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Preface

Overall, Human Biomaterials Applications
has a specific focus on biocompatible materi-
als used in or on the human body. Such
so-named “biomaterials” range from biopoly-
mers used in controlled-relesase drug deliv-
ery systems, to biopolymeric plates used in
bone repair, to case studies on specific ortho-
pedic devices. Note that basic science, engi-
neering, and medical experience are each
necessarily integrated into the contents of this
book. As a result, scientists, research engi-
neers, and physicians are among those who
are chapter authors as well as coeditors.

The reference text that Human Bioma-
terials Applications constitutes will embrace the
use in or on the human body of polymers,
metals, and so on. The book is organized by
the type of biomaterial application, in the fol-
lowing sections: 1. Selected Biomaterials and
Biocompatibility Studies; II. Case Studies of
Orthopedic Biomaterials; III. Specific Bio-
medical Applications of Biomaterials; andIV.
Functional Biomaterials. This organized for-
mat allows the reader to focus on a specific
application of interest.

As noted above,; Human Biomaterials
Applications addresses polymers as well as
metals and other materials that are used in or
on the human body. For example, topical
chapters on biopolymers might include con-

trolled-release drug-delivery systems, bone
repair cements and resorbable fixtures, syn-
thetic burn-wound coverings/dressings, and so
on. Integral to chapters on these applications
of biomaterials will be discussions on quality
control using a variety of instrumentation,
such as gel permeation chromatography (GPC),
thermal gravimetric analysis and differential
scanning calorimetry (TGA/DSC), and high
performance liquid chromatography (HPLC),
although much of the quality control work
will be defined within the chapters on the
particular biomaterial application.

The readers of Human Biomaterials Appli-
cations will have broad and various specialty
backgrounds, but will be quite focused in their
own applied work. Materials scientists and
materials engineers will be interested in read-
ing those biomaterials applications concerned
with properties, performance, and use. Design
criteria will be important, because the
research engineer is going to 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 areadily
accessible form. As aresult, each chapter pro-
vides details satisfying to professional col-
leagues interested in biomaterials in general.

Donald L. Wise
Debra J. Trantolo
David E. Altobelli

Michael J. Yaszemski
Joseph D. Gresser



Contributors

Luigt AMBROSIO ¢ Institute of Composite
Materials Technology, Naples, Italy

Davip E. ALToBELLI » Harvard School of
Dental Medicine, Boston, MA

Ot1uTE AKITI * Chemical Engineering,
Northeastern University, Cambridge, MA

YueHuel H. AN ¢ Department of Surgery,
Medical University of South Carolina,
Charleston, SC

MARTIN R. BACK * Department of Surgery,
Harbor-UCLA Medical Center, Los
Angeles, CA

GiLDA A. BARABINO * Chemical Engineering
Department, Center for Biotechnology
Engineering, Northeastern University,
Boston, MA

STEVEN T. BoYCE * Department of Surgery,
College of Medicine, University of
Cincinnati, OH

HuiyiNG CHEN ¢ Polymer Division, Depart-
ment of Chemistry, Peking University,
Beijing, People’s Republic of China

ALLAN G. A. CooMBES * Department of
Pharmaceutical Sciences, University
of Nottingham, UK

PATRICIA A. DAVIS » Advanced Cardiovas-
cular Sytems, Inc., Santa Clara, CA

MicHAEL E. DEBAKEY ¢ Baylor College of
Medicine, Houston, TX

ROBERT A. DRAUGHN ¢ Department of
Material Science, Medical University of
South Carolina, Charleston, SC

DiaNe L. ELLis « Department of Mechanical
Engineering, Massachusetts Institute of
Technology, Cambridge, MA

RICHARD J. FRIEDMAN ¢ Department of Orth-
opaedic Surgery, Medical University of
South Carolina, Charleston, SC

GiovanNI G. GIORDANO ¢ Department of
Vitreoretinal Surgery, Hermann Eye
Center, University of Texas Health
Science Center at Houston, TX

ix

CHrisToPHER D. GREENWOOD * Manufactur-
ing Management Center, School of
Industrial and Management Sciences,
Cranfield University, Bedfordshire, UK

HowARrpD P. GREISLER * Department
of Neurobiology and Anatomy, Loyola
University Medical Center, Maywood, IL

JosepH D. GRESSER * Cambridge Scientific,
Inc., Belmont, MA

JANET E. HALL « Harvard Medical School,
Boston, MA

JuN HasHIMOTO * Department of Orthopaedic
Surgery, Osaka University Medical School,
Osaka, Japan

Y UANKANG HE * Department of Chemistry,
Peking University, Beijing, China

James C. HERNDON * Musculoskeletal
Research Center, Department of
Orthopaedic Surgery, University of
Pittsburgh, PA

GANIYU JIMOH ¢ Chemical Engineering
Department, Center for Biotechnology
Engineering, Northeastern University,
Boston, MA

JosepH F. JouN « Department of Medicine,
Robert Wood Johnson Medical School,
New Brunswick, NJ

MasasHl MATsul « Department of
Orthopaedic Surgery, Osaka University
Medical School, Osaka, Japan

SumMpPEl MiyAaMoTO * Department of
Orthopaedic Surgery, Osaka University
Medical School, Osaka, Japan

HisaNori NAGAOKA » Cambridge Scientific,
Inc., Belmont, MA

Y ukiHiko Nosk ¢ Baylor College of
Medicine, Houston, TX

Yukio OHAsHI * Baylor College of
Medicine, Houston, TX

KEIrRo ONoO ¢ Department of Orthopaedic
Surgery, Osaka University Medical School,
Osaka, Japan



X

MIicHAEL A. Pappas « Musculoskeletal
Research Center, Department of Ortho-
paedic Surgery, University of Pittsburgh
Medical Center, Pittsburgh, PA

GIANFRANCO PELUSO ¢ Institute of Protein
Biochemistry and Enzymology, Naples,
Italy

D1 QIANG ¢ Department of Chemistry,
Peking University, Beijing, China

MiGueL F. ReFoio * Department of
Ophthalmology, Harvard Medical
School, Boston, MA

RicHARD C. RHoDEs III ¢ Peckham Animal
Center, University of Rhode Island,
Providence, RI

HARrrY E. RuBasH « Musculoskeletal
Research Center, Department of
Orthopaedic Surgery, University of
Pittsburgh, PA

CHRISTOPHER C. SCHMIDT * Musculoskeletal
Research Center, Department of
Orthopaedic Surgery, University of
Pittsburgh, PA

ARUN S. SHANBAG * Musculoskeletal
Research Center, Department of
Orthopaedic Surgery, University of
Pittsburgh Medical Center, Pittsburgh,
PA

JouN J. SHORTER * Charles A. Blatchford
Ltd., Basingstoke, UK

Louis SHUSTER ¢ Department of
Pharmacology and Experimental
Therapeutics, Tufts University School of
Medicine, Boston, MA

EDWIN A. SMITH * Department of
Rheumatology, Medical University of
South Carolina, Charleston, SC

Contents

KJELD S@BALLE * Department of Orthopedic
Surgery, Medical University of South
Carolina, Charleston, SC

ROBERT M. SWIFT * Roger Williams
Hospital, and Brown University,
Providence, RI

Kunio TAKAOKA * Department of Orthopaedic
Surgery, Osaka University Medical School,
Osaka, Japan

KimiTAKA TAsAl ¢ Iwate Medical College,
Iwate, Japan

DEeBra J. TRANTOLO * Department of
Technology Development, Cambridge
Scientific, Inc., Belmont, MA

RoDNEY A. WHITE ¢ Department of Vascular
Surgery, Harbor-UCLA Medical Center,
Torrance, CA s# *

THERESA A. WHITESIDE * Musculoskeletal
Research Center, Department of
Orthopaedic Surgery and Pittsburgh
Cancer Institute, University of
Pittsburgh, PA

DoNALD L. WISE ¢ Department of Chemical
Engineering and Center for
Biotechnology Northeastern University,
Boston, MA

Gary E. WNek « Chemistry Department,
Rensselaer Polytechnic Institute, Troy,
NY

Ioannis V. YANNAS ¢ Department of
Mechanical Engineering, Massachusetts
Institute of Technology, Cambridge, MA

MicHAEL J. YAszewmskl « USAF Medical
Center, Lackland AFB, TX

HiDEk! YOSHIKAWA ¢ Department of
Orthopaedic Surgery, Osaka University
Medical School, Osaka, Japan



Contents

PICEACE ...covemensrnsranssasmosmassansssssmsininssinnssssssssssssossonnnansmmnmmssntssasssssonsssessbsossssnsassasssossisnioinssadissiossans v

Contributors

PArRT I. BIOMATERIALS AND BIOCOMPATIBILITY STUDIES

1

2

PARrT II. CASE STUDIES OF ORTHOPEDIC BIOMATERIALS

4

10

11

Biomaterials and Their Biocompatibilities

Luigi Ambrosio, Gianfranco Peluso, and Patricia A. Davis ................

Bacterial Adhesion to Biomaterial Surfaces
Yuehuei H. An, Richard J. Friedman, Robert A. Draughn,

Edwin A. Smith, and Joseph F. John............................cccvvevruennnn.

Fine Structure—Property Relationships
of Biomedical Ion-Containing Polymers

Huiying Chen, Yuankang He, and Di Qiang ..........................cc.c.........

Bone-Inducing Factors in Osteoinductive Implants
Kunio Takaoka, Hideki Yoshikawa, Shimpei Miyamoto,

Jun Hashimoto, Masashi Matsui, and Keiro Ono.............................

Biopolymer Alloy for Surgical Plates
Joseph D. Gresser, Debra J. Trantolo, Donald L. Wise,

David E. Altobelli, Michael J. Yaszemski, and Gary E. Wnek ........

Biological Response to Particulate Debris
from Nonmetallic Orthopedic Implants
Michael A. Pappas, Christopher C. Schmidt, Arun S. Shanbhag,

Theresa A. Whiteside, Harry E. Rubash, and James H. Herndon ...

Calcium Hydroxyapatite in Total Joint Arthroplasty

Kjeld Seballe and Richard J. Friedman ...............................ccccococu.....

Bone Cement, Part 1: Biopolymer for Avulsive Maxillofacial Repair
Joseph D. Gresser, Debra J. Trantolo, Hisanori Nagaoka,
Donald L. Wise, David E. Altobelli, Michael J. Yaszemski,

and Gary E. Wnek ..................ccocooiiiiiioiiiiniiiiiiiiicieececeeeeeae

Bone Cement, Part 2: Biomaterials to Restore Function in People
with Physical Disabilities

Donald L. Wise, Debra J. Trantolo, Hisanori Nagaoka,
Joseph D. Gresser, David E. Altobelli, Michael J. Yaszemski,

and Gary E. Wnek ....................oiiivnininiiicinieinesesnsesiesins
PART III. BIOMEDICAL APPLICATIONS OF BIOMATERIALS

Biomaterial Considerations for Cardiac Prostheses
Yukihiko Nosé, Yukio Ohashi, Kimitaka Tasai,

and Michael E. DeBakey.....................uoooceoeeioueieieiiniieeciienaennenns

Plastic Materials for External Prostheses and Orthoses
Allan G. A. Coombes, Christopher D. Greenwood,

ARA JORN J. SROFLEE .................vevvveeeiiviiniieiisiiinisieiensessseessssessessssassnnnns

115



Viil

PARrT IV.

12

13

14

15

16

17

18

19

Contents

Biomaterials in Vascular Surgery
Martin R. Back and Rodney A. White ..................ccccccccvvvveviiaiiiannnnn.. 257

Biomaterials in Ophthalmology
Giovanni G. Giordano and Miguel F. Refojo ....................................... 299
Multiphasic or “Pulsatile” Controlled Release System
for the Delivery of Vaccines
Otute Akiti, A. Ganiyu Jimoh, Donald L. Wise, Gilda A. Barabino,
Debra J. Trantolo, and Joseph D. Gresser........................cccccc....... 319

FUNCTIONAL BIOMATERIALS .....uuvviiiiiiiiiiiiiiiiiieeeeeeeeereresssiieseseesssssssnneseessessesenns 345

Skin Repair with Cultured Cells and Biopolymers
Steven T. BOYPCe ..............coccooouiiviniieiiiiiiiiiiieicieceeeee st 347

Slow Release of an LHRH Analog to Reduce Serum Testosterone
Debra J. Trantolo, Joseph D. Gresser, A. Ganiyu Jimoh,
Donald L. Wise, Richard C. Rhodes III, and Janet E. Hall ............. 379

Regulation of Vascular Graft Healing by Induction of Tissue
Incorporation =
Howard P. Greisler ..................ocoooiueiviiiiiieiiiieiieiiieenteeee e 393
Tissue Regeneration by Use of Analogs of Extracellular Matrix
Diane L. Ellis and Ioannis V. Yannas ....................cccccccoeecvevceeennvennnnn. 415

In Vitro and In Vivo Release of Naltrexone from Two Types
of Poly(lactide-co-glycolide) Matrices
Joseph D. Gresser, Debra J. Trantolo, Charles H. Lyons,
Hisanori Nagaoka, Louis Shuster, Robert M. Swift,
and Donald L. WiSe ...................oooeeeeceeeeeeeeecieeeeee et 431



PART 1

BIOMATERIALS AND BIOCOMPATIBILITY STUDIES



oA EE, e #EPDFIE U 0] : www. ertongbook. com



Biomaterials and Their Biocompatibilities

Luigi Ambrosio, Gianfranco Peluso, and Patricia A. Davis

1. Introduction

Biomedical implants are used to resolve
pathologies that cannot be corrected either by
the natural healing process or traditional sur-
gical intervention. Successful use of implants
requires materials exhibiting specific charac-
teristics particular to the application. Pros-
thetic implants must fulfill two criteria. The
first is biocompatibility. That is, the material
from which we construct the implant must not
elicit an adverse response once inside the
body. The second is demonstration of appro-
priate functional characteristics. The implant
must perform as the tissue for which it sub-
stitutes. Efforts to satisfy the latter criterion
in terms of mechanical properties led to the
investigation of structural biomaterial com-
posites. Since portions of the human body are
composite structures, a progression toward
the use of composite materials for application
in the human body is natural.

1.1. Composite Materials

High strength fibers that reinforce a poly-
mer matrix describe some composite materi-
als. The matrix protects the fibers. The kinds
of fibers used for these composites vary. They
range from glass to polymer to carbon fibers.
Fibers are more resistant than ordinary poly-

meric materials. Once embedded, they
improve the strength of the matrix. The
strength is at a maximum in the direction of
the fibers’ orientation. Opportunistic place-
ment of fibers in particular directions increases
the strength of the composite, permitting
multiaxial mechanical support.

A major problem encountered using fibers
in composites is their inclusion into the matrix
during preparation. The matrix must protect
the fiber surface from abrasion and from
contact with the environment. The method
used to place the fibers into the matrix can
affect the matrix—fiber interface properties and
the final properties of the composite system.

Continuous fiber composites are prepared
by a process called lamination. Laminate
properties can be defined as a function of
fiber orientation in each layer with respect to
the laminate axis. The relative orientation of
each layer to the others is defined by using
macromechanics (Fig. 1). The properties of a
layer, such as volumetric composition, geo-
metric properties, fiber layout, and fiber
material, are determined by micromechanics
theory (1).

Micromechanical analysis (Fig. 1) accounts
for the nonhomogeneous nature of the layer.
Still, it ignores the internal structure of the

From: Human Biomaterials Applications
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Fig. 1. Micromechanical and macromechanical
analysis.

fiber and the matrix. However, it approxi-
mates the geometry of the packing. We sim-
plify the calculation and obtain engineering
stiffness expressed as the average proper-
ties of the layer. Macromechanical analysis
uses this engineering stiffness. This analysis
ignores the microstructure of the layer.
Macromechanics considers each layer as a
homogenous material with properties that
differ in the directions parallel and perpen-
dicular to the fibers, referred to as orthotropic
materials. Various orientations of orthotropic
layers construct the structural element. We
use the classical theory of laminar plates to
figure out the forces of single layers. Thus,
the load conditions imposed on the structure
determine the orientation of the layers.
Micromechanics and the theory of lamina-
tion link the mechanical properties of the
constituents and that of the composite (2). Fig-
ure 2 shows the calculations for determining
the mechanical properties of a laminate.
Incorporation of high strength fibers into a
polymeric matrix provides for materials that
are lighter, more rigid, and more resistant than
traditional structural materials. Controlled
properties permit for the construction of mate-

Ambrosio, Peluso, and Davis

rials that satisfy the requirements of specific
applications successfully and effectively.

1.2. Composite Biomaterials Preparation

The ideal prosthesis must exhibit two
fundamental requirements in terms of both
mechanical and biological efficacy. The first
requirement is that the mechanical property
be equal to that of the tissue for which it sub-
stitutes. The second requirement deals with
elevated physiochemical stability in situ. We
discern mechanical projections using the
micromechanical analysis and lamination
theory described earlier. We get physio-
chemical stability by controlling processing
techniques.

Preparation of composite prostheses comes
about by different technical processes. They
vary with respect to the physiochemical char-
acteristics of the material and the geometric
structure of the final product. The physical
parameters involved are many because vari-
ous chemical reactions usually take place
during manufacturing. Chemical reactions,
such as the curing process, produce the final
properties of the materials.

The principle technologies of preparing
composite materials are: laminating process,
filament winding, and resin transfer molding.
Fundamental variables that control such pro-
cesses are pressure, temperature, and time. For
example, a composite material with an epoxy
base resin and carbon fibers was used to pre-
pare some prostheses for bone repair (Fig. 3).

We prepared these prostheses using a
processing technology similar to alaminating
process with a silicone mold. To obtain the
mold, we filled a metallic tub with liquid
silicone around the prosthetic model. We
removed the model after the silicon cross-
linking process. Then, we filled the mold with
preimpregnates by a predetermined sequence.
Afterward, it was transferred to an oven to
initiate the cure process. During this process,
silicone expands and in doing so develops a
pressure sufficient for compressing the mate-
rial into its final geometry (3). The resin used
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Fig. 3. Composite prostheses for orthopedic
applications.

was tetragylcidi-amino-diphenylmethane
(TGDDM) and di-amino-diphenyl-sulfone
(DDS). The carbon fibers preimpregnated
with under-reacted epoxy matrix made up the
remaining material. To avoid processing
problems, the matrices were mixed com-

plexes of epoxy resin, hardener, catalyst, and
diluent.

Curing of reactive prepolymer involves the
transformation of monomers to oligomers,
that is, from a liquid to a solid. Growth and
branching of the polymer chains start in the
liquid state and lead to a solid network after
the gel point. This network is insoluble with
a characteristic glass transition temperature.

The cure process of composite materials is
a fundamental phase in the construction of
composite prostheses. Incomplete cross-
linking reaction can lead to migration of low-
mol-wt materials (monomers and/or solvent)
into the surrounding tissue. This causes
inflammation and mechanical property deg-
radation (4).

1.3. Physiochemical Characterization
of Biomaterials

After the synthesis of a biomaterial, it is
necessary to advance to the phase of physio-
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chemical characterization of the composite.
For this objective, we use different methods
to verify the presence of reactive groups on
the surface of the polymer. The morphol-
ogy, the remaining reactive agents, and the
mechanical properties are other verifiable
parameters.

1.3.1. Thermal Analysis

We use differential thermal analysis to
study the thermal properties of materials. It
gives arange of information about the param-
eters and characteristics of the material.
Examples are glass transition temperature,
melt temperature, crystallinity, the presence
of possible solvents, and the extent of cross-
linking reaction of thermoplastic materials.
Knowledge of these properties is essential for
both the selection of the type of processing or
conditions of manufacturing. Also, complete
physical characterization of the material is
necessary for defining its use.

1.3.2. Infrared Spectroscopy

We use infrared spectroscopy to identify
molecules and the types of bonds inside the
polymer structure. Chemical bonds give
absorption bands whose frequency depends
on the nature of the bonds. Infrared spectros-
copy unequivocally identifies molecular
groups with characteristic absorption bands.
The interpretation of an infrared spectrum is
notas easy as it may seem. In fact, some bands
can obscure others. Also, superposition of
bands that shift because of structural charac-
teristics can be mistaken for bands of a totally
different group. Therefore, for exact interpre-
tation, we use unshifted bands to determine
structural characteristics. This technique iden-
tifies the chemical structure of materials and
points out the presence of unreacted monomer.
1.3.3. Scanning Electron Microscopy (SEM)

An often used instrument for analyzing the
morphological structure of materials is the
SEM because of rapid and easy sample prepa-
ration. SEM analysis allows one to obtain
information about the structure and interac-
tion between fiber and matrix.of a composite.

Ambrosio, Peluso, and Davis

This analytical technique yields information
about the type of fracture, the deformation of
materials, and the presence of microvoids in
the system. Such information is fundamental
for the optimum use of the material.

We use techniques other than those just
described to understand the physical state and
characteristics of materials. The most impor-
tant among these are gel permeation chroma-
tography (GPC), nuclear magnetic resonance
(NMR), and X-ray diffraction.

1.3.4. Mechanical Characterization

The complete mechanical characteriza-
tion of a prosthesis is accomplished using
mechanical and viscoelastic analysis. Meas-
urement of the elastic and viscoelastic com-
ponents of the modulus characterizes the
material. Also, knowledge of the values of
resistance to deformation and fatigue is
important in selecting a material.

1.3.4.1. DyNAMIC MECHANICAL ANALYSIS
(DMA)

Dynamic mechanical study of the proper-
ties of a material constitutes a principal
method for analyzing its viscoelasticity.
Besides dynamic parameters, it is possible to
find the glass transition region, the degree of
crosslinking, phase separation, and the struc-
tural and morphological changes that take
place with processing. One obtains dynamic
modulus and loss modulus from dynamic
mechanical testing. Dynamic modulus reflects
the stiffness of a material. Loss modulus is a
measure of the mechanical damping or inter-
nal friction proportional to the energy trans-
formed into heat during a deformation cycle.

1.3.4.2. MECHANICAL ANALYSIS

Mechanical testing measures the mate-
rial’s ability toresista particular loading (ten-
sile, compressive, bending). The material’s
response is in terms of ultimate strength and
deformation. Characteristic parameters that
one extracts from the stress-strain curve are:

1. Elastic modulus: the slope of the linear part of

the stress-strain curve. It is usually called
Young’s modulus.
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2. Secant modulus: the relationship between
force and deformation at any point along the
stress-strain curve.

3. Strain-at-break: the strain the material sustains
immediately before rupture.

4. Ultimate strength: the maximum force sup-
ported by the material.

5. Rupture strength: the force the material sup-
ports immediately before rupture.

Values of force and deformation at the
yield point are of particular importance in the
mechanical characterization of polymeric
materials. We define the yield point as the
value of stress where the material changes
from prevalent elastic to plastic response. In
plastic response, deformation becomes per-
manentand is no longerreversible on removal
of the load.

We categorize materials in terms of their
strength, strain-at-break, and elastic modu-
lus. These parameters are tied to the physical
properties of the material and processing con-
ditions. The properties are molecular weight,
degree of crystallinity, and amount of cross-
linking.
1.3.4.3. FATIGUE TESTING

The durability of a material is an important
parameter for planning a prosthesis. Fatigue
tests give an idea of durability under cyclic
loading. Fatigue testing of materials for bio-
medical applications is not well defined. It is
very difficult to correlate fatigue results with
in vivo performance. This is because there is
still much unknown about the interactions
among cells, tissues, and the material. Yet,
fatigue testing can indicate the material’s
performance once implanted.

2. Biocompatibility
2.1. Introduction

We perform various tests to evaluate the
biocompatibility of potential prosthetic
materials. The greater part of these experi-
ments allows for quick evaluation of the risks
involved with the use of a specific material.
We carry out experiments in vitro or in ani-
mals. Many materials might satisfy the bio-
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mechanical requirements. For example, the
tensile qualities of certain artificial tendons
are better than those found in natural tendons;
however, some may show little or no biocom-
patibility once implanted.

We base this approach to discussing
today’s biocompatibility testing methods on
the priority of testing. We present biocom-
patibility tests in the order in which we per-
form them.

2.2. Blood Compatibility

Interactions of various blood components
with biomaterials—cellular and/or plasmatic
—begin at implantation. Therefore, it is
extremely important that hemostatic activi-
ties, such as thrombosis, are not altered imme-
diately following surgery. It is necessary that
the biomaterial does not interfere with coagu-
lation nor with the factor that regulates it.

In practice, a material must not cause cer-
tain events, such as adhesion, platelet aggre-
gation, blood coagulation, obstruction of
blood flow for fibrin or cell deposit, and deple-
tion of electrolytes. The latter two properties
are not considered absolutely indispensable.
Under certain conditions, it may be funda-
mental to have composites at one’s disposal
that activate hemocoagulative processes or,
on the contrary, that inhibit them.

Therefore, it is useful to study the basic
hemocompatibility of a material. We also
study the potential clinical use in animal
models or with blood. Still, mammalian spe-
cies show differences, not only in the quantity
of circulating plasma and cellular compo-
nents, but also in coagulative and fibronectin
response.

2.2.1. In Vitro Hemocompatibility
Evaluation

In vitro methods are the first screenings of
materials that are to be used in humans. One
test involves contact of the surface of the
material with whole blood or its components.
Contact occurs for times ranging from 1 s to
approx 24 h. Several parameters are evalu-
ated with respect to a control: The time
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Fig. 4. Interference of a biomaterial on hemo-
coagulative processes.

required for thrombosis, for formation of
prethrombosis, and the time to partial throm-
boembolism are three such parameters. Others
are the release of platelet factors and, finally,
the number of free platelets that do not adhere
to the material (Fig. 4).

The ability of platelets to adhere to the sur-
face of a prosthesis, to change shape, and to
release certain factors, such as serotonin, can
be studied under various experimental condi-
tions. Also, materials pretreated for differing
degrees of adhesion can be studied. A fibrino-
gen pretreatment will result in increasing
adhesion capability. Decreasing adhesion
capability results from albumin pretreatment.
A different situation applies for plasma pro-
teins deposited on the material’s surface. The
selectivity of bonds with certain components
(i.e., complement factors) can make the mate-
rial less compatible by excessive inflamma-
tion (Fig. 5). Total protein absorption can be
measured by UV-visible spectroscopy and
fluorescence, FTIR, immunological tech-
nique, radioimmunological technique, circu-
lar dichroism (FTIR-ATR), ellipsometry, or
contact angle measurement.

One technique is to evaluate qualitatively
the bonding of specific proteins to a bio-
material. [t measures the residual radioactivity
of the material after exposure to a radioactive
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Fig. 5. Platelet adhesion on a biomaterial sur-
face in the presence or absence of fibrinogen or
albumin.

molecule and suitable successive washings. It
is desirable to maintain as much as possible
the physiological conditions of blood—material
contact. Several methods exist. They involve
continual flow of whole blood, platelet-rich
plasma, or simple plasma over the surface of
the material under investigation (Fig. 6).

A modification of the described methods is
a closed system with recirculation. We place
the material in a chamber in continuous con-
tact each time with the same aliquot of blood.
Under these conditions of controlled blood
flow, it is easy to evaluate changes in protein
or cellular parameters. Thus, one can follow
hematological changes not only at the level of
the material, butalso directly in the blood. For
example, one measures the decrease in the
number of platelets.

2.2.2. In Vivo Hemocompatibility
Evaluation

It is a given that techniques for in vitro
hemocompatibility study allow for an impor-
tant first screening. In vivo tests are invalu-
able for understanding if a material affects
blood once placed in contact with the compo-



