a variety
of materials used in clinical practice, demonstrated that most materials induced a rapid but transient
stimulation of ROI production/release by cells in contact with the material, even in the absence of an
additional stimulus. We also observed that this process was passivated by the presence of a serum
coat on the material, except in the case of woven Dacron. Here, stimulation was maximum in the
presence of serum (59,61). Further investigation to evaluate the mechanisms of this material-
associated stimulation demonstrated that the stimulation did not occur via a pertussis toxin-
inhibitable G protein, but that protein kinase C was involved since inhibition of protein kinase C by
Staurosporine did abrogate the response of neutrophils to polystyrene and polyurethane (but not to
woven Dacron). Thus the signaling mechanisms of material-induced ROI production appear to vary
among the materials and appear not to be the same (in terms of G protein requirements) as
stimulation via a receptor-dependent process (61). Continuing with this work, we demonstrated that
material-associated neutrophils (especially cells on woven Dacron) produced a potent
chemoattractant (62). Since this would serve to bring a fresh wave of phagocytes to a biomaterial
surface, we evaluated the effect of adding fresh neutrophils to cells already material-associated. In
support of Zimmerli’ s findings (57), our work demonstrated that neither ROI production nor
phagocytic killing occurred when the fresh cells were added (62). Liu et al. studied the effect of the
specific protein adherent to the material on the production of ROI by adherent neutrophils (63).
These studies evaluated the effects of albumin, IgG, and fibrinogen since these are the predominant
proteins adsorbed to materials, and resulted in the observation that the effects differed according to
whether the material was hydrophobic or hydrophilic. IgG coating, for example, was activating to
neutrophils, especially when on a hydrophobic material, but fibrinogen and albumin were not. This
finding was somewhat unexpected since fibrinogen-coated materials are attractant to neutrophils. It
was suggested that protein coating may induce an augmented response to other agents of
inflammation such as TNFa, and this indeed was demonstrated by Nathan who observed that many
coating materials acted to enhance responses to agents that would have failed to activate cells in the
absence of their attachment to a coated surface (64).
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Karlsson et al. also found that hydrophobic surfaces were more activating than hydrophilic surfaces,
and observed that this was due to complement activation by the former (65). These studies evaluated
the effect of the plasma supernatant of cells which had been in static contact with materials, and
found that soluble factors had been released which induced metabolic activation in target
neutrophils.

II. BIOMATERIAL-ASSOCIATED DYSREGULATION OF
FUNCTION

The idea that neutrophils exposed to materials might produce soluble factors, and that these factors
might augment the activity of bystander cells or that one or more of these factors might act to attract
fresh neutrophils to a material surface, suggested that the function of incoming, second-wave
neutrophils deserved further investigation. In contrast to Karlsson et al. (65), however, studies in our
laboratory did not find that supernatants of cells exposed to polystyrene, expanded
polytetrafluorethylene (ePTFE), or woven Dacron (WD) contained factors that activated fresh
neutrophils to produce ©O: We did find, however, that substances chemoattractant for neutrophils
were released. We therefore determined to characterize the relative amounts of chemoattractant and,
more importantly, to evaluate the function of fresh neutrophils added to an inoculum of neutrophils
which had been in contact with the material for 60 min. These studies will show that neutrophils on
some, but not all, materials produce a chemoattractant for subsequent neutrophil recruitment. We
further demonstrated that fresh neutrophils placed together with neutrophils already present on the
material failed to become activated to produce ROI and exhibited significantly impaired microbial
killing.

A. Methods
1. Cells and Reagents

Neutrophils were isolated from heparinized whole blood using standard density gradient
centrifugation techniques originally described by Boyum (66) and modified for these studies as
previously described (59,60,62). Neutrophils were suspended in modified Kreb’ s ringer phosphate
buffer, pH 7.4 [16 mM Na,HPQ,, 123 mM NaCl, 0.5 mM CaCl,, 10.5 mM MgSO,, 5 mM KClI, and

4.4 mM glucose (KRPG) (61)], and in some studies the KRPG included 5% heat-inactivated calf
serum or 10% autologous human plasma. Each neutrophil donor provided cells for a single day’ s
experiment, but when fresh neutrophils were added to 24-h-old neutrophils the same donor was used
for two consecutive days. Neutrophils were quantitated using Coulter electronic instruments (Hialeah
FL) and the purity of the preparation was determined from DiffQuick-stained cytospin smears. Cells

were suspended at a concentration of 2 X 106/ mL and consisted uniformly of >90% neutrophils.
Trypan blue dye exclusion was used to assess viability, which was uniformly >95%. Stock solutions
of fMLP were prepared as previously described (59). All other materials were reagent grade and
obtained from Sigma Chemical Co. (St. Louis, MO) unless otherwise specified.

2. Biomaterials

The biomaterials were generous gifts and included expanded polytetrafluorethylene (ePTFE) (Gore
and Associates Inc., Flagstaff, AZ) and woven Dacron (WD) (Meadox Medicals Inc., Oakland, NJ).
Polystyrene (PST) tissue culture dishes (24 well) (Corning CoStar, Corning, NY) were used as a
prototype material in some studies. The biomaterials were cut into 13 X 13 mm squares, sterilized
with ethylene oxide as previously described (59), and fit into the
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wells of 24-well plates. The materials were tested for lipopolysaccharide (LPS) contamination as
previously described, and were LPS free (59).

3. Determination of Mediator Release from the Biomaterial-Neutrophil Interactions

Neutrophils, at a concentration of 2 X 10° in KRPG or KRPG with 5% calf serum, were placed on
the biomaterials WD, ePTFE, or PST for 30 min or 2 h. The plates were centrifuged and the
supernatants were stored at —70° C until tested for their activity as chemoattractants. The
supernatants of biomaterials incubated with KRPG in the absence of cells also were tested to
determine if materials alone released a chemoattractant.

4. Superoxide Release

Superoxide (0:) was measured as superoxide dismutase-inhibitable reduction of cytochrome c (67).
Neutrophils were placed in flat-bottomed 24-well or 96-well plates for varying periods of time.
Cytochrome ¢ was added with and without the stimulator formyl-methionyl-leucyl-phenylalanine

(fMLP) and the plates were incubated at 37° C for 30 min. Data are expressed as nanomoles ©:/ 106
cells.

5. Chemotaxis

Chemotaxis was evaluated using 48-well micro-Boyden chambers and 5 p pore-size polycarbonate
filters, as previously described (68). The biomaterial supernatants or fresh KRPG were placed into
the lower wells. fMLP was placed into some of the lower wells and served as a positive control. The
chambers were assembled and allowed to warm in a 37° C humidified incubator for 10 min prior to
placing fresh neutrophils into the upper wells. Incubation was continued for 15 min. The filters were
removed, fixed, stained, and mounted on glass slides to determine by microscopy the number of cells
that had migrated to the lower surface of the filter.

6. Effect of Adding a Second Inoculum of Fresh Neutrophils to the First Inoculum of Cells

a. Metabolic Studies on Biomaterial Surfaces. Neutrophils were placed on the non-serum-

coated materials for 10 or 120 min. Cytochrome ¢ then was added with or without fMLP (10_7 M
final concentration) and the incubation continued for 30 min. The fresh inoculum of neutrophils was
obtained from cells held at room temperature for 120 min which then were added to materials
already containing the original inoculum of cells. To control for the effect of aging, these room-
temperature-held neutrophils also were added to materials which previously had not been exposed to
cells. In both instances, these fresh cells were allowed to settle for 10 min, then cytochrome ¢ was
added and incubation continued for 30 min. The samples were centrifuged, and reduced cytochrome
c determined in cell-free supernatants. In some studies, the cells that had been overlaid onto the first
inoculum were removed to a clean plate and their ability to release O: determined in the fresh plate.

b. Microbial Killing on Biomaterial Surfaces. S. aureus, strain D2C, was used as the target
organism to determine the ability of the cells to kill bacteria, as previously described (69). In these

studies, 5 X 105 neutrophils in 500 u. KRPG were added to biomaterials and after 10 min an
inoculum of S. aureus in KRPG containing 20% autologous plasma was added (Staph:neutrophil =
5:1). The samples were swirled to mix, and a 10 pL. sample was removed immediately after the
addition of bacteria, the T-0 sample. The plates were incubated at 37° C on a Kaola-Ty slow
variable rotating shaker (Accurate Chemical and Scientific Corp., West-
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bury, NY) at 90 oscillations per minute. Samples of 10 pL were removed at 5 h and 24 h, and
numbers of viable staphylococci determined. At the 24-h time point, a fresh inoculum of neutrophils
and staphylococci was added and samples were taken again at the new time 0 and at 2 h, 5 h, and 24
h after the second inoculation. The numbers of viable staphylococci were determined as described
above. Neutrophil viability also was determined at times 0, 24 h, and 48 h.

7. Statistical Evaluation

Statistical evaluations were performed where relevant using a StatWorks program and Student’ s t-
test or the Wilcoxon signed rank test. Significance is defined as p < 0.05.

B. Results and Discussion

Figure 1A shows that WD-associated cells produced a potent chemoattractant for fresh neutrophils

with a potency nearly as great as 10 [BY fMLP, especially when the cells were incubated in the
absence of serum, as shown in Fig. 1B. Figure 1A also shows the results with cells associated with
PST and ePTFE. With these materials, the presence or absence of serum had little effect.
Furthermore, the extent of material-induced ©. formation had little effect since PST is highly
activating and ePTFE is poorly activating. Figure 1B illustrates chemotactic activity using the
negative (KRPG) and positive (fMLP) chemoattractant controls. This would be a proinflammatory
action with far-reaching implications since it would augment the number of inflammatory cells at the
material, thereby potentially enhancing microbial killing at the site of an implant.
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Figure 1 (A) The chemoattractant potency of biomaterial-neutrophil supernatants was determined by placing these
preparations in the lower wells of micro-Boyden chambers and fresh neutrophils in the upper wells. The potency is indicated
by the number of cells that had migrated through the filter. Woven Dacron-neutrophil supernatants (columns 1 and 2)
exhibited potent chemoattraction, especially in the absence of serum (column 1). PTFE-associated neutrophils (columns 3 and
4) released much less chemoattractant under both serum absent (column 3) and serum present (column 4) conditions. PST-
associated cells (columns 5 and 6) released slightly less chemoattractant when serum was present (column 6). (B) The
chemoattractant potency on the negative control, KRPG (column 7), and the positive control, fMLP (column 8), are shown.
(From Ref. 62.)
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Because chemoattraction would bring in fresh PMN, we evaluated the ability of a second
inoculation of neutrophils overlaid upon previously inoculated neutrophils to produce ©: or kill
bacteria. Figure 2A shows that after 10 min on PST, the first inoculum of neutrophils produced 38.7

+ 7.2 nmol of 0:/10° neutrophils/30 min, and the addition of fMLP caused the release of an
additional 9.0 = 1.7 nmol. After 2 h, however, very little ©: was produced (1.9 = 0.5) and the
response to subsequent exposure to fMLP was somewhat diminished (6.4 £ 1.1), supporting earlier
work (59). The addition of a second inoculum of neutrophils, held at room temperature for 2 h, to the
neutrophils already associated with the PST resulted in release of only 2.3 = 0.5 nmol ©:/30 min
and the response to fMLP was 7.0 = 0.8 (Fig. 2B, col. A). This was not due to the age of the
neutrophil suspension since cells held for 2 h at room temperature and then added to a PST well
resulted in 28 = 6.2 nmol, and responded normally to stimulation with fMLP (Fig. 2B, col. C). We
also removed the freshly added cells and evaluated the activity of these cells in a fresh, never
inoculated PST well, and these neutrophils produced only 7.7 = 1.5 nmol of O:. and their response
to fMLP was very poor 1.3 = 0.5 (Fig. 2B, col. B). We also found that the response of these
neutrophils to PMA was reduced (17.6 = 2.7 versus 50 - 60 nmol/30 min under other conditions).
Thus, biomaterial association appears to induce a potent downregulation of ROI production, an
action potentially deleterious to host defense, and these results cast doubt, then, as to whether newly
recruited neutrophils would function effectively as mediators of antimicrobial activity. We also
showed that neutrophils removed to a fresh, noncoated well also exhibited diminished production of
ROI. The mechanism of this passivation, however, is unclear.

The various biomaterials affected neutrophils differently. Figures 3A and 3B show that ePTFE, a
nonactivating material, had less of an effect on the response of added neutrophils (Fig. 3A) and the
response of the second ‘ ‘wave” of neutrophils to fMLP was not impaired (Fig. 3B). WD, in
contrast, induced a marked attenuation of the response over 120 min (Fig.
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Figure 2 (A) The effect of 0 release of incubating neutrophils on PST for 10 min and 120 min in the absence of serum is
shown for unstimulated cells (M) and for cells additionally stimulated with fMLP {E). A marked time related diminution of
response is seen. (B) The effect on O release of adding fresh neutrophils held at room temperature for 2 h to cells already
biomaterial associated is shown in the A columns without additional stimulation (M) and after fMLP stimulation (E8). B
columns show the effect of removing these cells to a clean plate. C columns show the effect of adding neutrophils held at
room temperature for 2 h to a clean plate without previously placing them on plate-associated neutrophils. (From Ref. 62.)
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Figure 3 (A) Conditions as for Fig. 2A, when cells are on PTFE. (B) A columns show effect of adding cells held for 120
min at room temperature to materials already containing neutrophils. B columns show effect of adding these cells to a fresh
sample of PTFE. (From Ref. 62.)

4A), and the response of fresh neutrophils added to cells already associated with the material was
decreased. The response to subsequent fMLP challenge also was decreased (Fig. 4B, col. A). These
effects were not due to the age of the neutrophils. This is shown in Fig. 4B, col. B, which shows that
neutrophils held for 2 h were capable of normal responsiveness if added to wells that had never
contained neutrophils. The effects on WD, however, are less profound than the effects on PST.

The implications of this passivation of ROI release on antimicrobial activity also were of interest.
It might be expected that cells which poorly release ©. also would exhibit impaired microbial
killing, and this, in fact, occurred. A second inoculum of staphylococci was killed very poorly, even
though it was added together with fresh neutrophils. Figure 5 shows that over the first 24 h period
staphylococci were killed slowly by neutrophils on PST. This second
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Figure 4 (A) and (B) Conditions as for Figs. 3A and 3B, when the cells are on woven Dacron. (From Ref. 62.)
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Figure 5 The ability of neutrophils to kill staphylococci during a 48 h incubation on PST is shown. Fresh neutrophils and
additional staphylococci are added as indicated by the arrow. (From Ref. 62.)

inoculum was less effectively killed, with (32.5 & 14.5)% of the inoculum surviving during the
second killing period in contrast to (6.5 * 1.7)% surviving after the first 24 h period (p < 0.05).
The importance of this observation relates to phenomena such as delayed infection at biomate-rial
sites and the occurrence of infection at the site of sutures remaining from a previous surgical
procedure.

The above studies described how neutrophils become activated to produce ©O: when in contact
with biomaterials and that this activation is short-lived. The studies have further shown that the
consequences of this biomaterial-induced activation are a dysregulation of oxidative responsiveness
and microbial killing by fresh neutrophils. Under normal circumstances, neutrophils process
incoming signals from their environment, signals such as formylated peptides elaborated by bacterial
growth or the active complement fragment C5a and thereby become activated for host defense. This
exquisitely regulated process involves G-protein-mediated signal transduction which initiates a
cascade of responses in proportion to the degree of receptor occupancy (70,71). These responses are
regulated by the intrinsic capacity of the G protein to become deactivated and then reactivated as part
of the same process in which an initial activation occurs (72), as well as by physiologic feedback
inhibition by second messengers formed in the process of activation (73). Changes in cell shape
occur with low-level stimulation and this facilitates cell movement in the direction of increasing
concentrations of chemoattractant. Higher concentrations of ligand, however, inhibit neutrophil
movement and instead begin to elicit the metabolic burst leading to ROI formation. Neutrophils,
however, are endstage cells. There is little potential for generation of new reactants, there is no DNA
produced, and there is only limited protein synthesis. These cells are destined to die as a
consequence of their host-defense function. It is not unreasonable, therefore, that unregulated and in
fact dysregulated biomaterial-induced activation of a neutrophil might compromise its real function
as a phagocytic killer. The hypothesis of dysregulation is supported by our previous work which
demonstrated that biomaterial-induced signaling for activation was not transduced via the G-protein
mechanism used by physiological ligands and therefore might not be subject to the same control
processes.

Despite being endstage cells, neutrophils are known to produce and release substances that modify
the inflammatory response, including cytokines such as IL-6, IL-1, TNFa, and IL-
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8 (74 - 78). The regulation of this cytokine expression is largely unknown, but recent studies have
shown that IL-10 down-regulates neutrophil expression and release of IL-8 (9,79,80) while ROI, not
necessarily derived from NADPH oxidase, appear to cause increased production of IL-8 via
increased gene expression (81). Cytokines also may exhibit autocoid properties in which the IL-8
produced by neutrophils which have been stimulated by TNFa and LPS (82), for example, may act
to further stimulate these neutrophils (50). Other work, however, has demonstrated that IL-8 also
decreases the adherence of neutrophils for endothelial cells and reduces recruitment to sites of
inflammation (83 - 85). Activated neutrophils also produce metabolites of arachidonic acid,
including prostaglandins and leukotrienes. This metabolic activity occurs in concert with ROI
formation and leads to further stimulation of ROI, including activation of phospholipase D (46). One
such metabolite, LTB4, is a potent chemoattractant.

While the studies described above have helped to establish that neutrophil contact with
biomaterials acts to downregulate the functional activity of neutrophils that might be attracted to a
material surface, the mechanism of this downregulation remains undefined. We and others have
shown that material contact induces cytokine release by cells but these cytokines (IL-1 and TNFa)
are unlikely to have a downregulating effect on fresh cells. The persistent nature of material-
associated infection and the resistance to antibiotic management, however, and the need to remove
the material to resolve the infection (7,86,87), suggest that these infections might behave somewhat
like an abscess where surgical drainage is needed to resolve the infection.

I11. NEUTROPHIL-INDUCED AUTOCOID AND PARACOID
TOXICITY

It is well appreciated that neutrophils contain a large number of cytotoxic substances, many of which
participate in oxidative and nonoxidative microbial killing, and that these substances also may have a
cytotoxic effect on fresh or bystander cells. Among these substances are small and highly cationic
peptides (human neutrophil peptides, or HNP) which play a role in the non-ROI-mediated host
defense against microbial invaders. These peptides, also known as defensins, are present in the
primary granules of neutrophils and comprise approximately 5% of the total cellular protein (88 -
92). Three peptides, HNP1, HNP2, and HNP3, have been extensively studied and have been shown
to consist of 29 - 35 amino acid residues. Because of their highly cationic charge, they readily form
multimeric subunits which insinuate themselves into the cell walls of microorganisms and other cells
(91 - 95) and produce voltage-sensitive channels accompanied by membrane permeabilization (96).
These HNP are known to damage eukaryotic cells, as well as the prokaryotic microorganisms,
including tumor cells (97 - 99) and human neutrophils (100), and the NADPH oxidase enzyme
system in neutrophils (101). To some extent, the amount of damage depends on the lipid
composition of the target cell membrane (102) and the metabolic activity of the target cell (99).
Other studies have shown that H,O, is able to act synergistically with HNP to enhance the cytotoxic

effect (103). Another cytotoxic effect of HNP, DNA strand breaks (99,104), appears to be due to a
direct interaction between the HNP and the DNA.

Because of these cytotoxic effects, especially those to PMN (89,101), and because neutrophils are
known to release granule constituents when they are activated by materials (56,105 - 108), we
considered that HNP could be a candidate substance causally related to the biomaterial-associated
down-regulation of fresh neutrophils (62). To explore this hypothesis, the effect of crude and
purified HNP on the phagocytic killing of neutrophils was evaluated. These studies will demonstrate
that there is a dose-related cytotoxicity involved in the process, and this cytotoxicity may be
inhibited by specific antibody to HNP.

http://emedia. netlibrary. com/nlreader/nlreader. d11?bookid=44778&fil... 2003-8-30



p=i|

g, 1/1

Page 130

A. Methods
1. Cells and Reagents

Blood was obtained and neutrophils were isolated as described in the previous section. Stock
solutions of the substances which activate neutrophils (fMLP), phorbol myristate acetate (PMA), and
opsonized zymosan (OZ) were prepared as previously described (59). Semipurified defensins were
prepared from granule extracts which had been separated into low molecular weight (<10,000 kD)
and larger molecular weight (>10,000 kD) using a filter. Purified human neutrophil defensins (HNP1
and HNP2) were obtained from Sigma Chemical Co., St. Louis, MO, and stored at -20° C until
needed. Then the HNP were thawed and suspended in PBS such that the PMN could be incubated
with 10 - 35 pg/mL HNP. Monoclonal antibody to HNP (D1-1 IgG,, a neutralizing antibody) was a

generous gift of T. Ganz, UCLA School of Medicine, Los Angeles, CA, and was prepared as a stock
solution of 10,000 pg/mL (10 mg/mL). This was diluted in PBS to the desired concentration just
before use. Antibody to VCAM-1, an irrelevant IgG, was a generous gift from T. Carlos, University
of Pittsburgh, and was used as a control antibody. It was prepared as a stock solution of 3600 pug/mL
(3.6 mg/mL) and was diluted in PBS just before use. All other materials were reagent grade and
obtained from Sigma Chemical Co. unless otherwise specified.

2. Superoxide Release

These studies were performed essentially as described above, but after preincubation of the
neutrophils with semipurified or purified human neutrophil defensins. The cells were then placed
into triplicate wells of 24-well plates in KRPG and cytochrome ¢ with and without fMLP, PMA, OZ,
or S. aureus. These culture dishes were incubated at 37° C for 30 min, following which the reaction
was terminated by placing the culture dishes on melting ice and transferring the supernatants to 96-
well plates for reading and quantitating of the reduced cytochrome c. As before, the data are

expressed as nanomoles O /106 cells.

3. Microbial Killing

The effects of material association and of monoclonal antibody to HNP and of HNP1 and HNP2 on
microbial killing were determined by clonal culture techniques as described in the previous section.
The effect of incubating suspended neutrophils incubated with HNP1 and HNP2 on the ability of the

PMN to kill staphylococci also was determined. For this study, PMN in KRPG (1 X 106/mL) in 12
X 75 mm test tubes were incubated with concentrations of HNP1 and HNP2 ranging from 12.5 to 35
pg/mL at 37° C for 1 h, the time demonstrated to be needed for HNP to exert irreversible
cytotoxicity for mammalian eukaryotic cells (89,99). These PMN were then washed and transferred
to 25-mL Erlenmeyer flasks suspended in KRPG plus 10% plasma, and S. aureus was added for a
ratio of 10 staph:1 neutrophil. The flasks were incubated in a rotary shaking water bath. A 10-uL
sample was removed immediately after the addition of bacteria, the T-0 sample. Samples of 10 pL
were removed at 2 and 24 h, and viability of the staphylococci was determined.

The effect on the killing of S. aureus by fresh neutrophils added to material-associated neutrophils
was also determined (condition 1). The initial incubation was for 1 h at 37° C. The second inoculum
was added and the incubation was continued for another hour. To remove these PMN to a fresh well,
KRPG containing EDTA was added and the cells were transferred to a tube and washed with KRPG
before placing them in a clean culture well. PMN which were stored in a test tube for 1 h at 37° C
were also evaluated for the aging phenomenon and
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then added in complete buffer containing 10% plasma. Viability of the S. aureus was determined
immediately after their addition as well as after 2 and 24 h (condition 2).

The effect of antibody to HNP (D1-1) on HNP was determined using concentrations from 2 to 200
pg/mL. Antibody to VCAM was at 200 pg/mL. These antibodies were added to the first inoculum of
PMN just prior to adding the second inoculum, and the incubation was continued for 1 h more at
37° C. These PMN were washed and transferred to a fresh well, as described above.

4. Defensin Assay

Quantitation of PMN defensin content in cells which had been exposed to materials for various time
periods was determined using Panyutich’ s “sandwich” -type enzyme immunoassay method
which detects HNP with a range of 0.05 to 10.0 ng/mL (109). In this assay, a monoclonal antibody is
used for capture and a biotinylated monoclonal antibody for detection, and cetyltrimethyl ammonium
bromide was used to counteract nonspecific binding of HNP to surfaces.

5. Statistical Evaluation

Determinations of statistical significance were calculated using Student’ s t-test or the paired t-test.
Significance was defined as p < 0.05.

B. Results and Discussion

It is clear that implanted materials can induce an inflammatory reaction and become associated with
phagocytic cells which become activated to produce ROI and to release chemoattractant substances
(63,66). Nevertheless, and despite this influx of neutrophils, infection at biomaterial surfaces remains
problematic, and others have shown that foreign bodies with the greatest capacity to induce an
inflammatory response are more easily infected than are materials which induce less of an
inflammatory response (8,19). In this manner, the effect of an implanted material appears to be
paradoxical since these phagocytic cells appear to be disabled as well as barely capable of resisting
and clearing infection.

The effect on bacterial viability of adding fresh cells to material-associated cells (condition 1) is
shown in Table 1, compared to staphylococcal viability when staph are added to the PMN without a
prior period of PMN/material association. When bacteria are added to a second inoculum of PMN
(cells which could have been damaged by releasants from the PMN initially added to the material
[condition 1]), fewer of the bacteria are killed, resulting in a larger number of viable organisms at
each of the time points when compared to the numbers of viable organisms in condition 2. In
condition 1, (38.4 & 2.8)% of the staphylococci were killed after 2 h and (44.8 = 4.9)% were killed
after 24 h, compared to (63.4 =+ 2.3)% and (85.4 = 2.8)% in

Table 1 Effect of Prior Biomaterial Exposure on
Staphylococcal KiIIinga by Neutrophils

Condition 1b Condition 2°
2h 384 +28 63.4 + 2.3
24 h 448 + 49 85.4 + 2.8

Data are percent of inoculum killed.
bWith prior exposure.
Without prior exposure.
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Table 2 Effect of Contact with Materials on HNP Content of
Exposed Neutrophils

Residual
Material exposure HNP/10® PMN
None 3,616 + 1,098
PST 30 min *1,313 + 183
PST 120 min *886 + 227
WD 120 min *453 + 230
Silastic 120 min *1,275 £ 215

*p < 0.01 compared to absence of exposure.

condition 2 when PMN and staph were added together (p < 0.001). These results strongly support
preliminary data which suggested that PST association for 1 h downregulated microbial killing by
the secondary inoculum, suggesting that an environment hostile to antibacterial host defense is
created in the vicinity of an implanted material. These data further suggest that the resulting
infectivity at biomaterial surfaces may be due, at least in part, to releasant-mediated autocoid and
paracoid damage of the attached and bystander PMN themselves, and further suggest that these
cytotoxic substances are released when PMN encounter a foreign material.

It has been demonstrated that material-associated PMN degranulate (55,56), and the cytotoxic
potential for proteolytic granule constituents such as elastase are well known. Other factors related to
cytotoxicity could include metabolic products derived from the production of ROI. In addition,
however, PMN are rich in small cationic polypeptides (HNP) and we believe that HNP are an
important factor for this downregulation since it has been abundantly demonstrated that HNP are
cytotoxic toward both eukaryotic and prokaryotic cells (90,93 - 95,98,99,104,110). However, when
we evaluated the supernatants of PST-associated PMN for the presence of HNP, we found <1000 ng.
Based on published data, this concentration would be too low to be cytotoxic. This may be
explainable by the strongly cationic nature of HNP resulting in their ready adherence to negatively
charged surfaces such as plastic (109) and to cells (111). Another approach would be to determine
the residual amount of HNP in control cells and from PST-associated PMN. These data are shown in
Table 2. We found a marked reduction in the detectable HNP content of biomaterial-associated cells

compared to control cells. A total of 3616 + 1098 ng/mL/lO6 PMN was extractable from control
cells compared to

Table 3 Effect of HNP1 on Staphylocidal Activity of

Neutrophils

Concentration of Staphylococci killed (%)

HNP, (ug/mL) 2h 24 h

35 315 +134%° 402 + 108%P
25 65.3 + 14.0 73.0 = 8.0

10 77.7+£59 88.6 +£ 2.2

0 912 £ 1.6 85.2 = 25

ap < 0.01 compared to 0 or 10 pgg/mL.
bp << 0.03 compared to 25 pg/mL.
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Table 4 Effect of HNP2 on Staphylocidal Activity of
Neutrophils
Concentration of Staphylococci killed (%)
HNP, (ng/mL) 2h 24 h
25 6.2 +200*® 106 + 18.0%P
15 430 + 180™¢ 390 + 12.0°¢
10 81.0 £ 6.0 710+ 7.0
0 89.0 £ 15 780 + 3.4

ap < 0.01 compared to 10 pg/mL.
bp << 0.01 compared to 0 pg/mL.
Cp << 0.05 compared to HNP2 at 10 pg/mL.

1313 + 183 ng/mL extractable 30 min after PST exposure and 886 =+ 277 after 2 h of exposure. The
defensin content of woven Dacron and silastic-associated cells was 453 + 230 and 1275 + 215,
respectively. These results support the notion that PMN will release their granular HNP when these
cells are associated with materials such as PST, and further support the notion that the released HNP
becomes associated with the PST. The addition of purified HNP1 and HNP2 to PST plates in the
absence of any cells and analysis for residual HNP demonstrated that detectable HNP disappeared
within 15 min with only 2% remaining in the supernatant, consistent with other studies (102)
showing rapid association of HNP with plastic.

We then evaluated the effect of purified HNP on the ability of PMN to Kill bacteria. For this study,
the PMN were incubated with the HNP for 1 h at 37° C, washed, and resuspended together with S.
aureus. These data showing the ability of these PMN to Kill the S. aureus are summarized in Table 3
and demonstrate that 35 pg/mL of HNP1 impaired staphylococcal Killing; (31 &= 13)% and (40.2 &=
10.8)% of the inoculum were killed after 2 h and 24 h of incubation, respectively (p < 0.01
compared with control or with HNP1 at 10 pg/mL; p < 0.03 compared with HNP1 at 25 pg/mL).
HNP1 at 25 pg/mL also impaired staphylocidal activity but inhibition was more variable; HNP2 is a
more potent inhibitor of staphylococcal killing by PMN, and its effect is summarized in Table 4. 25
pg/mL was almost completely inhibitory (p < 0.01 compared to control and to 10 pg/mL), and as
little as 15 pg/mL also was inhibitory (p < 0.01 compared to control; p<s 0.05 compared to HNP2
at 10 pg/mL) when killing was evaluated after 2 and 24 h of incubation. HNP2, therefore, was far
more toxic to PMN than HNP1. Table 5 shows that HNP1 at 35 pg/mL also significantly impaired
the ability of neutro-

Table 5 Effect of HNP1 on ¥ Release by Neutrophils

0, Release mM/10% PMN/30 min

Stimulant
HNP
concentration
(ng/mL) PMA fMLP 0oz Unstimulated
Control/none 80.0 £5 120 £ 2.7 195 + 3.1 75+ 25
175 82 17 21.5 8.0
25.0 70 12 16.8 5.3
35.0 14.7 £ 10 1.1+0.1 3.3%+19 12+04
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Table 6 Effect of Antibody to HNP on Material-Induced Inhibition of Staphylococcal
Killing
Staphylococci killed (%)
2h 24 h
Control 53.4 + 3.3 81.7 £ 3.3
Condition 1 380 £ 31 505+ 79
Condition 1 + antibody 55.7 + 6.3* 81.0 = 8.9*
Condition 1 + irrelevant 445+ 35 57.0 + 133
antibody

*p = 0.00008 compared to Condition 1.

phils to produce O: following stimulation with any of the inducing agents. When similar studies
were performed using HNP2, we demonstrated complete inhibition of ©. release using 20 pg/mL
(data not shown). Thus, we also demonstrated that these HNP impair the ability of PMN to produce
ROI. These data suggest a mechanism for the loss of ROI production by material-associated PMN
after the period of initial stimulation. This cytotoxicity is consistent with the known effects of HNP
on eukaryotic cells (92,96,98,100,104). Despite this cytotoxicity, PMN viability did not appear to be
compromised after 5 h of incubation with HNP, as evaluated by trypan blue dye exclusion. After 24
h of association, viability assessed in this was 73%.

The validity of the hypothesis that HNP damage the function of PMN was tested by using a
monoclonal antibody to HNP. This was added to PMN on polystyrene prior to the addition of a
second inoculum of PMN. This study demonstrated abrogation of the inhibition of function inflicted
by material-associated PMN on fresh PMN. Table 6 shows that monoclonal antibody to HNP at a
concentration of 200 pg/mL reversed the cytotoxic effect at both the 2 h and 24 h time points (p <
0.05 at 2 h; p = 0.0001 at 24 h) when comparing staphylococcal viability in the absence of antibody.
When less antibody was used (2 to 50 pg/mL), there was no effect (data not shown). Similarly, the
use of 200 pg/mL of an irrelevant antibody (antibody to VCAM) at 2 and 24 h had no effect.

Defensin-mediated damage should not be construed as the only mechanism of material-associated
impairment of phagocytic function. As stated above, neutrophils also release proinflammatory
mediators such as oxidative free radicals, IL-8, and metabolites of arachidonic acid, including
leukotrienes and prostaglandins, all of which could serve transiently to augment and potentially harm
cell function. The finding that antibody to HNP but not irrelevant antibody reverses the inhibition,
however, is strong evidence that HNP are a key component of what we observed. Thus, the
neutrophils attracted to a material surface appear to become the very instruments of increased
infectivity and at least under some conditions help to create this hostile and infection-prone
environment.
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Biodegradable Biomedical Polymers
Review of Degradation of and In Vivo Responses to
Polylactides and Polyhydroxyalkanoates

V. Hasirci
Middle East Technical University, Ankara, Turkey

1. INTRODUCTION

Polymers, regardless of their chemical makeup, degrade under appropriate conditions through
breakdown of covalently linked polymer backbone. This is true for all the polymers, whether
produced in the laboratory or derived from natural materials. The title nondegradable is, however,
still used to indicate polymers that do not degrade during use or for a very long time after use
(Gopferich, 1996).

The human body is a very hostile environment for a foreign material, especially for a polymeric
one. For biomedical polymers stability is desirable in most clinical applications. There are, however,
instances where degradation might be the preferred property. Under those circumstances the control
of the degradability of the biomaterial becomes critical for the completion of the assigned function.
For example, with material designed for fracture fixation the ideal rate of resorption should not
exceed the rate of bone formation, and the reduction in the strength of the implant should closely
match the increase in tissue strength (Fini et al., 1995). Otherwise the stresses could be transferred to
the healing bone, which obviously would be detrimental for bone healing.

According to Williams (1997) there are three general areas of application for biodegradable
polymers in medical devices:

1. Where an implantable device is required to perform a function that is transient and where
elimination from the body is essential after the function is no longer necessary

2. When the device cannot function as implanted but can only function during and as a result of
the degradation process

3. As biodegradable packaging materials

When biodegradation rates are compared, what basically differs between different polymers is (1)
the energy required to break the bond and (2) the location of the bond. Polymers with strong bonds
in the backbone and no easily hydrolyzable groups require long times and/or activators or catalysts
of some sort to initiate the degradation process. This initiating factor could be heat, electromagnetic
radiation like visible light, UV or gamma, chemicals like water,
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oxygen, ozone and halogenated compounds or any combination of the above. The molecules with
such hydrolyzable groups are degraded much more efficiently and rapidly.

The location of the break is the other difference in various degradation routes. Polymers can
degrade through the breakage of the final unit on the chain, (unzipping), or through scission of a
bond along the length of the polymer backbone, (random scission). Breakage along the chain is
random unless cleavage of bond is decided by the enzyme present (which might prefer certain bonds,
like certain DNAses do). When it is a result of enzymatic action, the end unit loss can also take place
to some extent by reversal of the polymerization process, like distilling off of methylmethacrylate
(MMA) upon heating of polymethylmethacrylate (PMMA). From the thermodynamic point of view
the reason can be stated as follows. In the equation AG = AH-TAS, where AG, AH, T and AS are
Gibbs free energy, enthalpy change of reaction, temperature and entropy change, respectively, AS is
negative for the polymerization process, and with the negative sign in front it contributes a positive
value of free energy, rendering it less spontaneous. Enthalpy change is negative (due to energy
release during bond formation) for polymerization. Thus, at low temperatures polymerization is
favored, but as the temperature is increased polymerization becomes unfavorable and eventually is
reversed. When the electronic environments near the reactive sites are different, chain end scission
was also reported for polycondensation polymers like cellulose and polyglycine (Shih, 1995).

Backbone breakage is encouraged as the penetration capability of the solvent into the polymeric
form is increased. This can be rephrased as “as the hydrophilicity of the polymer is increased so is
its biodegradability,” because the solvent in the biological media is basically water with quite a
high salt content.

Chain scission might not be without side reactions. According to Gogolewski and Mainil-Varlet
(1996), upon thermal treatment, polyhydroxyacids can undergo chain scission at the ester bond
followed by new bond formation or transesterification. This would cause the creation of molecules
with higher chain lengths than the starting materials.

Biodegradability is an asset when the polymeric product is intended for temporary use and
removal involves risk of infection, pain and cost. The mode and the extent of degradation for a
polymer under a set of conditions have to be known to determine the suitability of the material for a
given application. Some researchers even define the range of suitability as 200,000 daltons, below
which mechanical properties of the polymer become unacceptable for most purposes (Yasin et al.,
1990).

The main parameters which influence the polymer biodegradability are polymer crystallinity,
hydrophilicity, composition and form of the product. These will be briefly discussed before
examining polyhydroxybutyric acid and its copolymers and polylactide-co-glycolides as the potential
and the current polymers, respectively, of use in the biodegradable polymer market.

A. Polymer Crystallinity

Polymer crystallinity is a measure of the alignment of polymeric chains along each other. Thus, the
polymer which has the highest amount of aligned chains, and the least void or free volume is the
most crystalline because it would be the one in whose structure a unit cell or pattern would be
repeated along the three axes. The presence of bulky side groups and or branches and of freely
mobile atoms (like oxygen in the backbone bonds) adversely influence the alignment of neighboring
chains and thus crystallinity. The greater the free volume the higher is the chance of penetration of
solvent molecules between the polymer chains and to initiate hydrolysis of the chains.
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B. Hydrophilicity

Hydrophilicity is a very important property especially when the major route of polymer degradation
is hydrolysis. For the hydrolytic action of the water molecules and accelerators (or catalysts) like
acids to be effective, these molecules need to have access to the targeted bonds. This is facilitated if
the polymeric structure absorbs water due to hydrophilicity of the backbone or the pendent groups.

C. Composition

The influence of composition on degradation can be observed at two levels: polymer backbone type
(C—=C backbone or heteroaromatic group containing backbone) and side group type. A typical
addition polymer can be constructed to carry various side groups on the same backbone. Various
condensation polymers can be prepared with both different backbones and side groups. Due to
variations in charge distribution and thus in degree of interaction, as well as due to crystallinity and
hydrophilicity changes resulting from these degradation rates of condensation polymers vary.

D. Product Form

Product form is not normally expected to influence the degradation rate of a polymeric product.
Initial expectation as influence of form on degradation is that larger surface-to-volume ratios lead to
higher degradation rates of hydrophobic polymers due to higher exposure to the lytic molecules,
namely water molecules. Thus, thin sheets, disks, small microspheres, thin cylinders, microcapsules
or any macro- or microporous structure can be counted among the forms more susceptible to
hydrolysis.

II. DEGRADATION OF POLYLACTIDE-GLYCOLIDES AND
POLYHYDROXYALKANOATES

In the biomedical field there are two families of polyesters which with their mechanical strengths,
pliability, fiber formation capability and above all by their biodegradability have special importance.
The rate and mode of degradation influence their service life, mechanical properties during use, and
the response of the biological system toward them. For example, a rapid degradation is bound to
produce large amounts of either oligomers or monomers, and this is determined by the mode of
degradation. The response of the biological system against these, on the other hand, is not the same.
Also the mode of degradation decides whether there is a substantial drop in the mechanical
properties, determining the suitability of the polymers. It is, therefore, very important to correctly
determine the mode of degradation.

A. Detection, Quantification and Interpretation of Degradation Data

Interpretation of degradation mode and rate is very much dependent on the measured indicators of
degradation. Among the most commonly followed parameters are mechanical property changes (i.e.,
tensile or bending strength loss), weight loss, molecular weight change, surface porosity (as judged
by reflectance from the surface), surface hydrophilicity (judged by contact angle, IR, ESCA, etc),
monomer analog formation, oligomer formation, changes in the medium pH, etc. The sensitivities of
these methods differ widely. Their implications do also differ. Therefore, several of these methods
should be used simultaneously to study the mode.
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How these methods compare to each other will be given below with examples in which PHBV and
PLGA were used. In a study, weight loss was deemed to be the least sensitive parameter measured to
yield information about the degradation of PHBV20 (in pH 7.4 buffer at 37° C) (Holland et al.,
1990). This property was found to remain unchanged for about 400 days, while gloss factor and the
polar component of the surface energy were, on the other hand, the most sensitive and started
changing immediately after the initiation of the degradation test. Gloss factor showed a decrease
while the polar component of surface energy showed an increase, which were interpreted as
increased surface roughness and hydrophilicity, respectively. Thus, even though there were changes
on the polymer, they were not significant enough for weight loss measurements, while they were for
gloss factor and surface energy. Molecular weight, the property which should yield the most
information on the degradation mode, showed perceptible changes all throughout the same study,
initially being quite insignificant. The molecular weight change could not be followed on a weekly
basis as a consequence of insufficient sensitivity because there are no direct measurement systems
sensitive enough to detect monomer or oligomer losses of the remaining chain. Thus, one has to wait
(weeks) until a change that can be measured takes place. As mentioned earlier it is possible to piece
together a degradation pattern using various techniques simultaneously.

It should also be kept in mind during the interpretations of molecular weight data that some
authors assume that the number average molecular weight, M,,, values obtained with GPC are less

reliable than weight average molecular weight, M,, due to the errors in accommodating low
molecular weight species in calculations (Yasin et al., 1990).

Another important conclusion is that the comparison of biodegradation data for materials prepared
by different research groups is difficult unless detailed characterization of the processed samples is
carried out and documented. This is because processing conditions and the initial properties of the
materials are very much influential on the degradation pattern of the polymers (Yasin et al., 1990). A
typical example is the following. Working with a sample of PHBV20 which had a bimodal
molecular weight distribution (with a high molecular weight tail) definitely leads to a degradation
product distribution different than the one with a more homogeneous starting material. This
obviously would add to the confusion in the field unless known before hand.

One final but very important point that has to be taken into consideration is that during the design
of in vitro degradation tests the sterility of the degradation media has to be maintained for the
duration of the tests, which could be as long as 600 days to avoid any discrepancy in the results
(Pouton and Akhtar, 1996) simply because any growth in the medium would alter the result or the
data.

The mode of degradation and the response of the biological system against two very commonly
used biodegradable structures, poly(lactide-co-glycolide) and poly(hydroxybutyrate-co-valerate) will
now be presented and compared.

I11. POLYLACTIDE AND POLYLACTIDE-co-GLYCOLIDES

Lactides and glycolides are polymerized to form a family of polyesters called polylactide (PLA) if
synthesized of only lactide and polylactide-co-glycolide (PLGA), if it is a copolymer. The
homopolymer can be an optically active stereoisomer like poly-L-lactide (PLLA) or a racemic
mixture of the D and L forms, represented simply by PLA. Polylactide degradation takes a long time
especially when it is an optically active stereoisomer of the polymer. According to Bergsma et al.
(1995), as polymerized PLLA takes more than 5.6 years for total resorp-
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tion in the biological system, and the degradation rate becomes slower as the molecular weight
becomes higher (Gogolewski et al., 1993).

As for the mode of degradation, a large number of studies point to a random scission route for
PLGA degradation. In support of that, Cha and Pitt (1990) state that in vivo and in vitro degradation
of PLLA and PLGA occur at the same rate, suggesting no significant contribution by enzymes. They
report that the biodegradation of these polyesters proceeds by random hydrolytic chain scission of
ester links until the molecular weight has decreased to the point that fragments are small enough to
diffuse from the polymer bulk; weight loss then ensues. The significant M, decrease in solvent cast,

compression molded films observed with GPC upon storage in pH 7.4 phosphate buffer which would
not have been observed with unzipping is another finding that supports this view (Pitt et al., 1979).

Gopferich (1996) stated that complete degradation of poly(L-lactic acid) takes longer than the loss
of tensile strength. This implies that random scission is the main route of degradation because
substantial decreases in the molecular weight upon degradation are not possible by removal of
monomers from the chain ends, leaving the polymer quite the same size as before; for the same
reason, substantial changes in mechanical properties are observed only upon random scission.

The results of Cha and Pitt (1990) indicate a random scission of PLLA (0.6-mm-thick disk) in pH
7.4 buffer as the drop in molecular weight is gradual, starting from day one. The weight loss is not a
sudden occurrence initiated on day 20 but rather a gradual one. This supports various data reported
in the literature (Li et al., 1990a, 1990b; Grizzi et al., 1993) except that the onset of degradation is
much earlier here, possibly due to initial differences in heterogeneity index (HI = M./M,) and thermal
and processing history.

Li et al. (1990a), using the same type of polymer, poly(D,L-lactic acid), with Shih (1995),
investigated the degradation mode in isotonic saline and pH 7.4 phosphate buffer. They observed the
first traces of lactic acid on the fifth week, which also coincided with pH drop, osmolarity increase
and weight loss. Size exclusion chromatography (SEC) showed both a uniform peak shift implying a
random scission on the seventh week but also a bimodal SEC appearance of the polymers on the
surface, implying the formation of very low molecular weight fragments (oligomer) or monomer
formation. The rapid, autocatalyzed degradation on the inside appears as a single, distinctly lower
molecular weight peak. The continuous increase in water absorption starting from day 1 implies,
however, more chain-end presence in the polymeric specimen. Assuming that lactic acid would leach
out of the specimen during unzipping while oligomers of random scission would remain behind,
water absorption is an indicator of random scission. It thus appears that with sufficiently thick
samples both degradation mechanisms take place simultaneously with random scission being
dominant in the earlier stages (and especially at the core of the specimen due to autocatalysis) and
unzipping in the later stages.

Gogolewski et al. (1993) confirmed the existence of bimodal degradation with PLA during in vivo
implantation but the cause as to whether it is an enzymatic or hydrolytic degradation was not clear to
them.

Degradation does not lead only to mechanical property changes. An important observation was
that degradation leads to an increase in crystallinity as a result of content loss (Li et al., 1990a). This
obviously implies that the amorphous regions of the semicrystalline polymer are subjected to
degradation earlier than the crystalline regions, leading to an increase in crystallinity. Fini et al.
(1995) also reported an increase in crystallinity (2 - 12%) and a significant drop in the molecular
weight (93%) of PLLA rods implanted in the femur of rabbits in 64 weeks.
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Another interesting change in the polymer properties upon degradation is the change in the
heterogeneity index. Heterogeneity index is an indicator of the narrowness of molecular weight
distribution of a polymeric product. An increase in the heterogeneity index upon degradation
indicates broadening of the molecular weight distribution possibly resulting from a faster decrease in
M,, in comparison to a decrease in M,,,.

Alonso et al. (1993) carried out in vitro release studies with tetanus toxoid-loaded PLGA
microsheres, and in 10 days a significant decrease in the M, (75%) and a substantial increase in Hl

(from 1.2 to 1.6) were observed.

A similar observation was reported by Bergsma et al. (1995). Degradation of PLLA and PLA in
distilled water at 100° C led to a substantial increase in the heterogeneity index (M,/ M,)) in only 30

h. This they interpreted to be a result of a random hydrolytic process. This is contrary to what the
other researchers have found and could rather be a result of the high temperatures used in the
degradation process leading to a substantial degree of chain-end scission or unzipping, too.

One of the earliest studies on PLA and PLGA degradation was carried out by Gilding and Reed
(1979). They showed, in a study where the effect of exposure to gamma rays for sterilization was
tested, that M, falls much more rapidly than M,. This implies that the degradation follows the

“unzipping” route. They have implicated this as the primary reason for initial maintenance of
strength by PGA through the help of crystalline regions (before implantation) and decrease of tensile
strength to zero in 10 days.

Spenlehauer et al. (1989) showed that exposure to 3 - 7 Mrad caused a molecular weight decrease
to 60 days in pH 7.4 phosphate buffer. The mechanism was not given.

Degradation could be induced by other means, leading to other routes of degradation. A study
showed that when poly(D,L-lactide) was incubated at 60° C in 0.118 M deuterochloric acid (DCL),
substantial amounts of lactic acid was produced, starting from the early stages of storage. A
progressive increase in rate was also detected (Shih, 1995). A significant drop in rate without
altering the mode of degradation was observed upon replacement of DCL with lactic acid.

In all these studies, unusual conditions like application of gamma irradiation, or incubation at high
temperatures, or in acids like deuterochloric acid have led to unzipping, while incubation in buffers
of medium pH or water at ambient temperatures or 37° C led to random scission.

With the use of copolymers the changes observed were not in the mode but in the rate of
degradation. Poly(lactide-co-glycolide) 75:25 in distilled water showed racemic lactide weight loss,
lactic acid production appeared on the 20th day (Li et al., 1990b). This was faster and earlier (ca. 5 -
9 days) in pH 7.4 phosphate buffer, but the drop in storage modulus and rate of water absorption
(both of which started on the first day) appeared more rapidly upon incubation in distilled water.
Molecular weight shift was unimodal on the 17th day both in buffer and in distilled water; however,
the shift was to much lower molecular weights with water. Since no lactic acid production and
weight loss was observed on the 17th day, these were interpreted as signs of a random-scission
degradation which probably starts on day 1. This was supported by storage modulus and water
absorption tests. On day 35 a difference between the interior and the exterior appeared for aging in
water; the SEC of the polymer on the surface became bimodal, while the bulk yielded a single peak
which had a much lower molecular weight, implying the presence of the two modes of degradation
on the surface. In buffer, on the other hand, no inner bulk was left while the remainder shell
degraded to a much lesser to a much lesser degree than in water.

Spenlehauer et al. (1989) confirmed that as glycolide content of the copolymer increased
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the degradation rate is also increased. The observation of molecular weight decrease was made much
earlier (ca. two weeks) than with copolymers with less glycolide content.

Grizzi et al. (1993) state that form also has an effect on the mode of degradation. For example, out
of plates (2 mm thick), films (0.3 mm thick), microspheres (0.125 - 0.250 mm diam.) and beads
(0.5 - 1.0 mm diam.), only the plates showed a bimodal degradation. The plates are the only ones
with appreciable interior where rapid autocatalytic degradation leading to lactic acid formation takes
place. Weight loss, water absorption, lactic acid formation, pH change and molecular weight
decrease all take place more and earlier with the plates than with the other forms.

In short, random scission was the normal mode of degradation for PLA and PLGA. Thicker
samples produced bimodal degradation on the surface and homogeneous degradation in the inside,
implying both random scission and unzipping on surface and only random scission in the interior.
Also, rather harsh conditions (high acidity, high temperature, or high energy radiation) caused a
change in the mode of degradation, mainly from random scission to unzipping.

IV. POLYHYDROXYBUTYRATE AND
POLYHYDROXYBUTYRATE-CO-VALERATES

Polyhydroxyalkanoates (PHA) are polyesters which are found in the nature as products of a large
variety of microorganisms. The most abundant PHA is poly(3-hydroxybutyrate) (P3HB). P3HB is
generally found as a copolymer containing varying degrees of 3-hydroxyvalerate and is shown as
PHBV7, where the number indicates the molar percentage of the comonomer in the chain.
Polyhydroxyalkanoates are known to be degraded in vitro and in vivo as well as by microorganisms.
Recently these rates of degradation were compared (Williams, 1997), where PHB was found to
degrade in soil, but it was not observed in the more hostile environment of the human body, and the
author concluded that PHB has not really found a place as an implantable degradable material.

It is, however, not so clear as to how this degradation process takes place. According to Timmins
and Lenz (1994) poly(a-hydroxy acids) are readily hydrolyzed in the body but by a predominantly
nonenzymatic route. This is contradicted by Doyle et al. (1991) who report that
polyhydroxyalkanoates are not degraded in vivo at all.

However, when patches of PHB were used to close experimentally induced atrial septal defects in
calves, the patch was degraded by polynucleated macrophages, not only by simply (Malm et al.,
1992). Twelve months postoperatively no polymer material was identifiable at ordinary light
microscopy, but polarized light microscopy revealed small particles of polymer. Microscopic
observations revealed fragmentation through more rapid hydrolysis of amorphous regions, leaving
behind polymer with higher crystallinity.

These contrasting reports do actually result from the slowness of degradation. The rates could be
speeded up by external influences. For example, exposure to 2.5 Mrad gamma radiation was reported
to cause a substantial deterioration in the properties of PHB when implanted for seven days, while no
significant change was observed in the in vitro testing (Miller and Williams, 1987). This is an
indication of the involvement of enzymes in the degradation process. These results obviously show
the behavior of the polymers in this test and cannot be generalized because PHB is radiation
resistant. In a later study, PHBV were shown to lose weight and shape upon exposure to gamma
radiation with doses of up to 10 Mrad and then stored in physiological saline (Gursel and Hasirci,
1995).

http://emedia. netlibrary. com/nlreader/nlreader. d11?bookid=44778&fil... 2003-8-30



p=i|

g, 1/1

Page 148

As the following reports show, polyhydroxyalkanoates are degraded in vitro and in vivo,
depending on the conditions, very slowly in some cases.

In a study carried out at pH 7.4, in 600 days only a 5% loss took place with PHBV12 and 8% loss
took place with PHBV20, showing that at around neutral pH the degradation is very slow (Holland et
al., 1990).

In a degradation study by Holland et al. (1990) carried out on apatite nucleated PHBV20 in pH 7.4
buffer at 37° C, the sample weight remained almost unchanged for about 400 days. Gloss factor and
the polar component of the surface energy, however, started changing immediately. Gloss factor
showed a decrease and the polar component of surface energy showed an increase and these were
interpreted as increased surface roughness and hydrophilicity, respectively. Molecular weight
showed barely perceptible changes initially but became the most abruptly and distinctly changing
parameter at around 250 days, revealing a substantial decrease. Crystallinity, on the other hand,
showed an increase starting in the first days.

According to Timmins and Lenz (1994) the crystalline regions are 20 times less susceptible to
hydrolytic attack than amorphous regions. This obviously leads to a product with higher crystallinity
because the amorphous regions are degraded and removed. Their statement of the insusceptibility of
the crystalline regions to degradation and the observation of crystallinity increase by Holland et al.
(1990) are definitely supportive of each other. The rapid hydrolysis observation of these researchers
is in contrast with what Doyle et al. (1991) reported. In that study, they showed in vitro that sheets of
PHB (crystallinity 75%, 2.5 mm thick) lost up to 50% of their modulus within four months, the
effect being higher at higher temperatures. A similar trend was seen in bend strength. Since the
trends followed a linear path with respect to time, one concludes that the degradation mode is
random scission. In vivo implantation of the same material into rabbits, however, did not reveal any
signs of extensive structural breakdown, physical degradation or resorption for six months. Since
these are gross observations it is possible that degradation could occur without erosion of the
material and is probably the case.

Miller and Williams (1987) observed that although in vivo exposure for 182 days did not change
the appearance of PHB fibers (under SEM), load at break decreased while strain at break increased.
They could not record any weight changes in vitro and in vivo during this time. In vitro tests in PBS
showed signs of degradation which were especially higher at elevated temperatures (60° C and 70°
C). Within 55 days in PBS, load at break, strain at break, and tensile strength decreased substantially
and Young’ s modulus increased.

In a study by Holland et al. (1990) where the work of Miller and Williams (1987) is quoted, it is
stated that as the HV content increases the hydrolytic degradation rate of PHBV copolymers
decreases. Their own data involving PHBV copolymer, filled with =1% hydroxyapatite, on change
of crystallinity with time revealed a gradual increase up to ca. 300 days, which then started
decreasing in some samples while the rest maintained the increase. The increases could be due to the
removal of amorphous regions which initially let the water in, increasing the crystallinity, which is
then followed by degradation in the crystalline regions, causing a decrease in crystallinity.

Introduction of HV into polyester chains led to an increase in the rate of mass loss with respect to
PHB, but no direct proportionality between HV content and half-life could be observed (Pouton and
Akhtar, 1996). This finding is contrary to Holland et al. (1990) and other researchers where HV
content positively influences degradation rate. This controversy can be understood by examining the
reasons for crystallinity. HV content alone does not define crystallinity. Sample homogeneity, Hl,
thermal history, impurities and chain lengths all contribute to crystallinity; therefore materials
obtained from other sources with different processing histories or batch numbers would probably not
have the same level of crystallinity.

Incorporation of hydrophilic materials into the bulk of PHBYV also increased the rate of

http://emedia. netlibrary. com/nlreader/nlreader. d11?bookid=44778&fil... 2003-8-30



p=i|

g, 1/1

Page 149

degradation. Yasin et al. (1989) have shown that blending with materials like sodium alginate,
dextrin, amylose and talc substantially increased the rate of weight loss from injection molded
plaques in comparison to pure PHBV. For example, 30% sodium alginate loaded PHBV12 lost 10%
of its weight in pH 10.6 buffer at 37° C in 2 days and 50% of it in 60 days. The loss was less (25%
in 125 days) if the extent of loading with alginate was decreased from 30% to 10%. The weight loss
obviously does not directly correlate to a degradative loss. Especially when hydrophilic fillers are
present they would initially imbibe water, swell, leach out and lead to erosion, and thus they may
enhance hydrolysis due to the presence of more water than there would normally have been. So, it is
similar to the effect of low crystallinity induced by high HV content.

So far no mention of the mode of degradation has been made. Data obtained under various
conditions carry clues about the mode. In one study, significant amounts of PHB oligomers and
small amounts of isocrotonic acid (a PHB monomer analog) were produced upon heating the
polymer at around 300° C (Pouton and Akhtar, 1996). This showed that harsh conditions could
change the more common degradation route (random scission) and that there is a real possibility of
unzipping.

Another study revealed that processing via injection molding (ca. 160° C) decreased the
molecular weight (M,) of the original, unprocessed form from 3.9 X 10° to 1.92 X 10° and from

2.8 X 105 to 1.95 X 105 for PHBV12 and PHBV20, respectively (Yasin et al., 1989). When these
injection molded samples were stored in pH 7.4 buffer at 70° C for 120 days, these M,, values were

further reduced to 4.27 X 103 and 3.40 X 103, respectively. The M,, values also showed significant

decreases. An important observation was that the heterogeneity index decreased from 2.9 to 2.2 to
1.8 and from 4.1 to 2.2 to 1.6 after molding and storage for these two copolymers, respectively. On
the other hand, upon storage at a higher pH (pH 10.6) and the same temperature for 46 days the

PHBV12 and PHBV20 molecular weights decreased to 1.5 X 10* and 1.22 X 104, respectively. An
interesting thing was the very significant increase in the heterogeneity index at this pH; for PHBV12
and PHBV20 samples HI went from 2.2 to 5.5 and from 2.2 to 4.3. Thus, depending on the
degradation medium pH, both the rate and the mode of degradation were altered. The increase in
heterogeneity index is observed because M,, did not change as much as the M,,, possibly by breaking

long chains into still long chains and monomers, causing M, to decrease faster than M,. This
probably was because chain-end cleavage (unzipping) started becoming more dominant over random
scission. Gilding” s (1979) observation also supports this explanation. Therefore, the degradation

rate was faster in alkaline and the pH increase also led to an increase in HI, contrary to what is
observed at pH 7.4.

V. THE COMPARISON OF THE DEGRADATION
PATTERNS OF PLGA AND PHBV

As can be deduced from the results presented above, the rates and modes of degradation of these two
polyester families appear to differ when studies using only one of them are examined. For example,
while PHBV degraded through unzipping under harsh conditions and at high pH values, and with
random scission under normal conditions, while PLGA showed unzipping at lower pH values and
harsh conditions.

There also appears to be a difference in the rates of degradation of the two copolymer families.
Pouton and Akhtar (1996) reported a slower in vitro degradation with PHBV with respect to PLGA.
The half-life (based on weight loss) of a thin solvent-cast film of PHB (85 um thick) in a pH 7.4
buffer at 37° C was estimated as ca. three years. This is a very long time

http://emedia. netlibrary. com/nlreader/nlreader. d11?bookid=44778&fil... 2003-8-30



p=i|

g, 1/1

Page 150

for PLA to degrade to that degree but is relatively rapid for PHB and could be the result of the
sample thickness (or thinness) and thus to exposure of more surface to aqueous medium.

The in vitro degradation results were strongly supported by in vivo degradation observations. PHB
and PHBV (5 - 22% HV) were observed to degrade substantially less (0 - 1.6%) during six months
of implantation than PLA (0 - 50%) (Gogolewski et al., 1993). As expected, PHBV degradation was
found to be related to HV content. An important observation was that there was no bimodality with
PHBYV degradation.

A most interesting report is that under accelerated aging conditions (0.1 N NaOH, 75° C) PHBV
showed no molecular weight change upon 87% weight loss (Pouton and Akhtar, 1996). This
indicates substantial erosion not involving hydrolysis and is in contrast to PLGA results where mass
loss was followed by some molecular weight decrease. It, however, is contrary to the observations
where high pH normally leads to unzipping of PHBV.

V1. INVIVO RESPONSES TO POLYLACTIDE-GLYCOLIDES
AND POLYHYDROXYBUTYRATE-co-VALERATES

In vivo response of the biological system to a polymer, thus its biocompatibility, is its most
important property if its use in the biomedical field is contemplated. PLGA and PHBV are the most
important members of the biodegradable biomedical polymers, and thus the response of the
biological system is of utmost importance.

Some reports on the biocompatibility of these polymers are, however, not very encouraging. In a
study where PLA pins were applied to human subjects, six knees were observed to develop diffuse
swelling and a prolonged postoperative course, which could not be attributed to infection (Tegnander
et al., 1994). The high frequency of inflammatory signs in the knees treated for OCD and the
demonstration of a complement activation potential of PLA pins were thought to warrant further
studies on the biocompatibility of the material. The paper was concluded by stating that “ ‘until
more information is available we do not recommend intraarticular use of these pins.” This is, no
doubt, a very disturbing note for the users of the PLGA family of polyesters.

In another study porous D,L-PLA disks were used for implantation in rabbit calvariae (with the
eventual intention to load with bone morphogenic proteins) and retrieved after one, two, four and six
months (Robinson et al., 1995). Disks with the largest pore size (larger than 350 um) had the greatest
bone ingrowth. Multinucleated giant cell response associated with all the implanted disks was,
however, found to be disturbing.

When PLLA bone plates were used on four patients with step and straight osteotomy and were
followed for 5.5 years, bone healing was uneventful in all the patients, but histological examinations
revealed a nonspecific foreign body reaction on highly crystalline PLLA remnants, which were still
present (Tams et al., 1996). The researchers concluded that “as polymerized” PLLA was no
longer their first choice in maxillofacial surgery. The uncertainty of the degradation duration of the
crystalline segments and the possibility of a need for their removal led them to this conclusion.

Spenlahauer et al. (1989) observed at three weeks a subacute inflammatory response in rat livers
when they used PLGA. At four weeks the microspheres lost shape, and inflammatory lesions
increased with increase in number and size of foreign body Giant cells. At five weeks the
microsphere structure was infiltrated by large syncytial Giant cells. At six weeks resorption was
complete and intensity of inflammatory response was decreased, too.

Not all studies reported negative findings on biocompatibility. Bergsma et al. (1995) observed no
biological response three weeks after the implantation of PLLA samples. Plasma
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cells, neutrophils or lymphocytes were rarely seen in the explants. They, however, stated that
degradation products of PLLA implants which are numerous stable particles of high crystallinity
appeared to be related to a subcutaneous swelling in patients three years post-op when used as bone
plates, screws, etc. Thus, they suggested that the polymer should be more rapidly degradable and less
crystalline to avoid long-lasting presence and these undesirable responses.

Also on a positive line, Fini et al. (1995), in their tests with rabbits, observed noninflammatory
cells or fragmentation of bone trabeculae after four weeks of implantation of PLLA rods into the
femur. At 64 weeks the bone tissue around the PLLA appeared regularly mineralized with no signs
of trabecular resorption, microfractures or altered calcium deposition, as well as good
osteointegration without a reactive capsule.

In the sera from the animals which carried PLGA implants loaded with antimycobacterial
isoniazid showed no significant differences in renal, hepatic and hematological parameters, and
PLGA did not cause local or systemic toxicity in the six week test period (Gangadharam et al.,
1991).

When PLGA microparticles were used as a delivery system for measles virus cytotoxic T cell
epitope, the microparticles were found to be of excellent biocompatibility except for the pronounced
immunostimulatory effect (Partidos et al., 1996).

Ultrahigh strength PLLA pins used in the treatment of osteochondritis and osteochondral fracture
of the knee in humans in all cases that were followed for two to seven years and nine months,
satisfactory bone union with no detection of inflammatory reaction was reported and the pins were
found to be safe and useful (Matsusue et al., 1996).

PLA was also used as a biodegradable barrier in 29 patients with mandibular and maxillary molar
defects (Polson et al., 1995). The barriers fragmented and were displaced in three to six weeks, and
substantial granulation tissue was sometimes present between the barrier and the root surface. There
were, however, clinically and statistically significant improvements in all the other parameters, and
the opinion on this barrier material used in Class Il furcation defects in humans was very favorable.

With PLLA applied subcutaneously to rats, at three weeks the PLLA particles were found to be
surrounded and individually embedded by young fibrous tissue, macrophages and foreign body giant
cells (Bergsma et al., 1995). From 16 weeks onward a mature and relatively hypocellular fibrous
capsule was obtained. After 70 weeks, fragmentation and formation of smaller particles internalized
by phagocytes were observed. With PLA96, however, the situation was slightly different. After three
weeks, the particles were embedded in young fibrous tissue which was infiltrated by cells, mainly by
macrophages, fibrocytes, foreign body giant cells and some lymphocytes. After 16 weeks the number
of giant cells and fibrocytes were diminished, but the number of macrophages that had a foamy
appearance and had engulfed polymer particles were increased. At week 80 TEM showed numerous
macrophages with large amounts of particles, though no cell damage was observed.

Galgut et al. (1991) found that with PLA membranes implanted to rats using a transcutaneous
model on the dorsal surface showed a high incidence of absorption of the polymer and a mainly
monocytic infiltrate. On the whole, PLA material was well tolerated.

With PHB and PHBYV a more positive picture than that observed with PLA and PLGA emerged.

Saad et al. (1996) tested the effect of a synthetic PHB block copolymer containing short (M,, 2300)

crystalline segments on the viability and activation of mouse macrophages (J774), primary rat
peritoneal macrophages and mouse fibroblasts (3T3), and their biodegradation or exocytosis in these
cells. At concentrations higher than 10 pg/mL, a significant decrease in the number of attached and
viable macrophages and a significant increase in tumor necrosis factor-alpha and nitric oxide were
observed. At low concentrations, PHB did not induce cytotoxic
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effects or activate marcophages. Signs of possible biodegradation in macrophages were observed.
Fibroblasts showed only limited phagocytosis of PHB and no signs of cellular damage or cell
activation (production of collagen types, | and IV and fibronectin).

Rivard et al. (1995) used PHBV9 foams and seeded them with fibroblasts isolated from canine
anterior cruciate ligaments. Collagen sponges were used for comparison. After 35 days, PHBV9
sustained a cell proliferation rate similar to that observed in collagen sponges, kept their structural
integrity while collagen sponge contracted substantially and total protein production was twice as
high as that on collagen, proving porous PHBYV to be an adequate substrate for cell culture and tissue
engineering.

Polyhydroxybutyrate membranes were used in studies with rats to obtain bone regeneration, and
histological analysis demonstrated increased bone fill with the test specimens between days 15 -
180, whereas only 35 - 40% of the defect area in the control sites with no PHB membrane was filled
with bone after three to six months (Kostopoulos and Karring, 1994a,b).

Another tissue regeneration study carried out with dogs led to a contrasting result. According to
Gotfredsen et al. (1994) the PHBV membranes reinforced with polyglactin 910 fibers were
frequently surrounded by a fibrous tissue capsule which interfered with the marginal bone healing
adjacent to the immediately placed implants. An inflammatory reaction and significantly less
marginal bone healing were registered on the membrane side compared with the control side.

Doyle et al. (1991) observed in a study with rabbits that PHB materials produced a consistent
favorable bone tissue adaptation response with no indication of an undesirable chronic inflammatory
response after implantation up to 12 months. There was no evidence of a Giant cell response within
the soft tissue in the earlier stages of implantation. Bone was rapidly formed close to top the material
and subsequently became highly organized, with up to 80% of the implant surface lying in direct
apposition to new bone. The materials showed no conclusive evidence of extensive structural
breakdown in vivo during six months, which could explain the lack of response to the material.

In another type of application Malm et al. (1992) used biodegradable patches of PHB to close
experimentally induced atrial septal defects in calves. At implant degradation complete endothelial
layers facing the right and left atria were observed, along with a subendothelial layer of collagen and
some smooth muscle cells. The patch was degraded by polynucleated macrophages, and 12 months
postoperatively no polymer material was identifiable by ordinary light microscopy, but polarized
light microscopy revealed small particles of polymer with persistent foreign body reaction. Thus
PHB patches implanted in atrial septal defects prompted formation of regenerated tissue that
microscopically resembled a native atrial septal wall.

Malm et al. (1994) also used nonwoven patches made of PHB and implanted these transannular
patches into the right ventricular outflow tract and pulmonary artery of weanling sheep. The results
obtained at 3 - 24 months revealed no aneurysms. Regeneration of a neointima and a neomedia,
comparable to native arterial tissue, was observed in the PHB test samples. In the control where
Dacron was used a neointimal layer was present, but no neomedia comparable to native arterial
tissue was obtained.

Duvernoy et al. (1995) used biodegradable patches made of polyhydroxybutyrate with success as
pericardial substitutes on 59 patients for 24 months.

In order to compare the two families of polyesters better, it might be better to consider the studies
in which both polyester types were used. PHBV and PLGA implanted in mice subcutaneously for up
to six months were well tolerated (Gogolewski et al., 1993). No signs of acute inflammation, abscess
formation or tissue necrosis were observed in the adjacent tissues. Also no tissue reactivity or
cellular mobilization was evident at remote sites. Mononu-
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clear macrophages, proliferating fibroblasts and mature vascularized fibrous capsules were the
typical tissue response. Polymer degradation was accompanied by collagen deposition.

Among the PLGAs, the D-component led to lesser tissue response. With PHBVS, higher HV led to
higher inflammatory cells. Between one and three months PHBV showed more tissue response than
PGLA, and this was explained by Gogolewski et al. to be possibly due to leachable impurities and
low molecular weight components. Obviously the leachable impurity in PHBV implies improper
purification of the microbial products. At six months the extent of tissue response was reported to be
the same. During this time 56 - 99% of the PLGA were reportedly degraded.

The interesting thing here is that while PLGAs degraded almost completely within the
experimental period, the PHBVs were reported to be intact. Thus, the biological responses shown by
the biological system toward the polyesters should be results of two different response types: in
PLGA, toward degradation products, and in PHBV, toward the unchanged foreign mass.

Not all the data involving PHBV are positive. For example, it is reported that when strips of
PHBV and PLGA (along with other polymers) deployed on stents were implanted in porcine
coronary arteries, after four weeks of implantation PHBV (along with polycaprolactone,
polyorthoester, polyurethane and silicone) evoked extensive inflammatory responses and
fibrocellular proliferation, while PLGA and polyethyleneoxide/polybutylene terephthalate evoked
less but still severe responses (van der Giessen et al., 1996). The authors state that preliminary in
vitro tests were not in agreement with these observations and postulated that the responses could be
attributable to a combination of factors like polymer biodegradation products and implant geometry.
Obviously since PHBV would not degrade within the time frame of the test, the responses were most
probably a result of the test conditions (geometry of the stent, site of implantation, skill in
implantation, etc.).

VIlI. CONCLUSION

In short, the difficulty in achieving identical conditions in the preparation and treatment of the test
samples makes comparison between various studies hard. It appears, however, that more positive
responses occur with PHBVs than with PLAs and PLGAs. The causes for unfavorable responses are

1. Leachable polymerization medium compounds

2. Low molecular weight polymers

3. Particulate degradation products

4. Highly crystalline polymer particles resulting from degradation
5. High concentration of products as a result of rapid degradation

Items 1 and 5 are not observed for PHB and PHBV because they are natural and biotechnologically
produced, and their degradation rate is substantially lower than that of PLA and PLGA. One would,

therefore, expect polyhydroxyalkanoates to be more biocompatible and find increasing use in the
biomedical field.
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5

The Role of Free Radicals in Degradation of
Biodegradable Biomaterials

C.C.Chuand K. H. Lee
Cornell University, Ithaca, New York

I. INTRODUCTION

Free radical species are essential to many biological systems. These regulatory molecules are the
consequences of events in tissue response to invading microorganisms [1]. Usually, these regulatory
molecules exist as intermediates or end products from enzyme-catalyzed reactions [2] which involve
in the cyclo-oxygenase of the phagocytosis mechanism and lipoxygenase activity of the eicosanoid
metabolism [3,4]. During this phagocytosis, the production of superoxide ions, hydrogen peroxide,
hydroxyl radical, and singlet oxygen has been well documented [5]. Some investigations have also
shown that macrophages that protect us against infection and invading microorganisms are
responsible for the cellular degradation of natural polymers like DNA, since these phagocytes
undergo both morphological and biochemical transformations that facilitate the degradation of the
biopolymers [7]. On the other side, free radicals can become highly destructive to cells and tissues if
their production is not tightly controlled. One of the substances involved in the free radical biological
processes that are regarded as the cause of several pathological phenomena is superoxide ion, * O:.
These free radical anion species are involved in many biological processes that can cause serious
damage to cells, lipid peroxidation, protein denaturation and DNA destruction [6 - 8].

Regardless of its toxicity, the chemical properties of the superoxide ion were not widely studied
until in early 1970s when four new experimental techniques were used to investigate the chemical
behavior of superoxide ion pulse radiolysis [9], flash photolysis in aqueous solution [10],
electrochemical reduction of dioxygen [11], and use of KO,/crown-ether solutions in aprotic media

[12].
There are major differences in the reactivity of superoxide in aprotic solvents and in an agueous
solution. In aqueous solution, superoxide ion is easily dismutated to H,0, and O,, and any reactions

initiated by this ion must compete with its rapid disproportionation. At the same time, in aprotic
solvents, the superoxide ion acts as an effective nucleophile. A few mechanistic studies on the
cleavage of small molecules like alkyl esters of carboxylic acids by <+ O, have been reported [13,14].
Acyl halides were also reported to be hydrolyzed by their reaction with superoxide ion to produce
carboxylic acid and alcohol [15]. The general mechanism of simple ester hydrolysis by superoxide
ion was subsequently proposed [16,17].

Recently, a published review of the biodegradation phenomena of synthetic absorbable
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sutures suggested that there several extrinsic factors that could affect biodegradation phenomena
[18]. However, little information is available about the effect of anionic free radical species on the
degradation of synthetic biomedical polymers [19 - 21]. Williams et al. investigated the degradation
mechanisms of biodegradable biomedical polymers by using the free radical species like hydroxyl
radicals in an aqueous Fenton solution [22 - 25]. However, the role of free radicals on the
biodegradable glycolic acid/lactic acid copolymer (Vicryl) could not be definitely confirmed, since

equal amounts of * OH and OH were generated in Fenton reagents; the observed changes in

morphological, mechanical and thermal properties of Vicryl could be partially attributed to OH ions
as well as * OH radicals. In our study of Vicryl by using electron spin resonance (ESR) to determine
existence of the a-carbon hydrogen abstraction mechanism of polymer chains in Fenton agent, we
concluded, however, that hydroxyl radicals played an important role in the stability of polymers in
[26,27].

Due to the extreme reactivity of superoxide ions and hence their stability, it was difficult to
examine the effect of superoxide ions on biomaterials in vitro. However, we have used a chemical
means to stabilize superoxide ions in degradation media as described in Scheme 1.

In this chapter, we reported on the reactivity of the superoxide ion as an oxygen nucleophile
toward a variety of absorbable polymeric biomaterials having an aliphatic polyester structure, such
as poly(D,L-lactic acid), PDLLA, poly(L-lactic acid), PLLA, and absorbable suture materials
[27a,27b]. In the event of PDLLA and PLLA systems, we used polymer solutions during superoxide
ion induced degradation, i.e., homogeneous degradation. In the synthetic absorbable suture materials,
however, they remained in a solid state during superoxide ion degradation, i.e., heterogeneous
degradation.

PDLLA is an amorphous biodegradable polymer that has been tested as biomaterials for drug
delivery systems [28,29] with good compatibility and biodegradability. PLLA, however, is a
semicrystalline polymer that has been experimented with for a number of medical devices like
vascular grafts [30], surgical sutures [31], drug delivery systems [32], burn wound covering [33], and
internal bone fixation for orthopedic applications [34] because of its biodegradability,
biocompatibility, processability, good mechanical strength and other useful properties [35]. There
has been much research of structure-property relationships for the degradation of PDLLA, PLLA and
their copolymers in aqueous media [36 - 38]. These published studies confirmed that the
autocatalytic degradation mechanism was governed and, in the case of semicrystalline polymer, the
amorphous domains were more preferentially degraded than crystalline domains.

The absorbable suture materials used were 2/0 size Dexon, coated Vicryl, PDSII, Maxon and
Monocryl. Dexon is a braided, undyed multifilament suture that is polymerized from the cyclic
dimer of a-hydroxyacetic acid (glycolic acid). Vicryl is a random copolymer of glycolide and L-
lactide and has the same braided construction as Dexon, except Vicryl is coated with a 50:50 mixture
of an amorphous polyglactin 370 (a 65/35 mole ratio of lactide-glycolide

fu] Q
n:{“ .’\D Aprotic Solvent ':l'/h r-\'i-f' -
KO, + ( ) — ([ x J|o
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Scheme 1
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copolymer) and calcium stearate. PDS is the first commercially available monofilament absorbable
suture that derives from p-dioxanone monomers. Fiber-grade high molecular weight PDS polymer is
made from the ring-opening polymerization of highly purified (>99%) p-dioxanone monomers in the
presence of organometallic catalysts, such as zirconium acetylacetonate. Recently, an enhanced
version of PDS suture (PDS II) has been introduced for improving its flexibility and handling
characteristics. PDS 1II suture differs from PDS in fiber morphology due to different fiber spinning
conditions. PDS II suture has a distinctive skin-core morphology and its core has a highly ordered
and larger spherulitic crystal structure than its surrounding annular area. The monofilament
absorbable suture, Maxon, is made from block copolymer of glycolide and 1,3-dioxan-2-one
(trimethylene carbonate). It consists of 32.5% by weight of trimethylene carbonate and 67% by
weight of glycolide. The monofilament Monocryl suture is a segmented block copolymer consisting
of both soft and hard segments. The soft segment is the copolymer of glycolide and e-caprolactone,
providing good handling property like pliability. This low molecular soft segment prepolymer is
further polymerized with glycolides to provide hard segments of polyglycolide for adequate strength.
Thus, the total composition of 75% glycolide and 25% e-caprolactone and high molecular weight
were required for sutures with adequate mechanical properties.

I11. RESULTS AND DISCUSSION

A. Homogeneous Superoxide-Induced Degradation of PDLLA and PLLA

The common character of the change of the molecular weights of PDLLA and PLLA as a function of
hydrolysis time at a constant superoxide ion concentration and reaction temperature is a two-stage
reduction in their molecular weight, and a typical example is shown in Fig. 1

Te+5

=&— Number Average Molecular Weight (Mn)|
—— Weight Average Molecular Weight (Mw)

Betd -

Molecular Weight (g/male)
i
1

Oe+0 +

0 10 20 30 40 450 60 70 @80
Hydrolysis Reaction Time (Hr)

Figure 1 Effect of the hydrolysis reaction time on the molecular weight of PDLLA at 25° C and 0.01 molar superoxide ion
concentration.

http://emedia. netlibrary. com/nlreader/nlreader. d11?bookid=44778&fil... 2003-8-30



p=i|

g, 1/1

Page 160

for PDLLA sample at 0.01 mole superoxide ion concentration and 25° C reaction temperature. This
two-stage process of degradation includes an initial dramatic decline in both M, (the number average

molecular weight) and M, (weight average molecular weight) which occurred within a short period
of time followed by a relatively constant M, and M,, After 2 h, there was only a 10% and an 18%
retention of M,, and M, of the original PDLLA values, respectively. After this short period, an

apparently insignificant decline in molecular weights has been observed up to 72 h. PLLA exhibited
the same two-stage superoxide ion-induced degradation but with a smaller effect for the reasons that
PLLA is a semicrystalline polymer and methylene chloride was used as the solvent instead of THF
as in the case of PDLLA.

This two-stage time-dependent reduction in the molecular weight of biodegradable aliphatic
polyesters in a superoxide ion medium can be explained by our modification of the reaction pathway
originally proposed by Forrester and Purushotham [16,17]. They suggested that the cleavage of
simple organic ester group by a nucleophilic attack of superoxide ion were predominant via Sy2

reaction to yield the corresponding alcohol and carboxylic acid. However, in the case of polyesters,
these Sy 2 reactions would produce mainly anionic end groups with different chain length, and these

active anionic species could subsequently attack the main backbone chains via transesterification
with a rapid reduction in molecular weight until thermodynamic equilibrium is reached. The
resulting degradation products would eventually lead to a cyclic and/or linear oligomer.

This modified Forrester’ s mechanism for the hydrolysis of aliphatic polyester by superoxide ion
is shown in Scheme 2. Since the nucleophilic attack of the superoxide ion on polymers occurs
primarily in steps 1 and 2 which lead to the polyester chain fragmentation and the formation of two
different types of species, lower molecular weight macromolecules with peroxy radical chain end
group and anionic-catalyzed chain end group, respectively. Unlike the base-catalyzed hydrolysis of
simple aliphatic polyesters in an alkaline solution in which the alcoholic anions were stabilized by
hydrogen abstraction from the carboxylic end group to produce an alcohol group and a relatively
stable carboxylic anion end group, the alcoholate end group from step 2 may subsequently attack
main backbone chains via intra- and intermolecular transesterification reactions as illustrated in step
3 of Scheme 1. This additional chain scission in step 3 would not only reduce the molecular weight
of biodegradable polymers further but also produce another anionic species that could repeat step 3
again to accelerate the hydrolytic degradation further.

Step 4 is a typical electron transfer reaction from the superoxide ion to the peroxy radical that
leads to the formation of the carboxyl anionic intermediates which are expected to be stable.
Therefore, their reactivity toward polyester chain as step 3 does might be very low or unlikely. Any
excess superoxide ion would react with water shown in step 5 to form a hydroxyl anion and other
species. Although it appeared to have apparently competitive reactions between the hydroxyl anion
attacking ester linkage of polyester for additional chain scission and the hydroxyl anion reacting with
the carboxyl peroxide-anion end group of the polymer chain (step 6) to produce the carboxylic anion
without chain scission, it was less feasible for the former (i.e., hydroxyl anion to attack ester
linkages) because of the relatively low temperature (25° C). Step 6 was preferable during the final
step of termination reaction. Finally, it is possible to exchange potassium counterions with protons
via diluted hydrochloric acid solution used for the termination reaction.

Based on the suggested chemical pathway of steps 1 and 2 in Scheme 2, an increase in superoxide
ion concentration should also accelerate the hydrolytic degradation of biodegradable polyesters.
Figure 2 shows such as effect of concentration of superoxide ion on molecular weight of PDLLA at
25° C and 24 h hydrolysis reaction time. There were two distinctive regions of molecular weight
versus concentration effect: a sharp drop of molecular weight at
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low concentration of superoxide ion from 0.0005 molar to 0.0025 molar and a plateau region at high
concentration of superoxide ion from 0.0025 to 0.01 molar. These two distinctive regions of
molecular weight versus concentration effect remained over the entire reaction time (from 1 to 72 h).
This common characteristic, however, was the most profound at the longest time of hydrolysis as
evident in the difference in slopes of the curves. For example, the 72 h hydrolyzed PDLLA sample
showed very little change in M,, as the superoxide ion concentration was doubled from 0.005 to 0.01

molar, while the 1 h hydrolyzed PDLLA sample exhibited a significant reduction in M, within the

same range of superoxide ion concentration. Therefore, the lower superoxide ion concentration
samples, particularly at the 0.001 molar, reached the plateau region (i.e., the region with very little
change in M,, with hydrolysis time) at a later time than the higher concentration samples.
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Figure 2 Effect of superoxide ion concentration on the reduction in molecular weight of PDLLA at 25° C and 24 h
hydrolysis reaction time.

Because these synthetic biodegradable biomaterials are intended for use in the human body (i.e., at
37° C), the effect of reaction temperature (37° C versus 25° C) on superoxide effect on the
hydrolytic degradation of these biodegradable polyesters was also examined at a superoxide
concentration (0.01 mole) and reaction time (24 h). The data show that the rate of superoxide-ion-
induced hydrolytic degradation of PDLLA was slower at 37° C than at 25° C as shown in Fig. 3.
PDLLA at 37° C reaction temperature retained a larger amount of the high molecular weight
fractions over the whole range of molecular weight distribution when compared with the same
polymer at 25° C. Although both hydrolysis reaction temperatures showed low molecular weight
species, the 37° C PDLLA sample had a relatively smaller proportion of the low molecular weight
species than the 25° C sample. Both reaction temperatures resulted in low molecular weight
oligomers. The less severe chain fragmentation of biodegradable polyesters by superoxide ion at
37° C was later also confirmed by the effect of reaction temperature on T, of this class of polymers.

The deactivation (i.e., stability) of superoxide ions at a higher reaction temperatures might be
responsible for this temperature-dependent superoxide effect.

The GPC chromatograms of the superoxide-ion-induced degradation of biodegradable PDLLA
and PLLA indicated that there were low molecular weight species due to main chain fragmentation.
A combined GPC and chemical tagging method (phenyl isocyanate) of chain end groups of the
degradation products, such as hydroxyl group (Scheme 3), were used to characterize the complex
polymer-oligomer mixtures, particularly the linear or cyclic nature of the degradation products
obtained at 24 h hydrolysis reaction time. Cyclic oligomers could not be tagged by phenyl isocyanate
because of the lack of free hydroxyl end groups. This chemical tagging method of using phenyl
isocyanate to label the hydroxyl chain end groups of linear oligomers only was used by Manolova et
al. for chemical identification [39]. The GPC data
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Figure 3 Effect of hydrolysis reaction temperature on the molecular weight distribution of PDLLA at 0.01 molar superoxide
ion concentration and 24 h hydrolysis time. (A) 37° C; (B) 25° C.

from the phenyl isocyanate tagged degradation mixtures (Fig. 4B) showed strong UV absorption
peaks at the locations corresponding to dimers and trimers (Fig. 4A versus 4B). The strong UV
absorption peaks in the GPC chromatogram was due to the presence of unsaturated bonds in the
tagged phenyl group. Therefore, by using the combined phenyl isocyanate tagging and GPC data we
confirmed that linear oligomer products did form during the superoxide-induced hydrolytic
degradation of PDLLA. Consequently, the contribution of step 2 reaction in Scheme 2 to the
molecular weight distribution of PDLLA could be regarded as the dominant one.

The observed significant reduction in molecular weight of PDLLA and PLLA due to the
superoxide-ion-induced degradation should also be reflected in the change of thermal properties of
these polymers, such as the glass transition temperature, T,. This was because the superoxide-ion-

induced fragmentation of PDLLA and PLLA chains would produce more chain ends with shorter
chain length. Since the number of polymer chain ends played an important role in determining the
free volume of macromolecules, an increase in chain ends by chain fragmentation would lower the
glass transition temperature.

CHy ©
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Scheme 3

http://emedia. netlibrary. com/nlreader/nlreader. d11?bookid=44778&fil... 2003-8-30



pil

g, 1/1

Page 164
.0 o.0z8
} g |
i ..UZE--_%
024 i
S 1o E
8 E :
Sope :
0.5 E c
-vo.n:uj
ERED .
EN ®
do.026 3
t.!'lJ-;_ -E
i 3
.oza 3
S0l 3
e
Foiml .
1 3 c
0.5 E .
3 a
0203
1.0 s lea a2 bed s hea Tra s

Elution time [min]

Figure 4 SEC concentration chromatograms of the 24 h hydrolysis reaction mixture from PDLLA before (A) and after (B)
reaction with phenyl isocyanate chain end tagging for UV absorption: (a) peak was toluene; (b) peak was dimer and (c) peak
was trimer. The appearance of UV peaks at b and ¢ in (B) indicated the presence of linear oligomers of PDLLA having phenyl
isocyanate chain end group.

Figure 5 illustrates the effect of superoxide ion reaction time on T, of PDLLA at 25" C and 0.01
molar concentration of superoxide ion. There were three distinctive regions of change in T, with
reaction time: a significant decrease in T, within a short period up to 2 h, a gradual but profound
reduction in T, until 24 h, and a region of insignificant change in T, thereafter. The initial sharp drop
of T, during the first 2 h coincided with the significant reduction in number average molecular
weight described previously in Fig. 1. The gradual but profound decrease in T, from 2 h to 24 h was

attributed to both the reduction in molecular weight and the presence of low molecular oligomer
species, such as trimers and dimers. These low molecular weight species could act as external
plasticizers, an effect which was widely used to improve the flexibility of polymers, and allow
polymer chains to have a large amount of extra free volume, i.e., lower T,
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Figure 5 Change of glass transition temperature, Ty, of PDLLA as a function of superoxide ion hydrolysis time at 25 ° Cand
0.01 molar superoxide ion concentration.

Since the superoxide-ion-induced degradation of PDLLA was also temperature dependent, the
change of T, of PDLLA and PLLA due to superoxide ion was also found to be temperature

dependent. The magnitude of reduction in T, of the 37° C PDLLA sample at 0.01 molar superoxide
ion concentration over the 24 h hydrolysis time (from 51.58° Cto -4.07° C with AT, = 55.65" )
was significantly less than the 25° C sample (from 51.58° C to —17.7° C with AT, = 69.28" ).
These T, data at different reaction temperatures were consistent with our reaction temperature

dependent molecular weight data. Again, the superoxide ion was less stable at 37° C than 25° C,
and thus less active superoxide ion was available for degradation at 37° C, i.e., a retention of higher
molecular weight and higher T,

The effect of superoxide ion concentration on the degradation of PDLLA and PLLA described
previously should also be reflected in the thermal properties of PDLLA. As shown in Fig. 6, a close
to linear reduction in T, with superoxide ion concentration was observed and the T, was reduced

from the original 51.58° C at zero superoxide ion concentration to - 17.7° C at 0.01 molar of
superoxide ion concentration, 24 h hydrolysis time and 25° C. The continuous reduction in Tq

beyond 0.0025 molar superoxide ion concentration without significant reduction in M, (see Fig. 2)

could be attributed to the plasticizer effect from the low molecular weight oligomers which would
lower T, of PDLLA further than expected from molecular weight data.

In general, it has been known that T, was directly related to the number average molecular weight
of a polymer as described in the Flory-Fox theory [40,41]:

T,=T,- (1)

=| >

where T; is the limiting T, at an infinite molecular weight and K; is a constant. This theory was
based on the hypothesis that the local configurational order in a liquid polymer was distrib-
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Figure 6 Change of T of PDLLA as a function of superoxide ion concentration at 24 h hydrolysis time & 25° C.

uted by the introduction of chain end groups to a degree that was proportional to their number. Boyer
[42] reported that the molecular weight dependence of T of polystyrene based on Eg. (1) could be

represented by three intersecting straight line regions, where each region exhibited a different K
value. Boyer’ s K, was found to decrease with decreasing molecular weight. A number of studies
have been reported to detail this relationship [42 - 46].

It would be interesting to know whether our T, versus M, data of PDLLA would fit into the Fox-
Flory theory. As shown in Fig. 7, our molecular weight dependence of T, of PDLLA agreed well
with the general characteristic of Fox-Flory relationship of T, and molecular weight. As the M, of
PDLLA increased, T, also increased up to an M, of about 40,000 and the effect of molecular weight
on T, became less pronounced at M,, > 40,000.

Our experimental K values decreased with decreasing molecular weight. This K, versus

molecular weight relationship was suggested by Boyer to be associated, to some degree, with the
free volume at chain ends as the reduction in free volume with decreasing molecular weight would
lead to a lower K, value. As shown in Table 1, our experimental K, values, however, were

consistently higher than the Boyer K, over the molecular weight ranges M, > 104 and 103 <M, <

104. This discrepancy in Kq values was attributed to the uniformity or the level of distribution of
chain length. The Boyer K values were calculated based on a relatively uniform or homogeneous
chain length (narrow distribution), while our experimental K, values were obtained from the

mixtures of polymers having broad chain length distribution as shown previously. We suggested
previously that the presence of low molecular weight oligomers, trimers and dimers in a polymer-
oligomer mixture, could act as external plasticizers to lower T, more than the Fox-Flory theory

predicted. This lower T, would lead to a higher K, value, according to Eq. (1), and was indeed found
in our experiment.
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Figure 7 Relationship between number average molecular weight of PDLLA and T,,.

B. Heterogeneous Superoxide-Induced Degradation of Absorbable Suture
Materials

The results of the tensile breaking force of the five absorbable sutures as a function of superoxide ion
concentration and reaction time are summarized in Table 2 and Fig. 8 for 0.005 molar of superoxide
ion concentration. Regardless of reaction time, the measurement of tensile breaking force of these
five absorbable sutures at the highest superoxide ion concentration (0.01 molar) was impossible
because all absorbable sutures were so degraded that they completely lost their physical integrity as
fibers and became almost invisible.

The common characteristic of the reduction in the tensile breaking force of these absorbable
sutures with superoxide-ion-induced reaction time at 25° C was an immediate reduction in their
tensile breaking forces as early as 2 h reaction time followed by a relatively smaller decrease
thereafter. At a superoxide ion concentration of 0.005 molar, its effect on tensile breaking force of
the absorbable sutures retained the similar pattern as the lower concentration, but with a significantly
larger magnitude. For example, as shown in Fig. 8, a 10-fold increase in superoxide ion
concentration from 0.0005 to 0.005 molar resulted in a loss of tensile break-

Table 1 Comparison of the Boyer Constant K, Values [42] with our Experimental
Constant K, Values

M, Boyer constant K, Our exp. constant K,
M, > 10* 2 x 10° 9 x 10°

10% <M, < 10* -8 x 10* 1% 10°

M, <103 ~2 x 10 -

http://emedia. netlibrary. com/nlreader/nlreader. d11?bookid=44778&fil... 2003-8-30



pil

Page 168

Table 2 Tensile Breaking Force (Kg) and Its Percentage Retention of Five Absorbable Sutures as a Function of
Superoxide lon Concentration and Hydrolysis Reaction Time at 25° C

Superoxide ion concentration (molar)

0 0.0005 0.005 0.01

Hydrolysis time

0h 2h 24h 2h 24h
475+001 459+001 459+ 002 457 +001 3.09 & 0.01
(100.0%)° (97%) (97%) (96%) (65%)
623+ 001 573+001 559+ 001 5324001 289+ 002
(100.0%) (92%) (90%) (85%) (46%)
626 + 001 5224001 513+001 4904001 239+ 001
(100.0%) (85%) (82%) (78%) (38%)
7424001 620+001 540+ 002 6164001 186+ 0.01
(100.0%) (84%) (73%) (83%) (25%)
566+ 0.01 4.40-+001 370 +001 3014001 1.14+001
(100.0%) (78%) (65%) (53%) (20%)

alpercentage in parentheses indicates retention of original (no superoxide and 0 h) tensile strength.

Percantage Retantion of the Tensile Breaking Force

20

I 1 T T T T 1

0 5 10 15 20 25 30
Hydrolysis Reaction Time (Hr)

Figure 8 Percentage of retention of tensile breaking force of five synthetic absorbable sutures upon superoxide-ion-induced
hydrolytic degradation at 0.005 molar superoxide ion concentration at 25° C.
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Table 3 Melting Temperature (T, ° C) and Heat of Fusion (AH;, cal/g) of Five Absorbable Sutures upon
Superoxide-Ion-Induced Hydrolytic Degradation as a Function of Superoxide Ion Concentration at 25° C and
24 h Hydrolysis Reaction Time

Superoxide ion concentration (molar)

0 0.0025 0.005
T, (AH) T, (AH,) AT, T, (AH) AT, (° ©)
217.0 (° 209.4 (° 199.3 (°
Dexon 0 (18.3) o (18.9) 7.6 o (16.6) 17.7
Vicryl 196.2 (12.4) — — 179.8 (2.87) 16.4
Monocryl 162.5 (13.4) 157.6 (13.1) 149.7 (8.00) 12.8
4.9
Maxon 199.7 (9.84) 196.0 (10.9) 192.0 (4.88) 7.
3.7
PDS II 99.3 (21.9) 96.7 (22.6) 93.0 (18.9) 6.
2.6

ing force as large as 47% and 80% for Monocryl suture after 2 and 24 h, respectively. The bulk of
the loss of tensile breaking force of Monocryl occurred during the initial 2 h period. Even the most
superoxide ion resistant PDS II suture showed an appreciable loss of tensile breaking force at 0.005
molar of superoxide ion concentration. Like PDS II sutures, Dexon, Vicryl and Maxon sutures all
showed most of their loss of tensile breaking forces between the 2 and 24 h period. The order of
these five absorbable suture materials toward the superoxide ion sensitivity at this relatively higher
superoxide ion concentration was the same as the lower superoxide ion concentration case, Monocryl
> Maxon > Vicryl > Dexon > PDS II. It is important to know that there would be no change in
tensile breaking force of these absorbable sutures in regular saline buffer media at 25° C for many
days [18].

Tables 3 and 4 and Figs. 9 and 10 illustrate the changes in T, and T of the five absorbable sutures

as a function of superoxide ion concentration at 25° C and 24 h reaction time. Regardless of
superoxide ion concentration, T, of all five absorbable sutures generally decreased with increasing

superoxide ion concentration. The order of AT, (=T, at zero superoxide ion concentration — T ata
specified superoxide ion concentration) for these five absorbable
Table 4 Glass Transition Temperature (T, ° C) of Five Absorbable Sutures upon in Vitro

Superoxide-lon-Induced Hydrolytic Degradation at 25° C and 24 h Hydrolysis Reaction
Time at Two Different Superoxide ion Concentrations

Superoxide ion concentration (molar)

0 0.0025 0.005

T, T, AT, T, AT,
Dexon 62.7 53.7 9.0 432 19.5
Vicryl 65.3 — — 427 12.6
Monocryl 7.8 0.4 7.4 -19 9.7
Maxon 26.0 21.9 4.1 17.5 8.5
PDS II - 109 -11.7 0.8 -13.1 1.2
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Figure 9 Reduction in melting temperature, T, of five synthetic absorbable sutures upon superoxide-ion-induced hydrolytic
degradation at 25° C over a superoxide ion concentration ranging from 0.0025 to 0.005 molar. AT =T, (of original at zero
superoxide ion concentration) — T (of samples at a specified superoxide ion concentration).

sutures was Dexon > Vicryl > Monocryl > Maxon > PDS 1II as shown in Fig. 9. Dexon suture
showed the most dramatic reduction in T,, (AT, = 7.6° C and 17.7° C) at both superoxide ion

concentrations, and this suture also has the highest level of crystallinity and T, among the five

absorbable sutures. Among the monofilament absorbable sutures, Monocryl was the most sensitive
suture material upon superoxide-ion-induced thermal property changes (AT, =4.9° Cand 12.8° C

at 0.0025 molar and 0.005 molar, respectively). This might be due to both solvent affinity and
superoxide ion reactivity toward the nature of the chemical structure in Monocryl. The least
superoxide-ion-induced change in thermal properties among these five absorbable sutures was PDS
II (AT, =2.6" C, 6.3° C at both superoxide ion concentration) possibly due to its distinctive skin-

core morphology in which the core of the PDS II suture has a highly ordered and larger spherulitic
crystal structure than the surrounding annular area [47]. Maxon suture showed the next to the most
resistant PDS II absorbable suture and its changes in thermal properties due to superoxide ion were
relatively small (AT, =3.7° Cand 7.7° C) at both superoxide ion concentrations.

Table 4 summarizes the results of the change in T of the five synthetic absorbable sutures as a

function of superoxide ion concentration at 25° C and 24 h reaction time. Figure 10 shows the
change in T, and their magnitudes of difference from the controls (AT, = T, of zero superoxide

concentration -~ T, at a specific superoxide concentration) of the five synthetic absorbable sutures.
Dexon suture showed the most significant change in T, at both superoxide ion concentrations (AT, =
9.0° C, 19.5° C) followed by Vicryl (AT, = 12.6° C). Among the monofilament absorbable
sutures, Monocryl had the highest Tg reduction (ATg =7.4° C,9.7° C), while PDS II was the most
resistant to superoxide-ion-induced T change with the smallest AT, among all five synthetic
absorbable suture materials (AT, =0.8" C, 1.2° C).

http://emedia. netlibrary. com/nlreader/nlreader. d11?bookid=44778&fil... 2003-8-30



pil

g, 1/1

Page 171

15

0.000 0.002 0.004 0.006
Suparoxide ion Concentration (molar)

Figure 10 Magnitude of reduction in glass transition temperature, AT, of five synthetic absorbable sutures upon superoxide-
ion-induced hydrolytic degradation at 25° C over a superoxide on concentration ranging from 0.0025 to 0.005 molar. ATy =
T, (of original at zero superoxide ion concentration) — T, (of samples at a specified superoxide ion concentration).

The changes in the suture fiber surface morphology upon superoxide-ion-induced degradation
were consistent with the observed tensile strength data and were found to depend on the reaction
time and superoxide ion concentration. The suture fibers which showed the most unique surface
morphological changes are Monocryl and Maxon sutures, particularly at a higher superoxide ion
concentration and longer duration of reaction as shown in Figs. 11 (Maxon) and 12 (Monocryl). Both
sutures exhibited many moon-crater-shaped impressions of a variety of sizes at a superoxide ion
concentration of 0.0025 molar and 24 h reaction.

In the superoxide ion media, some longitudinal and circumferential cracks started to appear on
Maxon suture surface at 0.005 molar superoxide concentration. Monocryl sutures had the most
unique surface morphology at this highest superoxide ion concentration and 24 h reaction of this
study (Fig. 12). Besides the appearance of more moon-crater-shaped impressions, there were many
rope-like microfibers of about 10 um diameter arisen from the underlining Monocryl suture fiber and
arranged circumferentially and orderly along the suture surface. This unique surface morphology
suggested that there would be a significant loss of mechanical properties of the suture as evident in
the observed dramatic reduction in the retention of tensile strength and thermal properties of both
Monocryl and Maxon sutures described earlier. Both Maxon and Monocryl sutures lost majority of
their size at this relatively high superoxide concentration and at the end of 24 h. At 0.005 molar
superoxide ion concentration, the diameter of the Maxon suture decreased to 30% (120 um) from its
original 400 um diameter, while the Monocryl suture retained only 48% of its original 400 pm
diameter (192 pm).

Even the most superoxide-resistant PDS II sutures exhibited few patches of rough spots (PDSII)
on the outermost skin of the sutures. The dimensional change of PDS II sutures was
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Figure 11 Surface morphology of 2-0 Maxon suture upon superoxide-ion-induced hydrolytic degradation at 25° C for 24 h:
(A) original control; (B) 0.0005 molar; (C) 0.0025 molar; (D) 0.005 molar superoxide ion concentration.

significant at the highest superoxide ion concentration (0.005 molar) and the diameter of PDS Il
sutures decreased to 67% (268 um) from their original diameter of 400 um. This diameter reduction
of PDSII over a period of 24 h degradation reaction in superoxide ion medium provides clear
evidence to support the “ ‘peeling onion” mode of superoxide-ion-induced degradation of
monofilament sutures, i.e., the exposure of its fresh inner core after the removal of their outermost
skin layers during the 24 h superoxide-ion-induced degradation. Since the core of the PDS Il suture
has a more highly ordered and larger spherulitic crystal structure than the skin of the suture [47], it is
expected to be more resistant to degradation than the skin.

The braided multifilament absorbable sutures like Dexon and Vicryl, however, did not show the
same dramatic morphological change as the monofilament absorbable sutures did at the higher
superoxide ion concentration and longer period of reaction (24 h) at 25° C. In the case of Dexon
suture, the disintegration of the braided structure of the suture started to appear at a low superoxide
ion concentration (0.0025 molar) and became more severe with the formation of many needle-shaped
filament ends as the superoxide ion concentration increased further. The general surface degradation
patterns of Vicryl suture were very similar to Dexon suture but were less severe (Fig. 13).

It is important to recognize that none of these and other absorbable sutures show this
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morphological pattern upon their hydrolytic degradation in normal saline buffer solutions. In
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Figure 12 Surface morphology of 2-0 Monocryl suture upon superoxide-ion-induced hyrdrolytic degradation at 25° C for
24 h: (A) original control; (B) 0.0005 molar; (C) 0.0025 molar; (D) 0.005 molar superoxide ion concentration.

the reported morphological studies of all existing absorbable sutures in conventional buffer media
[23,24,48 - 60], the most common surface morphological characteristics upon hydrolytic
degradation is the formation of circumferential or/and longitudinal surface cracks that are consistent
with the anisotropic characteristic of fibers. It is not fully understood at this stage how superoxide-
ion-induced degradation could lead to such unusual surface morphology on Monocryl and Maxon
sutures.

1. CONCLUSION

We examined the reactivity of superoxide ion as an oxygen nucleophile agent toward biodegradable
polyesters, PDLLA, PLLA and five synthetic absorbable sutures as a function of temperature, time
and superoxide ion concentration. The data of molecular weight, mechanical and thermal properties
suggested that the hydrolytic cleavage pathway of polymer chain backbone by superoxide ion
involved an Sy 2 displacement in aprotic solvents. This fragmentation produced various mixture of

different chain lengths, such as oligomers, trimers and dimers. A combined GPC and chemical
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tagging method revealed that the structure of oligomer species in the degradation mixture was of
linear characteristic.

http://emedia. netlibrary. com/nlreader/nlreader. d11?bookid=44778&fil... 2003-8-30



g, 1/2

Page 174

EHT =18 88 x
libgm

Figure 13 Surface morphology of 2-0 Vicryl suture upon superoxide-ion-induced hydrolytic degradation at 25° C for 24 h:
(A) original control; (B) 0.0005 molar; (C) 0.0025 molar superoxide ion concentration.

The reactivity of the superoxide ion toward five commercial 2/0 size synthetic absorbable sutures
at 25° C indicated that there was a significant effect of superoxide-ion-induced degradation on the
mechanical properties, thermal properties, and surface morphology of these five absorbable sutures.
Among the five absorbable sutures and over the concentration range of this study, monofilament
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Monocryl suture was the most sensitive toward superoxide-ion-induced degradation followed by
Maxon, Vicryl, Dexon and PDSII sutures had relatively the least effect of superoxide-ion-induced
hydrolytic degradation. The mount of tensile breaking force
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loss ranged from as low as 3% to as high as 80%, depending on the type of absorbable sutures,
reaction time, and superoxide ion concentration. All five absorbable sutures showed significant
reductions in both T, and T,. Unlike the surface morphological change of the absorbable suture in

buffer solutions, the effect of superoxide-ion-induced degradation on the surface morphological
change of the five absorbable sutures were unique, particularly the moon-crater-shaped impressions
of various sizes and depth found in Monocryl and Maxon sutures that defied the anisotropic
characteristic of fibers.
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In Vitro Testing of Cytotoxicity of Materials

G. Ciapetti, D. Granchi, C. R. Arciola, E. Cenni, L. Savarino, S. Stea, L. Montanaro, and A.
Pizzoferrato
Istituti Ortopedici Rizzoli, Bologna, Italy

I. INTRODUCTION

The usefulness of mammalian cell cultures for biocompatibility testing is confirmed by experimental
studies which found a good correlation between in vitro and in vivo tests. The rationale is that in
vitro models employing human cells to study the interactions between the cell system and the
biomaterial/device allow for a reasonable prediction of the performance in vivo of the
biomaterial/device.

It has to be acknowledged that isolated cell systems are more sensitive to toxic materials than
body tissues. Nevertheless, there is an increasing demand for reliable in vitro methods for two main
reasons: (1) cellular mechanisms of toxicity can be described using biochemical assays; (2) valid
alternatives to animal models are needed. Using such testing methods the materials can be screened
according to their grade of toxicity and discarded, if this is the case, prior to further testing.

A number of characteristics and functions of cells can be verified after challenge with
biomaterials: morphology [1], membrane integrity [2], cytoskeleton [3], surface molecules [4],
viability, proliferation [5], protein synthesis [6], oxidative response [7], motility [8], secretion [9],
response to growth factors and cytokines [10], cell-cell interactions and, recently, gene expression
[11,12].

Questions to be answered by such studies may be “Is this material toxic?” or “Which
mechanism/function of the cell is hampered/promoted by this material?” Producers of medical
devices need an answer to the first one, while biomedical research tries to disclose the second body
of knowledge.

I11. STANDARDS FOR TESTING CYTOTOXICITY

Preclinical assessment of the toxic potentials of medical devices have to be undertaken, to determine
any possible hazard which may be associated with their application. Standards concerning the safety
assessment of medical devices are prepared at the International Organization for Standardization
level by the ISO Technical Committee 194, and at the European Committee for Standardization level
by CEN Technical Committee 206. The European standards EN
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30993 are currently being developed on the basis of the corresponding international standards 1SO
10993.

I1l. MATERIALS PREPARATION

The preparation of materials and/or devices for cytotoxicity testing is of utmost importance, as their
chemical/physical appearance strongly influences the response of the cells, as well as the whole
experimental system. Standards and guidelines for the preparation of materials have been produced
by many agencies and associations, including the International Organization for Standardization
(1SO), the Ente Nazionale Italiano di Unificazione (UNI), the British Standards Institute (BSI), the
Deutsches Institut fur Normung (DIN), the Swiss Association for Standardization (SNN), the
Association Francaise de Normalisation (AFNOR), the American Society for Testing and Materials
(ASTM), the American Dental Association (ADA). In such documents chemical and physical form
of materials, sterilization procedures, shape and size of the samples, and any treatment required to
get a sample suitable for cytotoxicity testing are addressed. The adoption of such indications is
recommended when interlaboratory comparisons are planned or when a report for a producer has to
be written; moreover they guarantee the material is not altered nor masked by the procedure of
preparation, as the standards are developed by working groups of experts.

Reference materials should be adopted in all cases: they should serve to check the performance of
the method and allow comparison with results from other laboratories. Different types of reference
materials to be used as negative and positive controls are suggested in the standard 1SO 10993-part
12 [13] and efforts for developing reliable and reproducible materials continue to be made [14].

A. Solid Materials

Solid materials are employed when the surface of the biomaterial/device is known to influence the
response of cells definitely. The solid material/cell combination is also the experimental system
which more closely reproduces the in vivo situation. Although solid materials are often quite
difficult to be inserted in cell culture systems, their interactions with cells can be analyzed following
preparation of small-sized samples and their placement into suitable culture dishes [15,16]. Indeed,
by varying the ratio of specimen size:media volume, almost any effect from nontoxic to extremely
cytotoxic can be obtained.

Standard 1SO 10993-part 12 provides indications on (1) volume of cell suspension/size of the
sample, (2) volume of cell suspension/container and (3) size of the sample/container.

Adhesion of cells onto biomaterials is considered a positive phenomenon for implant outcome:
such process is known to influence cell activities. Cell adhesion onto foreign surfaces is inspected
mainly by cell count, while electron microscopic techniques or computer-assisted measurement are
used for the assessment of spreading and morphology [17,18]. Tamada [1] showed that not only the
rate of adhesion and spreading of cells is conditioned by the presence of a collagen layer onto
polymer surface, but the functions of cells are influenced. Ertel et al. [19] were able to demonstrate
that the bare surface of some polymers, including PDMS, PE, PMMA and polyurethanes, was able to
cause cell death, unless it was covered by a proteinaceous layer.

The ability of surface topography to determine orientation and alignment of cells and to modify
bone cell response has been demonstrated in several studies [20,21].
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B. Extracts of Materials

When the material cannot be tested as a solid (e.g., when the device is made of a combination of
materials to be verified in their sinergy), aqueous extracts are the choice. The specimen to be tested
is eluted in an extraction tube containing a precise amount of fluid. The extraction of a
material/device is a complex procedure which is influenced by the duration, temperature,
material/extracting vehicle ratio, type of extracting vehicle and type of material. The choice of the
appropriate duration and temperature for extraction should be made according to the end use of the
material/device in vivo [13]. Most labs resort to extracts for cytotoxicity testing, due to their ease of
preparation and manipulation [22,23]. However, concern is raised sometimes about the presence of
leachables in the extracts and the actual amount of such substances. Bordenave et al. [24] showed
that some primary reference materials, including low density polyethylene and cellulose, could
become toxic to cells when tested as extracts. Therefore, the concentration of leachables in
material/device extracts should be measured wherever possible (1) to correlate cytotoxic responses
and (2) to avoid false negative results. When metals are extracted, metal ion concentration in the
extracts can be measured by either AAS [25] or other sophisticated techniques, including neutron
activation analysis and mass spectrometry. Polymers can be analyzed for their dissolution by high
pressure liquid cromatography [26], while ceramics are usually assayed as they are [27].

Standards provide suggestions about (a) medium for extraction, (b) temperature, (c) duration, (d)
handling of the extracts. Recommended media include water, saline solution and culture medium
with or without serum. In the preparation of the extracts for cytotoxicity testing, it has to be borne in
mind that the final destination of the extract is a monolayer of cells. When a large volume of
extracting media is required, for example to extract blood bags with a long tubing apparatus, water or
saline has to be used for economic reasons. Then the extract can be used to dilute a double
concentrated (2 X) culture medium and added to the cells: in this case the maximum concentration of
extract which can be tested is 50% [28]. If an undiluted extract (100%) has to be tested, the
biomaterial/device is placed in the proper culture medium for target cells. We use culture medium
without serum for two main reasons: (1) serum substances would be altered by contact with foreign
surfaces, so that new serum should be added at the time of testing, with final concentration of serum
in the system resulting unknown, and (2) the culture medium is usually a complex mixture of salts
and nutrients which can extract efficiently the leachables from the foreign surface. The temperature
of extraction ranges from 37° C to 121° C: as a rule the lower the temperature the longer the
duration of extraction (from 1 h at 121° Cto 120 h at 37° C). The choice is dictated mainly by the
sensitivity of the material/device to heat: e.g., low density polymers cannot bear high temperatures
without alteration of their properties. Most authors choose 37° C: this is the temperature of the body
which the biomaterial/device will really experience after implantation in vivo [24,26].

As far as the handling of extracts is concerned, including centrifugation, filtration and storage,
some matters need consideration. The EN-30993-part 12 standard also recommends that each of
these steps, if taken, has to be justified. Centrifugation is needed when particulates are present in the
extracts and will interfere with subsequent analysis: this is the case of AAS measurement, where
false positive or overrange values are obtained if metal particles are contained in the medium
assayed. Filtration through .22 um-pore filter is required to obtain sterile extracts from liquids where
nonsterile samples of biomaterial/device were dipped: sterility of solutions is an absolute
requirement for cell cultures.

Some preliminary experiments were performed in our lab to look for the effect of centrifugation
and filtration procedures on extracts from metal powders. In Table 1 the results from
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Table 1 Toxicity of Extracts of Chromium and Cobalt on L929 Cells
(mean £ sd of three separate runs)

Time of exposure (h)

Extract 24 48 72
Chromium 62 + 17 91 + 12 64 + 59
Cobalt 24 £+ 15 2+2 42 + 36

¢

cytotoxicity testing of ‘crude” extracts of chromium and cobalt onto L929 cells are presented.
The cells were exposed for 24, 48 and 72 h to the undiluted extracts: the experiments were
performed separately using the same batch of Cr or Co extract on different days. After the challenge
with the extracts the cells were fixed and stained using crystal violet dye, and the absorbance of the
samples was compared to that found for the control cells. The results on different days were largely
different with both chromium and cobalt at any time of exposure. This was interpreted as an uneven
distribution of ions within the extract, so that different aliquots of the same batch contained different
amount of Cr or Co. This was confirmed by graphite-furnace atomic absorption spectrometry
(GFAAS) analysis, by which the content of several aliquots of the same batch of extract was
measured (Table 2). It was concluded that the presence of particulate in the extracts without filtration
prior to testing was responsible for the difference of ion content in extract samples from the same
batch. Centrifugation and fitration of the extracts before storage provides uniform distribution and
low variability of the ion content, as demonstrated by the low standard deviation. Since the cells are
very sensitive to minute amounts of foreign substances, we recommend that particles generated by
degradation of materials during extraction procedure be removed by centrifugation and filtration.

For testing cytotoxicity the extracts of biomaterials/devices have to be preferred to solids samples
for several reasons:

a. Extracts can be added to cells in the amount desired and can be diluted to get a toxicity profile.
b. Many replicates can be tested.

c. Problems related to the size and shape of solids are avoided, as well as any mechanical
damage or feeding impairment caused to cells by solids.

V. METHODS OF EVALUATION

In the introduction of the ISO 10993 standard part 5 document, the crucial parameters for
cytotoxicity testing are addressed but not specified, in order to leave the research lab to decide

Table 2 Concentration of Metal lons in the Extracts Measured by

GFAAS

Raw extracts Filtered extracts
Metal ion (m = sd) (m = sd)
Chromium (pg/mL) 22.7 £ 20.8 0.008 + 0.002
Cobalt (ug/mL) 36.59 + 25.76 58.20 X 4.66
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steps to be taken with regard to (a) cell type, (b) duration of the exposure, (c) method of evaluation,
etc. [29]. An overview of this document has recently been published [30].

Many types of cells have been proposed for use in cytotoxicity testing of materials. The use of
cells freshly derived from explants, i.e., primary cells, or established cell lines has been debated
since the introduction of cell culture systems in biocompatibility testing and is not yet resolved [31].
If it is assumed that tissue reaction has to be reasonably approximated in cell culture systems, cells
derived from explants should be preferred, due to their complex mechanisms of response [32]. But
when large numbers of materials have to be assayed for potential toxicity, established cell lines
provide many advantages [33]. Suitability of L929 cells or 3T3 fibroblasts for cytotoxicity screening
of materials has been experienced over a long time: actually their use is recommended in standard
documents. In our opinion the reproducibility of intralaboratory results and the comparison of
interlaboratory results are very important: they both are warranted by the use of established cells.
The duration of the exposure of cells to materials/devices is usually dictated by the method of assay,
but the in vivo persistence of the material/device may also be considered.

The 24-h period is the endpoint commonly used for cytotoxicity testing, but in many instances the
exposure may be prolonged or shortened. Tomas et al. tested bone-marrow derived cells for 7, 14, 21
days to look for proliferation and osteogenic differentiation in vitro [34]. On the other hand, the
duration of contact with materials may be limited to 1 - 2 h, as recommended for some types of
dental materials which will be applied to oral mucosa for a few minutes [35]. The finding of clear
toxicity for a material/device after a 24-h testing in vitro could lead to its discard, due to high
sensitivity of cell culture systems, although in vivo it is applied for few minutes. If this
material/device has unique properties and optimum performance in vivo with short exposure, the
benefit from its use could be higher than the risk for the patient [36].

In the 1ISO 10993 standard part 5 for cytotoxicity testing it is stated that “It is the intention of this
part of ISO 10993 to leave open the choice of type of evaluation.” Four categories of evaluation
types are listed in the standard, with the first being an assessment of cell morphology and the other
measurements of cell parameters. In our opinion the greatest source of variation in cell culture assays
is the subjective assessment of cytotoxicity. For this reason we recommend the use of quantitative
methods for scoring toxicity. A number of biochemical methods have been described, but also visual
methods can be modified to allow for quantitation of results.

For initial screening of materials the methods to be adopted by the lab have to be technically
simple, reproducible and broadly applicable and to give predictive values. Cell viability, or
conversely cell death, and inhibition of cell growth are common parameters currently used in the
initial screening of candidate materials. Using these endpoints the acute toxicity of specimens is
measured and materials are ranked relative to their cytotoxic effect. Although cell viability and cell
growth are well different characteristics of cells, the distinction becomes less clear when a testing
method is used to measure both parameters. This often happens with biochemical assay of enzymatic
activities: MTT conversion to formazan (see below) is used as a marker of cell viability/proliferation
[34].

For rapid cytotoxicity screening of materials/devices cell cultures in microplates and colorimetric
methods to quantify cell parameters in situ are becoming increasingly popular. They offer several
advantages including easy manipulation, possibility of large number of replicates and production of
quantitative results. Several assay methods providing an index of toxicity have been recently
compared for their sensitivity [37].

A. Cell Viability

Historically, the hemolysis test was the very first test for the assessment of the damage induced by
biomaterials to red blood cells [38]. The test is simple, but nearly every substance not
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“physiological” is able to induce massive red blood cell lysis, so positive results are obtained with

the most part of materials. ®Lchromium release and LDH release have been adopted for the
assessment of cell integrity, and they are still in use by some groups, though the use of radioactive
tracers is under discussion [2,39].

The uptake of neutral red (NR) and the exclusion of propidium iodide (PI) are used by our lab for
routine evaluation of cell viability after challenge with materials or extracts. The uptake of NR,
initially developed for toxicological and immunological purposes [40,41], was then modified to meet
biocompatibility needs. Although it is suitable for quantitative evaluation through
spectrophotometric measurement of the amount of dye inside the cells and in this way is described
by an AFNOR standard [42], it is often used as a qualitative method [26].

In our hands NR uptake method is sensitive to any material and its reliability has been assessed in
comparison with other methods (Fig. 1). It must be considered that the results may be affected by
consistent alteration of medium ph, being NR a sensitive probe for monitoring the intra-cellular pH
[43]: actually we found a dramatic enhancement of NR uptake, which was not accompanied by a real
increase of the number of cells, using an extract of aluminium. The staining of nucleic acids with PI
is commonly used in a number of flow cytometry tests: this dye stains dead cells after crossing the
injured membrane [44]. Since these methods rely on different mechanisms and different cell
compartments, that is viable and dead cells are stained by NR and PI respectively, the entire cell
population is covered and different steps of toxicity mechanism may be detected.

Results from Pl and NR assay methods show a good correlation; nevertheless occasional
disagreement between the two methods was found with NR detecting toxicity where Pl was
negative. This can be explained by the fact that a delay of cell growth may decrease NR uptake, but
not necessarily result in Pl uptake if the cell membrane is intact. Another method is the exclusion of
trypan blue, with qualitative or quantitative assessment [19].
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Figure 1 Viability of L929 cells after 24 h challenge with chromium extract at several dilutions measured with the uptake of
neutral red (NR), the calcein fluorescence assay (calcein) and the reduction of tetrazolium salts (MTT).
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Quite recently the MTT test has become very popular in biocompatibility testing with cell culture
systems [26,45]. The conversion of the yellow dye (dimethylthiazolyl)-dyphenyl tetrazolium
bromide (MTT) to blue formazan is used as a marker of either cell viability or cell enzymatic activity
(mitochondrial) or cell growth. While it is sure that a dead cell is no longer growing, a nondividing
cell may well be viable: for this reason we do not consider the results from MTT test a measure of
cell growth. Moreover, it has been well documented that the conversion of MTT is driven not only
by mitochondrial dehydrogenases, but by other enzymatic and metabolic factors [46], and influenced
by glucose consumption [47]. Therefore the MTT assay should be considered a biochemical marker
of the metabolic activity of cells.

Such a test is employed by many labs, due to its inherent simplicity and possibility of processing
cells in situ: compared to other methods it was found either sensitive [48] or irreproducible [49]. We
use it as an additional test for cell viability [50], but it has some drawbacks. Ignatius and Claes [51],
using MTT with degradable polymers, found it increased not due to a real increase of cell viability,
but probably due to participation of the degradation products to the MTT conversion [51]. In a recent
study it was shown that mainly aluminium, but also vanadium, were able to increase MTT reduction
by immortalized rat osteoblasts, but a real cell growth was not demonstrated [49]. We also happened
to find high levels of MTT conversion, compared to controls, with some extracts of materials (Fig.
2). It is influenced by the pH of the medium, so that a neutral medium has to be provided before
MTT conversion takes place; moreover we experienced a poor within-plate precision, as
demonstrated by other authors, too [52].

A new microplate-based method has been recently adopted for monitoring cells challenged with
materials : the Alamar blue dye changes its color (and its absorbance) with time as oxidoreduction
reactions of cells go on [53]. Due to its properties of easy manipulation, nontoxicity to cells and
sensitivity, it is now applied for cytotoxicity with a number of cells, including lymphocytes,
endothelial cells, neural cells, osteoblasts and fibroblasts. An additional advantage of this dye is that
it can be used in conjuction with other methods, so maximizing information from one single assay
system.
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Figure 2 MTT test on lymphocytes challenged for 24 h with extracts of three ceramics (alumina-zirconia and pure alumina):
two samples score an index of viabilit