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FOREWORD

Apvances 1IN CHEMISTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and
collections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are reviewed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Volumes in the
ApvaNces IN CHEMISTRY SERIES maintain the integrity of the
symposia on which they are based; however, verbatim repro-
ductions of previously published papers are not accepted.
Papers may include reports of research as well as reviews since
symposia may embrace both types of presentation.
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PREFACE

The field of biomaterials presents unique and challenging problems to
investigators. Because the field is interdisciplinary, researchers with di-

~ verse backgrounds must be brought together. This has been done to the

extent that one can now identify many clinical applications of biomaterials
and a growing high technology biomaterials industry. The success of new
biomaterials systems is highly dependent on the correct selection, design,
and fabrication of the biomaterials components. However, the fundamental
principles that govern the biocompatibility of devices have not been fully
developed. This situation is particularly true for those systems designed to
contact blood. In order to understand blood-material interactions, it was
thus desirable to focus attention on the biomaterials interface, and review
advances in this area in a special symposium.

Because a significant portion of the fundamental biomaterials research in
the United States is occurring in chemical engineering departments, it was
timely that the topic of biomaterials was selected as the subject of a 3-day
symposium at the 73rd annual meeting of the American Institute of Chemical
Engineers (AIChE) in November 1980. Participating in this symposium were
researchers in engineering, medicine, pharmacy, and chemistry. Thus a
wide spectrum of research and viewpoints was presented at this meeting.

This volume contains manuscripts based on 28 of the 32 contributions
presented at the Chicago AIChE Biomaterials Symposium. These manu-
scripts are organized into three major sections: Blood—Materials Interactions,
Protein Adsorption on Biomaterials, and New Biomaterials Systems and
Applications. Introductory chapters are placed at the beginning of each
section of the book to provide nonspecialists with background material and
a perspective into these evolving research areas.

The blood-materials interactions section contains a review article dealing
with surface characterization. Consideration of the surface structure of bio-
materials is critical to every study in this volume. This section contains 16
chapters dealing with the choice of in vivo and in vitro methods of bio-
materials evaluation, biomaterials selection and modification, and cellular
interactions with candidate surfaces. Individual papers dealing with the use
of dogs, baboons, and goats for in vivo blood—materials evaluation can be
found together with in vitro methods. There are also several contributions on
polyurethanes, which are prime candidates for use in blood contacting
devices.

The second section on protein adsorption is introduced by a review on
protein adsorption. The 11 chapters under this heading are an excellent
collection of current research in this area. Chapters on protein conforma-
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tion, cellular interactions, and the interaction of some less common but very
important proteins with surfaces can be found. In addition, several chapters
on the latest spectroscopic methods for studying protein adsorption and
conformation are included.

The section on new biomaterials systems and applications includes a dis-
cussion of material advances in new applications such as wound closure and
drug delivery systems.

We have thus attempted through the symposium and this volume to bring
together current research and ideas in the design and interactions of bio-
materials. This volume will benefit nonspecialists with an interest in this area
and will provide an extensive source of information for specialists in the field.

The editors wish to thank the individual contributors and reviewers for
their cooperation. We wish also to acknowledge the superb editorial assis-
tance provided by the American Chemical Society Books Department.

StuarT L. COOPER
University of Wisconsin
Madison, Wisconsin

NICHOLAS A. PEPPAS
Purdue University

West Lafayette, Indiana

November 1981
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Blood—Biomaterial Interactions: An

Overview

ALLAN S. HOFFMAN

University of Washington, Center for Bioengineering and Department of
Chemical Engineering, Seattle, WA 98195

wide number and great variety of clinically important cardiovascular
A implants and devises exist. Some (e.g., catheters) may only contact the
blood once, and for a relatively short time; others (e.g., kidney dialyzers and
blood oxygenators) may be exposed to blood for hours, while tissue implants
(e.g., heart valves and vascular grafts) will hopefully last for years, or the
lifetime of the patient. All of these implants and devices contain materials
that are recognized by blood as foreign; the result is a process of thrombosis
often followed by formation of thromboemboli. This process generally in-
volves a sequence of protein adsorption steps followed by blood cell inter-
actions (especially involving platelets).

Three possible routes to the formation of blood thrombi may be delin-
eated: (1) the “intrinsic” blood coagulation system involving a series or “cas-
cade” of enzymatic activation steps presumed to begin with the surface
activation of a glycoprotein, Factor XII (Hageman Factor), and ending with
the formation of fibrin on this surface; (2) the “extrinsic” blood coagulation
system, initiated by the release of a tissue factor (thromboplastin) that can
trigger a cascade of enzyme reactions (in a sequence similar to part of the
intrinsic system), again leading to fibrin deposition; and (3) the adhesion and
aggregation of platelets at the foreign interface, leading to the formation of
a platelet thrombus on that surface.

High shear rate (arterial) flow conditions promote thrombi composed
largely of platelets; such deposits are called “white thrombi.” Low shear rate
(venous) flow conditions promote thrombi composed of red cells and platelets
entrapped in a fibrin mesh, referred to as “red thrombi.” Sometimes, a
smooth layer of fibrin also may be deposited. Embolization of the white or
red thrombi may produce ischemia and infarction in distal circulatory beds.

The causative mechanisms and prevention of thrombosis and emboli-
zation at foreign surfaces continue to be elusive goals of a significant number
of researchers worldwide. Most researchers in this field will agree that there
are three key system components that can interact in varying ways and to
varying degrees, leading to the process of thrombosis and embolization at
foreign interfaces. They are (1) the biomaterial, (2) the nature of the blood
flow (or hemodynamics), and (3) the biological environment. These factors
are detailed in Table I.

0065-2393/82/0199-0003%06.00/0
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4 BIOMATERIALS: INTERFACIAL PHENOMENA AND APPLICATIONS

Table 1. Factors Influencing Blood Interactions at Foreign Interfaces

The Biomaterial
® Surface composition
—(polar vs. apolar groups)
—(acidic vs. basic groups)
—(H-bonding groups)
—(immobilized biomolecules, drugs)
—(double layer effects)
—(¥e; ¥+ Y YY)
—(presence of impurities, particles)
® Water sorption
—(surface water structure)
® Surface crystalline/amorphous structure
® Surface smoothness, roughness, and porosity
® Mechanical compliance of surface, bulk
® Regular or irregular distribution of surface “domains” of the above
® Bulk leachables (including biomolecules, drugs), degradation products

Blood Flow Effects (Hemodynamics)
® Shear rate
® Pulsed or irregular flow
® Flow separation, turbulence, and stasis
® Augmented diffusion of blood components
® Biomaterial wall motion

The Biologic Environment
® In vitro vs. ex vivo vs. in vivo
® Species and history
® Whole blood, plasma, serum, proteins, and cells
® Anticoagulants, drugs
® Radiolabeled species (°*H, *C, >'Cr, '"In, '®I, etc.) and techniques
® Air interface, dissolved gas

Various researchers, at various times, have described the mechanism of
blood coagulation at foreign interfaces in terms of each of the material factors
listed under the first heading in Table 1. Others have claimed that hemo-
dynamic factors may dominate over any one or all of the material factors. In
addition to these contrasting viewpoints, a relative few have attempted to
compare different animal species, with material and flow conditions pre-
sumably remaining the same. These studies continue to indicate that each of
the biological environment factors can have a significant influence on (if not
effect entirely) any conclusions reached from studies testing hypotheses
based on biomaterial or hemodynamic factors. In fact, there may be a num-
ber of valid but distinctly different mechanisms leading to thrombosis and
embolization on foreign surfaces, depending on the material and system
involved. (One case in point is the contrast between in vivo canine vena cava
ring tests and ex vivo baboon shunt tests for Silastic or acrylamide-grafted
Silastic materials. The Silastic rings are plugged rapidly with deposited
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1. HOFFMAN Blood-Biomaterial Interactions 5

thrombus, while Silastic shunts exhibit very low platelet consumption in the
baboon; the opposite is true for the acrylamide-grafted Silastic—see Chapter
6 in this book.)

A number of general hypotheses have emerged from the many studies
over the past twenty years. Some of these have actually become a part of the
generally accepted “conventional wisdom” in this complex field. Table II lists
some of the more common ones that have been proposed. Hopefully this
volume will help clarify or modify, and maybe even shorten this list.

Table II. Blood—Foreign Material Interactions: Some “Conventional
Wisdom” and Some Unresolved Hypotheses

General
® The overall processes of in vivo thrombogenesis, thromboembolization,
and subsequent endothelialization on a foreign surface are dominated by
surface properties rather than by hemodynamics (or by hemodynamics
rather than by surface properties).
® No foreign material can ever be truly “blood compatible.” (Corollary:
Drugs will always be needed.)

Materials

® A material with a critical surface tension around 25 dyn/cm will have a
low thrombogenic potential.

® A small negative surface charge lowers material thrombogenicity.

® High water content materials have a low thrombogenic potential due to
the lowered free energy of the hydrated interface.

® High water content materials may continually expose a fresh, foreign
interface, leading to a high thrombogenic potential; however, they also
tend to exhibit low thromboadherence due to their low interfacial free
energy.

® H-bonding groups in a surface lead to strong interactions with biological
species and therefore endow a surface with a high thrombogenic poten-
tial.

® A surface with a high apolar/polar ratio is desirable for low thrombogenic
potential.

® Thrombus is nucleated in regions of the surface where a specific spatial
distribution of specific chemical (electrostatic) groups is present.

® Flexible (as opposed to stiff) polymer chain ends and loops in the mate-
rial interface lower the thrombogenic potential of the foreign surface.

Materials and Hemodynamics

® Thrombi will always be generated at surface imperfections due to flow
disturbances, surface compositional differences, and/or trapped gas bub-
bles.

® Smooth surfaces in arterial flow conditions may release thromboemboli
before they grow too large to be dangerous. (Corollary: High shear rates
can detach thromboemboli before they have grown too large.)

® Certain rough or textured surfaces may form and retain fibrin thrombus,
leading to a “passivated” surface.

In Biomaterials: Interfacial Phenomena and Applications; Cooper, S., € a.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1982.



Publication Date: July 27, 1982 | doi: 10.1021/ba-1982-0199.ch001

6 BIOMATERIALS: INTERFACIAL PHENOMENA AND APPLICATIONS

Table II (continued)

Hemodynamics

® Thrombi will always be generated in regions of low flow or flow separa-
tion.

® Low shear rates can lead to regional accumulation of activated protein
coagulation factors and subsequent thrombogenesis on a nearby surface.

® High shear rates can be destructive to blood cells (e.g., shear rates can
initiate platelet activation and lead to thrombogenesis).

® In a tubular flow field, the platelets tend to accumulate preferentially
near the wall and the red cells near the central core. (Corollary: The red
cells enhance the rate of collision of platelets with the wall.)

Protein Adsorption

® Protein adsorption comprises the initial interaction of a foreign material
with blood.

® The composition and organization of the initial protein layer is deter-
mined by the surface properties of the material.

® The composition and organization of the initial protein layer mediates
subsequent platelet interactions in vivo, and may also determine long-
term effects.

® In vitro protein adsorption studies are relevant to in vivo behavior in
humans.

® The heat evolved on adsorption of proteins can lead to their denaturation
on the surface; the magnitude of the heat evolved may be determined by
the surface composition.

® Hydrophobic surfaces will tend to adsorb proteins more “strongly” than
hydrophilic surfaces, leading to greater denaturation of proteins on the
hydrophobic surfaces.

® Fibrinogen dominates the initial protein layer on most foreign materials,
and fibrinogen adsorption leads to high thrombogenic potential for that
surface.

® A layer of adsorbed albumin reduces in vitro platelet adhesion; materials
that preferentially adsorb albumin will be antithrombogenic in vivo.

® Certain other specific proteins may also adsorb and have a significant
influence on subsequent events (e.g., CIG, or fibronectin, VWF, com-
plement factors, high molecular weight kininogen, lipoproteins, etc.).

® The various carbohydrate components of adsorbed glycoproteins may
play an important role in the recognition of the biomaterial as foreign and
in the subsequent events leading to thrombus deposition.

Platelets
® Platelet adhesion on a foreign surface is a necessary precursor to platelet
aggregation on that surface.
® High platelet adhesion on a foreign surface is bad.
® In vitro platelet adhesion is related directly to in vivo thrombus forma-
tion and embolization on foreign surfaces.
® Platelets adhere with different strengths on different sites.
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Advances in Chemistry; American Chemical Society: Washington, DC, 1982.



Publication Date: July 27, 1982 | doi: 10.1021/ba-1982-0199.ch001

1. HOFFMAN Blood-Biomaterial Interactions 7

Table II (continued)

® Platelet adhesion and release reactions at foreign interfaces occur when
specific platelet membrane receptor sites “recognize” specific groups
on the foreign surface. (Corollary: Platelet adhesion is not a random
process.)

® Some platelet release factors (e.g., serotonin and ADP from dense gran-
ules) enhance platelet aggregation on foreign surfaces, while the roles of
others (platelet factor 4 with its heparin neutralizing activity (HNA) and
B thromboglobulin from a granules) remain to be clarified.

Erythrocytes and Leukocytes
® The role of leukocytes in thrombogenesis may be related to their ability
to recognize a particular biomaterial surface as “foreign” after certain
proteins and/or platelets have adhered to that surface.
® Red blood cells may play only a minor role in the thrombogenic process.

Heparinized Surfaces and Drugs

® Heparinized surfaces must leach heparin to be nonthrombogenic. (Gen-
eral corollary: “Immobilized” antithrombogenic drugs are ineffective
unless they leach into the flowing blood.)

® Heparinized surfaces that bind antithrombin III do not need to leach
heparin to be nonthrombogenic.

® There may be a synergistic interaction between specific drug therapies
and specific biomaterials such that reduced drug regimens may be indi-
cated in combination with the use of specific biomaterials in devices or
implants.

® The natural endothelium is nonthrombogenic because endothelial cells
produce the powerful antiplatelet aggregation agent prostacyclin (PGIL,).

Calcification
® Calcification may be initiated at points of high mechanical strain in a
foreign material (such as a blood pump diaphragm).
® Calcification in foreign materials is a biological process; y-carboxy glu-
tamic acid is a necessary amino acid in one key protein involved in this
process.

Species Differences

® The dog model is relatively inexpensive and convenient, but may lack
relevance to humans.

® The baboon model is relatively expensive and unavailable, but is rele-
vant to humans.

® Similarity of platelet function, the concentration and activity of clotting
factors, and the hematocrit should be the primary determinants for
deciding which species are most relevant to humans.

Note: Part or all of any of these statements may be accepted or disputed.
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Surface Characterization of Materials for
Blood Contact Applications

BUDDY D. RATNER

University of Washington, Department of Chemical Engineering, Seattle,
WA 98195

n recent years the surface characterization of biomaterials has been force-
I fully emphasized (I-3). Unfortunately, a clear understanding of how
surface characterization can be of value to biomaterials research, devel-
opment, and production has, in many cases, not been realized. This chapter
addresses the subject of surface characterization of biomaterials by consid-
ering three aspects of the problem: first how surfaces differ from the bulk
of materials; second, how the important parameters of surfaces can be
measured and what new techniques might be developed; and finally, how
surface characterization can help in understanding and predicting the bio-
compatibility (and in particular, the blood compatibility) of synthetic
materials.

Unique Properties of Surfaces

The surfaces of materials are almost always different in structure and
chemistry from the bulk or interior of the materials. These differences result
from surface contamination (a consequence of surface chemistry), molecular
orientation, and surface reaction. The driving force for this surface/bulk
differentiation can be explained (at least for the first two factors) by consid-
ering surface energetics from a thermodynamic standpoint—the interfacial
energy of any system tends to be reduced. Examples will be presented to
show how each of these three factors can alter the nature of a surface.

Surface contamination is ubiquitous and almost unavoidable. Even in
ultrahigh vacuum environments, the question is not if a surface will become
contaminated, but when. For high-energy surfaces, such as metals and inor-
ganics, the driving force for reducing the interfacial energy is extremely high.
A “clean” metal surface will recontaminate with a monolayer of organic
material in a vacuum environment at 107 Torr in approximately 1 s. Con-
tamination at the monolayer or multilayer level will occur essentially instan-
taneously in a laboratory environment at atmospheric pressure.

0065-2393/82/0199-0009%06.00/0
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10 BIOMATERIALS: INTERFACIAL PHENOMENA AND APPLICATIONS

Surface contamination can take a number of forms. We are surrounded
by a complex mixture of hydrocarbon molecules as a consequence of both our
industrial and natural environments. Low surface energy silicones (e.g.,
vacuum greases and pump oils) are commonly present in the laboratory
environment. Silicone contamination is particularly troublesome and is
found on many surfaces because few materials have surface energies lower
than silicone compounds.

Polymers have significantly lower surface free energies than metals or
inorganics. Therefore, the driving force to reduce interfacial energy is lower
and, consequently, contamination in a laboratory environment is slower.
However, such contamination still exists for most systems. For materials such
as Teflon, the surface free energy is very low. A substance with a surface
energy lower than that of Teflon would have to adsorb to the surface to reduce
the interfacial energy. Since few such substances are present in the atmo-
sphere, contamination for such fluoropolymers can be negligible.

Two important points might be made about environmentally propagated
surface contamination which we must, in most cases, live with. First, some
level of contamination is unavoidable, but contamination beyond this back-
ground level is unnecessary. For example, in a study of the effectiveness of
various techniques for cleaning glass, relatively stable glass surfaces could be
prepared in an ordinary laboratory environment with surface carbon/silicon
ratios ranging from 0.19 to 2.2 (4). Glass with a carbon/silicon ratio of 2 would
be unnecessarily contaminated while glass with a carbon/silicon ratio of 0.2
would be as clean as can be readily achieved under reasonable working
conditions. Obviously, the lower the ratio, the more desirable the glass
surface for studying biological interactions with glass. The biomaterials sci-
entist is responsible for reducing contamination to the lowest possible levels
and for insuring that all specimens in an experiment (and in later experi-
ments) have reproducible (low) levels of contamination. Second, even though
glass, platinum, and poly(ethylene terephthalate) might all be contaminated
with an apparently similar layer of hydrocarbon-like material from the atmo-
sphere, the essential properties indicative of these three substances still
manifest themselves at their surfaces. Thus “clean” glass which has at least
one monolayer of organic carbon compounds at its surface is “glass-like” and
not “hydrocarbon-like” (e.g., “polyethylene-like”) in its interactions with
proteins and cells (4). The mechanisms by which the properties of a specific
substance are propagated to the surface through contaminant films are not
completely clear. Still, the intrinsic properties are visible at the surface and
can, for moderately clean materials, be exploited to study or influence biolog-
ical systems.

Molecular orientation at the surface of biomaterials has received in-
creased attention in recent years. Again, as for surface contamination, the
driving force for the surface reorientation observed often can be explained in
thermodynamic terms as a mechanism for reducing the interfacial energy.
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For polymeric systems, chain segments or pendant functional groups migrate
to or from the surface in many instances. Thus, for block copolymers contain-
ing siloxane chain segments, the tendency is for these low-energy blocks to
migrate to the surface (5). For other block copolymer systems in which the
surface energies of the two blocks differ by smaller amounts, preferred
surface localization of the lower surface energy block can be influenced by the
casting solvent used or by the nature of the substrate against which they are
cast (6, 7). For some polymeric systems in which a degree of chain flexibility
exists, rapid chain configurational alterations might occur as polar side groups
or the nonpolar chain backbones respond to the nature of the environment.
For example, for poly(hydroxyethyl methacrylate), hydroxyl groups are ap-
parently exposed at the surface in an aqueous medium (liquid-solid inter-
face) while the chain backbone orients itself towards the surface in the
dehydrated (gas—solid interface) situation (8-10).

Other levels of induced molecular surface organization for polymeric
systems have been observed. For example, casting a polymer system onto a
given surface permits that surface to act as a molecular template which can
orient the polymer chains (7, 11). Such “template-induced” surface struc-
tures may relax slowly when the template is removed. The casting solvent
may significantly affect the outermost surface of even simple polar polymers
such as poly(methyl methacrylate) (PMMA), as experiments that utilized
inverse gas chromatography suggest (12). In these studies, PMMA cast from
five solvents onto gas chromatographic supports shows vastly different spe-
cific retention volumes. Finally, anisotropies in the molecular chain orien-
tation may be induced by casting (13).

These and other related observations lead to a number of conclusions
and considerations concerning polymer chain surface orientation. First, the
nature of the surface differs, in most cases, from that of the bulk. Second, the
surface can change in response to the environment such that a probe of
surface structure (e.g., a drop of liquid used for measuring contact angles)
may alter that which it was intended to measure. Third (and related to the
second item), the environment in which a biomaterial is studied may direct
the surface structure—an appropriate environment for biomaterials study is
an aqueous medium. Fourth, surface structures may relax (and change) in
response to the environment; depending on the kinetics of this process,
irreproducible surface measurements could occur. Finally, the level of sur-
face characterization (depth of penetration) suitable for biomaterial charac-
terization must be considered. Examples given in this section have described
surface/bulk differentiations ranging from microns to angstroms. Considering
the ability of bulk material properties to propagate themselves through thin
surface layers, to what depth must we analyze a surface? This question may
be answerable when we learn more about the sensitivity of proteins and cells
to small chemical perturbations.

Surface chemical reactions are also important considerations in trying to
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understand how the surface of materials differs from the bulk. Certainly the
most common surface reaction is oxidation. An oxidized layer exists at the
surface of many polymers and metals. Polyethylene, which might be viewed
as the simplest polymer from a chemical standpoint, has a rather complex
surface structure due to such oxidation. The carbon/oxygen ratios at the
surfaces of a number of nominally pure polyethylene specimens stored in air
range from 300 to 9 (14). These surfaces contain several different types of
carbon—oxygen bonds. The simple (CH,—CH,), structure that is often as-
signed to polyethylene seems meaningless, considering the variety of rather
polar structures with which cells and proteins might interact at the poly-
ethylene surface. Similar surface complexity as a result of oxidation will be
expected for many other polymers. This oxidation has been explored in a
systematic way on only a few systems.

Other surface reactions also can be anticipated. Surface acidic or basic
structures can exist in an ionized and/or neutral form. The ratio of the ionized
to neutral form will depend strongly on a material’s environment and pre-
vious history. Also, any compound with ionic charges can complex or couple
with many ions and some neutral molecules; even neutral polymers can have
strong, rather specific interactions with ions (15). Finally, molecules such as
SO, and NH; commonly are found in the urban and/or laboratory environ-
ment. Such reactive molecules can, again, completely alter the nature of a
surface. Of course, some reactions are purposely performed on surfaces to
alter their properties. A large number of grafting and chemical reactions
come under this category. Such reactions are described elsewhere (3).

Three major mechanisms were described in this section by which sur-
faces alter their chemical properties compared to the bulk: contamination,
molecular orientation, and reaction. Since, a priori, the nature of a surface
cannot be predicted because of these factors, tools are needed to study
surfaces. Such techniques for analyzing surface structure are discussed in the
next section.

Techniques for Surface Characterization

The development of new methods for studying surfaces is progressing
rapidly, precipitated by the phenomenal growth and interest in surface
physics and chemistry which was stimulated, in part, by the need for clean,
well-characterized surfaces for microelectronic and other high-technology
applications. The biomaterials field should be able to capitalize upon this
plethora of new methods which have appeared primarily in the past 15 years.
In particular, many of the new techniques measure surface chemistry di-
rectly, in contrast to older methods which often required indirect or thermo-
dynamic data. At the present stage of development in the field of surface
analysis, a “picture” of a surface must be built up by using a variety of
methods. Combinations of the “classic” surface analysis methods (e.g., con-
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tact angle determination) and the newer methods have the potential to de-
scribe the nature of a surface adequately for biomaterials investigation
(1,16).

Surface analysis techniques are categorized in Table 1. Figure 1, often
called a Propst diagram, illustrates the “probes” and emitted species that can
be measured in many of the new techniques for surface analysis. More than
40 of the possible combinations have been explored; many others have not
yet been tried. Figure 2 presents an approximate comparison of the various
techniques with respect to their depth of analysis. Only the techniques that
have shown success or show promise for use in biomaterials characterization
will be considered in more detail in this review.

Table 1. Surface Analysis Methods

® Thermodynamic Analysis
— Contact angle—surface energetics (17, 18)
— BET—surface area

® Surface Electrical Properties (1)

— Zeta potential (streaming potential)

— Faraday cup

— Surface potential difference

— Rest potential

— Vibrating electrode

— Cascade device for measuring triboelectric charging (19)

® Surface Chemistry Analysis

— ESCA (electron spectroscopy for chemical analysis)
— AES (Auger electron spectroscopy)

— SIMS (secondary ion mass spectroscopy)

— ISS (ion scattering spectroscopy)

— ELS (electron loss spectroscopy)

— ATR-IR (attenuated total reflectance infrared analysis)

® Spatially (Laterally) Resolved Surface Chemistry Analysis
— SAM (scanning Auger microprobe)

— SIMS (also called ion microprobe)

— EDXA (energy dispersive x-ray analysis)

® Surface Topography

— Light microscopy

— SEM (scanning electron microscope)
— Optical heterodyne profilometry (20)
— Profilometry (stylus technique)

® Surface Crystallinity and Atomic Organization

— LEED (low energy electron diffraction)

— SEXAFS (surface extended x-ray absorption fine structure)
— FEM (field ion microscopy)
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Figure 1. Propst diagram as a representation of the possible spectroscopies
that might be used to study surfaces. Each spectroscopy is represented by
an arrow in and an arrow out.

Electron Spectroscopy for Chemical Analysis (ESCA). ESCA is the
most valuable technique presently available for the study of biomaterial
surfaces, and particularly for materials intended for blood contact applica-
tions, for the following reasons:

1. The sampling depth for ESCA covers a relevant surface region
for biomaterials (~ 10-100 A depending on the mean free path
of the emitted photoelectrons and the angle of the sample with
respect to the analyzer).

2. Many levels of information can be obtained from a single

ESCA experiment (see Table II).

. Samples can be studied in a hydrated (frozen) condition (8).

. Sample preparation is simple.

. The technique, if used with some care, is nondestructive.

. High sensitivity can be obtained.

. The theoretical basis for ESCA, particularly as it applies to the

use of ESCA as an analytical technique, is well established.

8. ESCA is the only technique that (to date) allows a direct cor-
relation to be made between surface chemistry and in vivo
blood interaction (21-23).

N O Ut W
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The ESCA experiment has its basis in the photoelectron effect—matter
bombarded with x-rays (electromagnetic radiation) will emit photoelectrons
with an energy:

E hotoclectron = v — binding energy — ¢

where hv is the energy of the bombarding x-ray, ¢ is a work function that is
established for each spectrometer, and E jotoctectron 1S the kinetic energy of the
photoelectron which is measured by the ESCA instrument. Thus, the bind-
ing energy of the ejected electron can be determined. This binding energy
is a sensitive function of the atomic environment, where the environment is
defined by the nature of atom with which the ejected electron was associated
and by the atoms bound to the atom that has suffered the photoemission. By
measuring the intensity and energy distribution of the photoemission, the
information listed in Table II can be obtained. A diagram illustrating the
components of an ESCA spectrometer is presented in Figure 3. A number
of good reviews describing the ESCA technique exist (24, 25). In addition,
reviews directed particularly toward the unique aspects of ESCA for studying
polymeric systems also have been written (26). The significance of ESCA for
biomaterials investigations is discussed in the next section.

The ability to work with hydrated (frozen) samples is an important
advantage of the ESCA technique for biological studies. The importance of
experiments on hydrated biomaterials is supported by studies indicating that
certain surfaces radically change their character (probably due to alterations
in side group and backbone orientation) upon dehydration (8,~10). At liquid
nitrogen temperatures all significant chain backbone and side group motion
in polymers (and proteins) is inhibited. Therefore, by rapid freezing, a chain
conformation similar to that at the liquid-solid interface should be frozen in
place. Distortions in this hydrated interface configuration may, in fact, be

Table II. Information Derived from an ESCA Experiment

® All elements present (except hydrogen and helium)

® Approximate surface concentrations of elements ( + 10%)

® Bonding state (molecular environment) and/or oxidation level of most
atoms

® Information on aromatic or unsaturated structures from shake-up
(m — w¥*) transitions

® Information on surface electrical properties from charging studies

® Nondestructive depth profiling and surface heterogeneity assessment
using (1) photoelectrons with differing escape depths and (2)
angular-dependent ESCA studies

® Destructive depth profile using argon etching (for inorganics)

® Positive identification of functional groups using derivatization
reactions

® “Fingerprinting” materials using valence band spectra
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Figure 3. Representation of an ESCA instrument using a hemispherical
electron analyzer (Ephotoelectron = hv — binding energy).

introduced by a restructuring of the water during freezing or by ice-crystal
formation. However, if the freezing is rapid, such distortions would be ex-
pected to be minimal because the mobility of the side group and backbone
segments of the polymer chains quickly goes to zero. Ideally, studies on
frozen hydrated biomaterials should be performed in the following fashion
(8). The sample is rapidly frozen in the ESCA instrument with a visible layer
of water at its surface. At this stage, by ESCA, only oxygen can be observed.
The temperature is then gradually raised (to ~ —100°C) until water begins
to sublime from the sample. When the carbon signal from the polymer can
be detected, the temperature is reduced again to —160°C. At this point a
thin, frozen-water film (~ 50 A) showing little tendency to sublime further
should be covering the sample, and the desired interface (water/polymer) is
exposed for analysis. By allowing the specimen to warm to room temperature
in situ, molecular rearrangements at the interface due to dehydration can be
studied.

Auger Electron Spectroscopy (AES). If a material is bombarded by
electrons, an electron can be removed from a core level of an atom. A
higher-energy electron can then drop down to fill the orbital vacancy. The
energy reduction that occurs in this process can be balanced by the ejection
of an electron. This ejected electron is referred to as an Auger electron and”
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has an energy characteristic of the atom from which it emerged. By mea-
suring the energy of and counting ejected Auger electrons, one can obtain a
spectrum that characterizes the elemental composition of a surface. Because
the impinging electron beam can be finely focused, high spatial resolution
can be achieved permitting compositional analysis of small particles or inclu-
sions on surfaces. In the high spatial resolution mode this technique is often
referred to as scanning Auger microprobe (SAM). Many reviews of the AES
and SAM techniques exist (27, 28).

AES and SAM studies probably are seen in the scientific literature more
frequently than any other technique for applied surface analysis. However,
SAM is, in almost all cases, so destructive to polymeric systems that mean-
ingful analyses are particularly difficult to make. In addition, the information
content is low compared to ESCA. With some exceptions, one can only
determine which elements are present. SAM can be valuable for non-
polymeric biomaterials, and has been used successfully in many studies,
particularly where its high spatial resolution could be exploited.

Secondary Ion Mass Spectrometry (SIMS). In the SIMS experiment a
surface is bombarded by accelerated ions (frequently argon or neon). These
ions, by transference of their energy to the surface atoms or molecules, can
induce bond breakage and/or sputtering at the surface of a material. By
detecting the number and mass of the surface-ejected (sputtered) ions, the
nature of the surface species can be inferred (29, 30).

The SIMS technique has great potential for the analysis of polymeric
biomaterials surfaces, but the complete interpretation of SIMS data for poly-
meric materials is not yet possible. Ideally, sputtered fragments of polymers
that might correspond to expected higher-stability ionic fragments from the
polymer would occur. For example, from poly(ethyl methacrylate), the frag-
ments CH;CH,0~, CH;CH,", and CH;"* would all be expected. With in-
creasing ester side chain lengths, increasing fragment size should be ob-
served.

In actuality, the situation is more complex (31). The high-energy argon
beam may be generating a plasma-like state at the surface of materials,
leading to a process more akin to pyrolysis than fragmentation. Still, the
SIMS spectra generated in polymer experiments could be used for finger-
printing many polymers (31). Recent experiments have suggested that the
ability to detect expected fragments may indeed be developed by using
appropriate ion bombardment conditions (32). If the fundamental aspects of
polymer SIMS could be clarified, the result would be a desirable surface
analytical method because of its high detection sensitivity, extreme surface
orientation (surface sensitivity), high chemical information content, excellent
spatial resolution (including imaging capabilities), and depth profiling capa-
bilities.

A related technique, ion scattering spectroscopy (ISS), is frequently
coupled with SIMS because both the excitation source and vacuum system
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are shared in common (33). Extreme surface sensitivity is the primary advan-
tage of ISS for studies of interest to biomaterials scientists. The surface
orientation of polar and nonpolar groups on a polymer chain may possibly be
detected using ISS.

Attenuated Total Reflectance Infrared (ATR-IR) Spectroscopy. A vi-
brational spectrum of a surface can be obtained by placing it in intimate
contact with an optical element of high refractive index through which inter-
nally reflected infrared radiation is traveling. The absorption of the infrared
radiation by the material under study at reflectance points on the crystal
surface can be measured and used to construct a spectrum that is rich in
chemical information. This technique has a relatively long history of applica-
tion for biomaterials research and characterization. Monographs and articles
exist describing ATR-IR in detail and demonstrating its value for particular
types of investigations (34, 35).

The ATR-IR method has not been particularly successful as a technique
for characterizing materials with regard to surface contamination or bio-
compatibility (see, for example, Ref. 36). However, new developments may
alter this picture. In particular, Fourier transform infrared instruments
(FTIR) offer much higher signal-to-noise (S/N) ratios than older dispersive
instruments. The ATR method is generally inefficient in its use of the in-
frared source output. Increased signal-to-noise ratios allow investigators to
work at higher internal reflection angles and with crystal materials of high
refractive index such as germanium. Both of these conditions reduce the
depth of sampling. Since earlier infrared studies generally were performed
at sampling depths in the range of 1-5 mp., the designation “surface analysis”
was questionable. A cylindrical ATR element geometry may reduce sampling
depths to 500 A (34,37). Thus, ATR-IR will begin to approach sampling
depths observed in ESCA under some conditions (e.g., using a titanium x-ray
anode). The high information content of ATR-IR coupled with reduced
depths of penetration, high resolution, computer subtractive capabilities,
and relatively modest cost may increase the application of this technique for
biomaterials characterization. For examples of recent studies effectively ex-
ploiting the capabilities of FTIR, see Refs. 11 and 38.

Contact Angle Measurement. Contact angle measurement is one of the
oldest techniques used to characterize surfaces. Its value lies in its simplicity,
low cost, and extreme surface orientation. It is remarkably sensitive in de-
tecting surface contamination (39, 40). Also, high degrees of correlation be-
tween contact angle measurements and various biological interactions have
been made (41—48). The value of contact angle measurement is expanded
upon in the next section.

A review that puts contact angle measurement techniques in a contem-
porary context has been published by Good (I18). With respect to bio-
materials studies, the following limitations of contact angle measurements
should be kept in mind during data analysis and interpretation:
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1. Contact angle measurements are artifact-prone. Inaccuracies
in the measurements can be induced by contamination of the
measurement liquids (by the surface under study or from the
environment), by surface roughness, by penetration of the
measurement liquid or swelling induced by it, and by the
relative humidity during the measurement.

2. The liquids used in contact angle measurement can actually
alter the surface under study. For polar polymers that have (at
ambient temperatures) a reasonable degree of chain mobility,
or have chain mobility due to plasticization by the measure-
ment liquid, the polymer chains will undergo configurational
transitions to minimize interfacial energy. Thus, the orien-
tation of the polymer groups with respect to the surface (the
precise factor that produces a surface of given character) will
be altered in a different way by each measurement liquid.

3. Contact angle measurements require extensive operator train-
ing to obtain reproducible, accurate results.

4. Contact angle measurements are tedious.

5. The relationship between contact angle data and surface struc-
ture is always inferential and is, therefore, subject to inter-
pretational difficulties and biases.

The Significance of Surface Characterization in Biomaterials Science

Three primary reasons why surface characterization is important to bio-
materials science are: (1) surface identification (chemistry, structure, and
reproducibility assurance), (2) contamination detection (reproducibility as-
surance), and (3) correlation between surface structure and biocompatibility.

As documented in the previous sections, tools now exist to detect con-
tamination to very low levels and to characterize many of the parameters that
define surface chemistry and structure. Both of these aspects of character-
ization are essential to insure surface reproducibility in biomaterials in-
vestigations and for commercial medical devices. The most work remains to
be done in the area of correlation between surface structure and biocom-
patibility.

Many interesting correlations have been established between the crit-
ical surface tension of materials (or other approximations of surface free
energy) and protein adsorption, cell adhesion, and thrombus formation
(41—48). Unfortunately, very few studies in which a biological response has
been related to a specific surface chemistry exist. One study in which such
a relationship was established, demonstrated the power of the contact angle
method in analyzing surface structure related to blood compatibility (40).
The blood compatibility of Stellite alloy heart valves was not due to the alloy
itself, but to the closely packed methyl group structure associated with a
tallow polishing compound used to finish the valve. Very recently, the power
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of the ESCA technique for understanding and predicting the blood com-
patibility of materials was demonstrated. A series of polvurethanes was ana-
lvzed by ESCA, and their surface chemistry was considered in terms of the
concentrations of each of the expected chemical bond types at the surface
(21,22,49). A linear correlation was found between the concentration of
ether-type linkages at the surface and the platelet consumption of these
materials as assessed in a chronic, in vivo baboon arteriovenous shunt model
(21). In addition, a correlation between ESCA data on polvurethane surfaces
and in vitro platelet adhesion in a glass bead column was found also (23).
These studies using ESCA represent the first indications that surface chem-
istrv (as opposed to surface energetics, a manifestation of surface chemistry)
can be related to complex blood-interaction responses. They also further
support the contention that surface characterization is a significant part of
biomaterials development and evaluation. Surface characterization should
give us the knowledge to design materials rationally for optimized biocom-
patibility in different implantation sites.

Conclusions

A knowledge of the surface chemistry and structure of materials should
enable us to understand and predict blood compatibility, and give us the
information needed to design improved materials rationally. To date, this has
been demonstrated clearly, only for a limited class of materials, poly-
urethanes. Generalized relationships must be worked out to encompass all
materials. This endeavor will require accurate identification and quantitation
of all chemical groups and atomic structures at the surface of materials and
an understanding of their interactions with biological systems. Synergistic
interactions between different surface structures also must be considered.
The sampling depth that must be observed is another area in need of re-
search. This knowledge will help to answer questions concerning permissible
levels of contamination, and propagation of the interactive effects of “buried”
structures to the surface.
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A New Model for In Vivo Platelet and
Thrombus Kinetics

R. RODVIEN, J. ROBINSON, and R. R. MITCHELL—The Institutes of Medical
Sciences, San Francisco, CA 94115

P. LITWAK—Thoratic Laboratories Corp., Emeryville, CA

D. C. PRICE—University of California at San Francisco School of Medicine, San
Francisco, CA

A rapid, minimally invasive in vivo animal model was devel-
oped to evaluate continuously the process of thrombosis on
biomaterials. Goats subjected acutely to bilateral polyethylene
catheters are monitored for net retention of 'In-oxine plate-
lets on the separate catheters. Comparisons between contin-
uous scintigraphic monitoring of platelet retention and throm-
. bus recovered at catheter retrieval show that platelet retention
and thrombus growth are dynamic processes for at least the
first few hours of implantation, and that platelet retention is
predictive for thrombus size. Mean recovered thrombus
weight is 23 mg/cm, which corresponds to a 44% increase in
effective radius of the catheter—thrombus combination.

embers of the biomaterials community continue to search for experi-
Mmental animal models that assess the thromboresistance of polymers.
We developed a new animal model involving rapid, simple retrograde cannu-
lation of the goat’s carotid arteries. The method promises to assess potential
biomaterials, evaluate drugs that may decrease thrombus growth, and mea-
sure real-time thrombus growth and dissolution. A critical aspect of this new
experimental model is that the continuously monitored net platelet retention
data can be modeled mathematically.

Experimental

Animals. Male neutered outbred goats weighing between 40 and 60 kg were
boarded for 2-3 weeks prior to use in acute 3-h experiments. Before use, goats with
anemia, leukocytosis, thrombocytopenia, and infection were excluded.
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Routine Blood Tests. Complete blood counts (CBCs) (1), platelet counts (2),
plasma hemoglobin (3), and fibrinogen concentration (4) were all done by standard
methods modified by us for goat blood.

Radionuclide Labeling of Blood Components. Autologous platelets were iso-
lated, labeled with 'In, and reinjected 24 to 48 h prior to the experiment. Because
of the fragility of goat red blood cells and the difficulty in separating platelets from
these cells, the following procedures were developed to prevent hemolysis and to
allow isolation of platelets:

A 50-mL aliquot of blood collected into 10 mL of anticoagulant (3.8% sodium
citrate +2.45% dextrose) was centrifuged at 250 X g for 15 min at room temperature.
The platelet-rich plasma was removed and recentrifuged at 1000 X g for 15 min at
room temperature. After removing the platelet-poor plasma, the platelet button was
suspended in 5 mL of anticoagulant isotonic saline (1:6) to produce a final platelet
concentration of at least 500,000/mm°. After exposing the suspension to '''In-oxine
(10-15 pg oxine/mL) for 30 min at room temperature, the suspension was centrifuged
at 1000 X g for 15 min. The platelet button was washed twice with 1 mL of platelet-
poor plasma and finally resuspended in 5 mL of platelet-poor plasma for injection into
the animal.

Using this technique, approximately 285 wCi of '''In has been injected. The
labeling efficiency, defined as the counts per minute (CPM) platelet suspension/total
CPM "In used, was 48 * 14%; in vivo recoveries (1 h after injection) were 72 * 15%.
Mean platelet survival time in five goats was 118 h (5).

Goat fibrinogen isolated by repeated B-alanine precipitation at room tem-
perature and 93% clottable was kept frozen at —70°C, and aliquots were thawed and
iodinated for each study. Iodination (0.025 g '**I/mg fibrinogen) was done at room
temperature by a solid-phase technique using Iodogen followed by the addition of
potassium iodide and Sephadex G-15 chromatography after 5 min (6). After labeling,
the clottability of the fibrinogen was 82-88%, and no change in the fibrinogen using
sodium dodecyl sulfate (SDS) electrophoresis was observed. The fibrinogen half-life
in eight goats was 91 = 15 h.

Surgical Procedure. After anaesthesia (Thiamylal sodium 10 mg/kg) was in-
duced, the goat was intubated and ventilated in the supine position with the neck fully
extended. Anaesthesia was maintained using 2% halothane in nitrous oxide and
oxygen (20%/80%). The lingual arteries were exposed, and then the femoral vein was
exposed and catheterized to allow repeated blood sampling. Background counts of the
neck were obtained and rapid catheter placement via the lingual artery of the carotid
artery using a clinically used polyethylene angiographic catheter (Type P5, Lot No.
4490, Cook, Inc., Bloomingdale, Indiana) was performed bilaterally. The entire
surgical procedure for bilateral catheterizations took less than 5 min. After continuous
scanning of the catheters for 150-200 min, the two catheters were retrieved immedi-
ately with the thrombus intact. Technetium-99m was used on occasion just prior to
catheter retrieval to demonstrate good carotid artery blood flow and to exclude vessel
occlusion.

Thrombus Evaluation. The thrombus was readily stripped from the catheter,
weighed, digested with 10% sodium hydroxide, and counted in a Beckman 4000
gamma counter for 'In and '*°I. Portions of the thrombus were prepared for histo-
logic evaluation (7).

Scintillation Camera Data Processing. Data were recorded continuously on
9-track 800-bytes per inch tape, temporarily stored on disk, and analyzed to deter-
mine individual catheter count rates as a function of time.
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Results

The continuous noninvasive monitoring of net platelet retention during
an acute 3-h experiment was performed successfully in 34 of 36 consecutive
goats. Sequential antero—posterior scintiphotos of the neck of a supine goat
are shown in Figure 1. Increasing platelet retention is shown in the sequence
“A” through “E”, whereas the beginning of thrombus dissolution is shown in
“F”. Prior to catheterization but after '"'In injection, this animal had a jugular
venepuncture which accounts for the radionuclide localization in the right
lateral neck seen in all scintiphotos.

Figure 2 shows net platelet retention measured over each of the two
carotid artery catheters using “region-of-interest” computer analysis. The
derived count for each 2-min frame was normalized (including background
correction) to account for the difference in the size of the areas studied. A
linear fit for the initial data is shown, but in three out of ten goats, a quadratic
representation of the concave upward behavior for both carotid arteries
provided the best fit to the data by an F test. After the peak occurred, a rapid
reversal indicated a net loss in retained platelets. The data following the peak
were best fit by a constant plus mono-exponential curve. The left catheter
was surgically inserted 3 min after the right. Platelet retention apparently
never returned to the baseline.

Figure 3 demonstrates the repeatable as well as nonrepeatable aspects
of the model in different goats. In this graph, the ordinate was changed by
using the '"'In counts/cm of thrombus recovered from the catheter and the
specific radioactivity of the platelets in the blood to convert the count rate to
absolute numbers of retained platelets by:

platelets/cm = [(platelets/mL WB)/(CPM/mL WB)] X [CPM/cm thrombus]

where WB is whole blood. The initial slopes were highly repeatable despite
differences in the initial platelet counts of the four animals. However, the
maximum platelets retained on the catheter, and the time to reach that
maximum varied. Generally, a monotonic continuous loss of radionuclide
from the catheters was observed. Between 0.5 and 5% (mean, 2%) of the total
platelet pool was found per gram of recovered thrombus. These data pertain
to different goats, all of whom received polyethylene catheters.

The amount and quality of thrombus recovered varied from goat to goat.
For 47 catheters, the average thrombus weight recovered was 23 mg/cm
(range: 7-85 mg/cm). Grossly, the thrombus was fibrous and red even though
it was essentially a “platelet thrombus” (see Figure 4). The whole catheter was
involved evenly, and no dangling thrombotic material was seen. Fibrin was
a small percentage of the thrombus weight; in an evaluation of 34 catheters,
the mean was 2.5% (range: 1-7%). When two catheters were placed in one
animal, the repeatability of thrombus weight/centimeter, platelets retained
on the catheter/milligram of thrombus, and milligrams of fibrinogen/
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Figure 1. Sequential anterior—posterior scintiphotos of the neck of a
supine goat.

Circulating radiolabeled platelets adhered and aggregated on two polyethylene catheters

inserted retrograde into the carotid arteries. Increasing platelet retention is shown in

the sequence “A” through “E”. The beginning of thrombus dissolution is seen in “F”. The

small platelet collection is best shown in the precatheter sample (A). Blood was drawn
from the jugular vein.
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milligram of thrombus were much better than for the grouped data for all
goats (see Table I) (8).

Catheters were assigned randomly to Group one or two. The standard
deviations for the grouped data were large when compared to the means for
each group, and the average pooled variance was very high when compared
to the means as two independent samples. However, paired analysis is asso-
ciated with a small variance. If only one catheter is placed in each animal, the
number of animals to be studied to achieve similar “p” values would increase
from 6- to 35-fold for the parameters listed in Table I.

Attempts were made to predict thrombus size using data obtained non-
invasively. One correlation between absolute numbers of platelets retained
on the catheter and thrombus weight is shown in Figure 5. Although a linear
correlation appears excellent, the data near the origin suggest an overall
nonlinear behavior.
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Figure 2. Thrombus growth and dissolution measured by carotid artery
catheter region-of-interest scintillation counting.
The total count for each 2 min frame was normalized by the number of pixels per region.
A linear fit for the initial data and a constant-plus-exponential lﬁt thereafter are shown
for each data set. The left carotid catheter was inserted surgically 3 min after the right.

The repeatability, the linear initial behavior, the very narrow peak, and the mono-
exponential decay are shown.
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Figure 3. Net platelet retention behavior on polyethylene catheters in Bfour

goats. Thrombus platelet concentration/catheter length was used to calibrate

externally detected platelet retention curves. The repeatability of the initial

slope and the variable times to peak are shown. Key: 1, Goat 32; 2, Goat 36;
3, Goat 37, and 4, Goat 45.

Discussion

A model that predicts accurately thromboembolic risk associated with
the use of biomaterials is still needed. Utilizing minimal surgical techniques,
catheters were placed in goat carotid arteries, and subsequent analysis in real
time was performed noninvasively of net platelet retention of autologously
labeled '"'In platelets. We concentrated on acute animal studies using poly-
ethylene catheters. Price et al. used a very similar model in dogs, obtaining
similar results (9).

The large number of platelets and size of the thrombus retained by the
polyethylene catheters are impressive. We calculated that in goats, 1.33%
(range: 0.3-10%) of the circulating platelet pool is accumulated by the cath-
eter. In dogs, from 4 to 7% of the pool is accumulated by a similar, but longer
catheter as calculated at peak value (9). A direct comparison can be made
between our model and the ex vivo model of Thlenfeld et al. (10). In their dog
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Table I. Paired Catheter Studies in 18 Goats

Thrombus Platelets Platelets
Grouped Data (mglcm) x 10°/g x 10%g I/g
n 18 18 18 14

Catheter 1 19.76 = 9.78" 41.59+19.50 8.81 £7.53 23.05*= 9.88
Catheter 2 18.58 +10.9 42.43*+17.97 8.82=*8.72 23.39+10.97
Average pooled

variances 107.27 351.54 66.43 107.99
Paired Data
Mean difference 1.17 0.84 0.02 0.35
Variance 31.67 19.80 9.63 12.83
t 0.885 0.181 0.097 0.3619
‘Mean =1 s.d.

Note: Two catheters were placed into the carotid arteries of one animal within 5 min of each
other. The results are similar for the two catheters. Note the large average pooled variance
obtained by analyzing the results as independent groups, compared with the small variance of
difference obtained by analyzing as paired groups.

70 T T T T T T T T

60

50

30+

Platelets x 108/cm

201

10f

1 1 1

0 30 40 50 60 70 80 90
Thrombus (mg/cm)

Figure 4. Correlation of thrombus platelet concentration and thrombus

weight. The positive correlation suggests that thrombus weight can be

predicted from the number of platelets retained. These thrombi were retrieved
2-3 h after catheter placement. Conditions: m = 0.80 and r = 0.90.
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model, the largest amount of platelet mass retained by any material or
substrate (polyvinyl chloride pretreated with fibrinogen) was 3 x 10°
platelets/cm? at 15 min. In contrast, peak platelet deposition on polyethylene
in our in vivo goat model was 30 x 10° platelets/cm?, an order of magnitude
greater. Concerning thrombus size, assuming even distribution of thrombus
along the catheter and a mean recovered thrombus weight of 23 mg/cm, the
effective radius and therefore the surface area of the polyethylene catheter
increased about 44% by this amount of thrombus (from r = 0.0825 to 0.119
cm). This extent of thrombosis is even more impressive because the throm-
bus size at recovery has probably diminished from its peak size. Work by
others is consistent with our data: Zimmerman et al. (11), using a chemical
method to induce thrombosis in rabbits, found a 50-fold increase in the
platelet content of the thrombus compared to blood; we found a 100-fold
increase. Olson’s group found similar numbers of platelets/mg of thrombus
(12). However, Niewiarowski and Stewart, using steel tube insertion in the
arteries of dogs, found far fewer number of platelets/mg of fibrin than we did:
2.7 % 10% vs. 1.77 X 10° (13). The thrombotic material we recovered was
nearly pure platelets histologically (see Figure 4). The average peak platelet
density was 30 X 10® platelets/cm? of catheter, an order of magnitude larger
than observed in an ex vivo model.

Figure 5. Histopathology of recovered thrombus. The granular acellular
material (platelets) predominated, although a latticework of fibrin trapping
leukocytes, red cells, and platelets did occur in discrete areas.
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Our experimental model continuously evaluates net platelet accumu-
lation, not necessarily thrombus growth and dissolution. These platelet ki-
netics are very unusual (see Figure 2):

1. The initial slope of the curve is usually linear but may be
concave upward.

2. The time to the peak and the height of the peak are quite
variable from animal to animal, although they are quite
repeatable when identical catheters are placed in the
same animal.

3. The reversal in net platelet retention is very rapid, is
never complete, and is exponential in quality.

4. Net loss of platelets from the catheter may continue for
hours.

5. Normalization of the platelet data from a count rate (Fig-
ure 2) to the absolute number of platelets retained/
centimeter (Figure 3) reveals significant repeatability in
the early upward slope.

These very unusual, yet repeatable kinetics are now being modeled
mathematically to learn more about fundamental blood-materials interaction
reactions (14, 15). Two different methods of modeling are being used, one
accepting and one ignoring the conventional sequence of reactions that in-
cludes protein adhesion, platelet adhesion and aggregation, fibrin formation,
and red-cell entrapment. We are using an empirical application of a stepwise
regression technique called model structure determination to develop a
mathematical model that characterizes the observed data. A nonlinear,
second-order differential equation, similar to an enzyme reaction equation,
has been derived.

Despite the fact that we are measuring net platelet retention, we can
probably predict thrombus weight from platelets retained (r = 0.9). A similar
correlation (r = 0.88) exists for dogs, comparing clot weight to platelet activ-
ity (%/centimeter) (9).

Our goat model is not only a minimally invasive procedure; the use of
both a control and test catheter in the same animal produces greater sensi-
tivity in determining differences between the catheters because animal vari-
ation is omitted. The comparable results in dogs and goats suggest species
consistency. The model also has extraordinary potential flexibility—catheters
can be made of different biomaterials, treated with different proteins or
drugs, or implanted acutely or chronically, and multiple blood components
can be evaluated. Mathematical modeling also can provide more funda-
mental biological knowledge concerning blood-materials interactions, and
thrombus growth and dissolution in general.
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Platelet Retention on Polymer Surfaces

Some In Vitro Experiments
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A. DINCER, P. PAPE, and J. N. LINDON
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Several polymers were evaluated in the form of a surface coat-
ing on glass beads packed in columns to determine their ability
to retain platelets when whole human blood passes over the
surface. This ability was measured as the platelet retention
index p, the fraction of platelets retained on the column. Low-
est values of p were found for poly(ethylene oxide), poly(pro-
pylene oxide), poly(tetramethylene oxide) (in the form of poly-
urethanes), and polydimethylsiloxane. Highest values (around
0.8) were found for cross-linked poly(vinyl alcohol) and the
copolymers of ethylenediamine with diisocyanates. Intermedi-
ate values were found for polystyrene and its copolymers with
methyl acrylate, for polyacrylate, and for poly(methyl meth-
acrylate). The results are interpreted in terms of possible hy-
drophobic and hydrogen bonding interactions with plasma
proteins.

Unlike metallic and ceramic surfaces, polymer surfaces are mobile (unless
very highly cross-linked), and their molecular segments can rearrange
side groups or main chain groups in response to the environment (e.g., air,
water) to minimize free energy (I).

Polymer surfaces, exposed to blood and blood plasma, can function like
the stationary phase in partition liquid chromatography, that is, the molecu-
lar blood elements (lipids, proteins) cannot only adsorb on, but may “dissolve
into” the surface layer of the polymer.

The arrangement of molecular elements of a polymeric material at a
blood—polymer interface generally is not known in detail; x-ray photoelectron
spectroscopy (XPS, also called ESCA) indicates that for block copolymers,
polymers having large side groups of differing polarity and polyelectrolytes,
the surface composition may be quite different from the bulk, stoichiometric
composition (2).
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This chapter deals with a specific test of blood-surface interaction: in
vitro platelet retention in a column of beads (due to platelet adhesion and
aggregation). Protein adsorption precedes platelet adsorption, and thus the
in vitro platelet retention test involves competitive and sequential adsorption
of proteins, the outcome of which produces surfaces having widely varying
degrees of platelet retention. Except in the case of thrombin (3), plasma
protein absorption on these surfaces has not been studied.

We hypothesize that the plasma protein molecules contain specific clus-
ters of hydrophobic groups, cationic groups, anionic groups, hydrogen bond-
ing groups, etc., over their surfaces that enable them to recognize and adhere
to the “foreign” surfaces, thereby recruiting platelets to adhere and aggre-
gate upon contact. According to this hypothesis, high surface concentration
of certain proteins, for example, fibrinogen or fibronectin, or conformational
change of the adsorbed protein could invoke platelet activity. The details of
these reactions and their relation to the in vivo behavior of polymers remain
to be established.

Experimental

Platelet Retention Test. The in vitro platelet retention assay device is shown
in Figure 1 (4). Whole human blood, freshly drawn, citrated, and thermostatted to
37°C, was passed from the holding syringe by aliquots of 1 mL through columns
packed with 0.2-mm diameter beads. The beads had been coated previously with the
polymer to be tested. Each column offered a surface area of about 400 cm?, with a void
volume of about 0.5 mL. The platelet count was determined for the blood samples
emerging, aliquot by aliquot, and was averaged for five aliquots and six different
donors. This average, divided by the platelet count in the blood in the holding
syringe, is the recovery index #, and from this the platelet retention index p=1—7,
that is, the fraction of entering platelets retained on the column, was determined.

Synthesis of Polymers. All polymers used in the study were synthesized in our
laboratories, except for poly(vinyl alcohol)(du Pont Elvanol 99.5% hydrolyzed). The
acrylates and methacrylates were synthesized by batch polymerization in methyl
ethyl ketone initiated by azobisisobutyronitrile. Molecular weights ranged between
60,000 and 150,000 (weight average). The copolymers of methyl acrylate and styrene
and homopolymer polystyrene were synthesized at 60°C in solvent-free systems using
benzoyl peroxide as initiator. Conversions were limited to 10% to maintain nearly
constant composition of the polymer, and molecular weight averaged around 100,000
(weight average). Polymer composition (mole fraction of styrene) was determined by
infrared spectroscopy and by material balance on residual monomer. Segmented
polyurethanes containing polyethers were prepared by procedures given elsewhere
(5). Aromatic polymers were prepared as alternating copolymers of 2,4-tolylene
diisocyanate with ethylenediamine, and alternating copolymers of 4,4-diphenyl
methyl diisocyanate with ethylenediamine (5, 6). Polymers synthesized in our labora-
tory were precipitated from the reaction medium and redissolved in appropriate
solvent to remove initiator residues and oligomers.

Polydimethylsiloxane (PDMS) was synthesized from the cyclic trimer hexa-
methyltrisiloxane “D3” in hexane using anionic ring-opening polymerization and
dilithium stilbene as initiator (7). This material was terminated by chlorovinyldi-
methylsilane at a molecular weight M,, of 60,000. It was then precipitated from
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Figure 1. In vitro test for platelet retention, using plastic columns, packed
with fine glass beads whose surfaces are thereafter coated with test polymer
(ambient temperature = 37°C).

hexane solution by alcohol, washed with alcohol-water to remove lithium chloride,
and dried.

Deposition of Polymer as a Test Surface. The test columns, packed with glass
beads of 0.2-mm diameter to maximum density, were filled from below with a
solution of the polymer, the concentration of which was adjusted (1 to 5 wt %) to
insure that gravitational drainage in the subsequent step would be conveniently
rapid. Drainage is the descent of the liquid-air meniscus through the packed column;
it is “complete” when the meniscus leaves the lower end of the column. Obviously,
the fluid film continued to flow down over the beads at a rate dependent on the
solution viscosity, which in turn was a function of polymer concentration and molecu-
lar weight. For all polymers except poly(vinyl alcohol), the column was then attached
to a source of argon gas that provided a dust-free, nonoxidizing carrier into which the
solvent could evaporate. As soon as the solvent started to evaporate, the viscosity of
the film of polymer solution began to rise without limit, as polymer concentration
increased, and thus drainage ceased. Upon completion of solvent evaporation, (hours
to several days depending on volatility), the polymer was left as a continuous coating
on the bead surfaces, joining them at their junctions. For each polymer the solvent
was chosen to insure that the polymer film remained homogeneous as the solvent
evaporated. In general, solvents of chromatographic grade purity were used to avoid
adventitious contaminants in the polymer surface. For most polymers chloroform was
used, but for the segmented polyurethanes, dimethylformamide was used. The final
thickness of polymer coating on the bead was between about 0.1 and a few microm-
eters. Hydraulic resistance of the bed of beads after coating was substantially un-
changed. (At most, a 10% increase in pressure drop for a fixed flow rate occurred.)

Continuous coating of the glass surfaces, theoretically expected from the high
critical surface tensions of acid-washed glass and the much lower surface tensions of
the organic solution used, was confirmed by scanning electron microscopy combined
with specific dye tests that would have revealed glass had it been exposed.

Poly(vinyl alcohol) as a 5 wt % solution in water with 1% MgCl, and 5% glu-
taraldehyde was coated onto the bead surfaces. After draining, the columns were
heated to 60°C for 1 h, during which time the poly(vinyl alcohol) was partially
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cross-linked via acetal bond formation. The columns were then washed exhaustively
with water to remove the MgCl, (the catalyst) and unreacted aldehyde. As a con-
sequence, poly(vinyl alcohol) was rendered insoluble and its crystallinity was reduced
significantly. Upon conditioning in isotonic saline, prior to contact with blood, the
poly(vinyl alcohol) coatings swelled but remained integral and adherent to the bead
surfaces.

Results

Ten polymers were studied in respect to platelet retention, as sum-
marized in Figure 2.

The first three, polyethers in the form of the “soft segment” of seg-
mented polyurethanes, are described in detail in another chapter in this
volume (6), as is the ninth of the list, identified as aromatic polyurea, an

PLATELET RETENTION INDEX*

O 0.2 04 06 08 10
T T 1 I
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Figure 2. Composite display of average platelet retention index p for
selected polymer types. The acrylates, but not polystyrenes, are significantly
passivated by pretreatment with plasma (n= =6). Key: *, lowest value
observed in each case; and PPP, preincubated in platelet-poor plasma.
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analogue of the “hard segment” of the polyurethanes that contain the
polyethers.

The acrylates (fifth and sixth in the list of Figure 2) are part of a series
in which the alkane side chain length was varied over a range of 1 (methyl)
to 16 (hexadecyl). The experiments are described completely elsewhere (8),
and include a similar series on the methacrylates one of which poly(methyl
methacrylate) (PMMA), is shown as seventh in the list of Figure 2.

Not reported elsewhere are results on pure PDMS (fourth in Figure 2),
pure polystyrene (eighth in Figure 2), cross-linked poly(vinyl alcohol) (tenth
in Figure 2), and copolymers of styrene with methyl acrylate (Figure 3).

We tested the hypothesis that the platelet retention index should in-
crease as polymer composition varied from 100 mol % methyl acrylate to 100
mol % styrene, the respective platelet retention indices p being about 0.25
and 0.55 for the homopolymers. The results are shown in Figure 3, wherein
p increases to a maximum near 40% styrene. When the surfaces were incu-
bated in platelet-poor plasma before contact with whole blood, the values of
p were much reduced (from 0.25 to 0.05 for methyl acrylate) for copolymers
containing up to 60 mol % styrene. Copolymers of higher styrene content
were not rendered significantly less retentive by plasma pretreatment.

XPS was used to evaluate the surface composition of these copolymers
in relation to the bulk composition (fractions of methyl acrylate and styrene).
Surface composition was essentially identical to the bulk composition. Thus,
for example, when the bulk composition is 40 mol % styrene, the surface
percentage of styrene is about 40. Such a surface appears to be as active as
polystyrene homopolymer.

Of the polymers listed in Figure 2, cross-linked poly(vinyl alcohol) was
the least well characterized. It swells to nearly twice its dry volume when in
equilibrium in isotonic saline. An undetermined fraction of its secondary
hydroxyl groups is converted to acetal linkages by the dialdehyde.

Discussion

The mobility of groups attached to polymer segments in response to
interfacial conditions probably has much to do with the response of plasma
proteins, and then platelets, to these surfaces. For example, Hoffman and
Ratner described XPS spectra showing that (9, 10) acrylamide grafted to
silicone rubber by radiation will predominate at the surface after equi-
libration in water, but that dimethylsiloxane will predominate in the surface
if it has been equilibrated in air. Gregonis et al. (11) showed that even glassy
PMMA, after long exposure to water, will change its contact angle (receding)
from 80° to 20°, indicating significant motion of side groups.

Thus, time of water exposure prior to challenging platelets is probably
important, but the matter needs further study. Our tests suggest that in-
creasing the hydrophobic side group length increases platelet retention; in
these experiments surfaces were exposed to isotonic saline solution for less
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Figure 3. Average platelet retention index { as a function of mole fraction of
styrene in a series of copolymers of methyl acrylate and styrene. Key: —,
control and ---, pretreated in platelet-poor plasma.

than 30 min prior to testing. Very long exposures to isotonic saline could
result in a significant rearrangement of the ester linkage and alkane chain.

Preincubation of surfaces with platelet-poor plasma substantially re-
duced the platelet retention index of polyacrylates and polymethacrylates,
but hardly altered the retention index of polystyrene or copolymers with
methy] acrylate that are rich in styrene. Even without plasma pretreatment,
the surface, when exposed to whole blood, was probably first contacted by
molecular elements (including the proteins) before the cellular elements
arrived. What then is the mode of action of plasma pretreatment? Several
hypotheses, none conclusive, can be advanced, such as:

(1) Lipid adsorption during incubation alters the adsorptive ca-
pacity for certain proteins effective in binding platelets.

(2) Platelet-binding proteins desorb from the surface during incu-
bation in favor of proteins that when adsorbed do not bind
platelets.

(3) The polvmer surface itself, in response to the lipids and/or
proteins to which it is exposed during incubation, undergoes
time-dependent conformational changes (hydrophobic side
groups moved to or from the surface, for example) in such a
way that a layer of proteins having more or less affinity for
platelets is achieved.

The exchange of proteins (albumin, globulin, and fibrinogen) and the
time course of adsorption—desorption from polymers have been studied by
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various researchers (12-14). Continual transition of, or evolution of, the
surface upon prolonged contact with plasma, separate protein solutions, or
blood appears to occur often.

The evidence summarized in Figure 2 shows lowest platelet retention
indices for poly(ethylene oxide) (PEO), poly(propylene oxide) (PPO), and
PDMS. This result implies low degrees of adsorption of specific critical
plasma proteins and/or adsorption without conformation alteration of the
protein. The molecular attributes these three polymers have in common
appear to be:

(1) Absence of ionic groups

(2) Absence of hydrogen atoms that can form hydrogen bonds

(3) Relatively small nonpolar groups (e.g., methyl, -CH,-)

(4) Regular alternation of the nonpolar groups with a polar group
(the siloxane and ether oxygens)

(5) Segmental mobility (at 37°C), that is, “liquid-like” motion of
units and side groups

(6) Surface activity: (PDMS can be spread as a monolayer on
water; PEO will concentrate at an oil-water interface).

These observations indicate a need to refine the meaning of hydro-
phobicity in connection with protein interaction and platelet retention.

Reports from recent conferences sponsored by the Devices and Tech-
nologies Branch of the National Heart, Lung, and Blood Institute (15, 16)
indicate that silicone rubber and segmented polyurethanes are among the
most inert materials studied by ex vivo or in vivo methods, whereas poly-
ethylene and polytetrafluroethylene are more active. In these latter two
polymers, no conformational change of the surface can result that will expose
less hydrophobic groups, whereas with PEO, PPO, and PDMS, such a result
is inevitable, since high chain and segment mobility occur in the polymers,
permitting response to the thermodynamic requirement of minimum free
energy easily achieved by changing oxygen for -CH; or -CH,- at the surface.

Polystyrene beads are known for their capacity to bind immunoglobin G
globulins nonspecifically, by hydrophobic interaction, so that the immu-
nospecificity of the F,, region is preserved. Because of the dipolar nature of
the phenyl ring, polystyrene probably represents a surface capable of ex-
traordinary interaction with hydrophobic regions of proteins.

The unusual properties of PEO [including poly(ethylene glycol) (PEG)]
in minimizing adsorption were described by Hiatt et al. (17) with respect to
rabies virus, and by George (18) with respect to platelets. Whicher and Brash
(13, 14) noted the low degree of adsorption by segmented polyurethanes
containing PEG of albumin or fibrinogen, and the low degree of platelet
retention on these surfaces. Wasiewski et al. (19) reported that adsorption of
thrombin to glass can be prevented by adding PEG of 6000 molecular weight.

In Biomaterials: Interfacial Phenomena and Applications; Cooper, S., € a.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1982.



Publication Date: July 27, 1982 | doi: 10.1021/ba-1982-0199.ch004

42 BIOMATERIALS: INTERFACIAL PHENOMENA AND APPLICATIONS

Before long-term hemocompatibility can be expected for any material,
the nature of polymer surface—protein interaction must be established in
more detail: the way in which the polymer surface alters itself (rotation of
segments, side groups, chain refolding, etc.) in response to the protein
species; the way the protein is altered in conformation (if at all) upon ad-
sorption by the surface; and how this conformational change provokes plate-
let retention. Of course, longer-term ex vivo or in vivo studies also will be
necessary.
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Thrombus Formation on Surfaces in
Contact with Blood

J. S. SCHULTZ, S. M. LINDENAUER, and J. A. PENNER
University of Michigan, Ann Arbor, MI 48109

An ex vivo test method consisting of a flow-through couette
cylinder placed in an arteriovenous shunt of a dog was used to
evaluate the effects of shear, surface properties, spatial re-
lationships, and drugs on thrombus formation. In whole
blood, thrombus formation does not appear to be a diffusion-
limited process. Increasing shear rates from 150 to 260 s
resulted in a reduction in the rate of thrombus forma-
tion. When two surfaces were placed in tandem on the cen-
tral rod of the chamber, thrombus formation was independent
of blood flow direction. A reduction in thrombus formation
by aspirin was found only for mildly (not strongly) throm-
bogenic surfaces.

Methodologies to evaluate the interaction of biomaterials with blood and
blood components vary from in vitro systems, where anticoagulated
blood or blood fractions are contacted with surfaces in a variety of con-
figurations, to in vivo procedures, where tubes, sheets, etc. are inserted into
the vascular system. A compendium of these techniques that seek to
understand the complex interactions of blood with surfaces recently was

assembled (1).

An Ex Vivo Flow-Through Couette Test System

In this laboratory, an ex vivo test system was developed and utilized to
delineate some of the factors affecting thrombus formation on surfaces. The
system consisted of a flow-through couette device (Figure 1) placed in an
arteriovenous shunt in a dog. The device was designed to allow indepen-
dent control of blood flow and shear by separate control of the flow rate
through the chamber, and of the rotation speed of a central rod, which is
coated with the material to be studied. The validation of the method with
respect to flow conditions, hematological considerations, and reproducibility
has been reported previously (2—4).
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Figure 1. Ex vivo flow-through couette for evaluating
thrombus formation on biomaterials.

Thrombus formed on central rod is removed and the composition measured. In experi-

ments to evaluate the effect of shear, the rod was made of polypropylene. In other

experiments, segments of rod surface were coated with different materials or vein seg-
ments placed on the rod (7).

Briefly, the important characteristics are (1) flow through the chamber
was laminar over a range of rod rotation speeds from 0 to 800 rpm at a blood
flow rate of 200 mL/min; (2) flow streamlines followed a helical pattern
because of the additivity of the axial and rotational components of flow; and
(3) shear was uniform over the entire surface of the rod and could be varied
from 150 to 260 s~ under these operational conditions.

Three chambers were placed in parallel in the arteriovenous shunt, by
means of a manifold, so that three tests could be conducted simulta-
neously. The manifold feeding the chambers was designed to maintain a
laminar flow condition in the blood stream from the animal to the test
system. Flow visualization studies utilizing dyes placed at the entrance of
the apparatus showed that fluid elements in the center of the tubing never
contacted the tubing wall as the dye progressed through the tubing and the
manifold into the test chambers. Thus the blood elements that bathed the
surface of the rod coated with the biomaterial had minimal contact with other
foreign surfaces.
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Conditioned male dogs, weighing about 30 kg, were injected with hu-
man '®I-labeled fibrinogen (Abbott Laboratories) 1 day before the test.
This allowed for the metabolic removal of inactive fibrinogen. The next
morning an aliquot of blood was removed from the animal, processed to label
platelets with In-111, and reinjected. The animal was anesthestized, and
direct access to a carotid artery and jugular vein was achieved by standard
vascular surgical techniques. The saline-filled ex vivo test system was con-
nected to the exposed blood vessels, clamps were removed and blood flow
through each chamber was adjusted to 200 mL/min. Usually the test period
was 1 h, after which the apparatus was disconnected from the animal and
dismantled. The rods were removed from the chambers, rinsed, and stored
for analyses. New rod test specimens were placed in the chambers and
another run was initiated. Afterwards, the blood vessels were repaired and
the animal was returned to the animal care facility to allow the wounds to
heal. Animals could be used three to four times for these tests.

A typical hematological profile of the animals during the course of this
test protocol is shown in Figure 2. The changes in hematocrit, platelets,
fibrinogen, and PTT were rather minor, indicating that the integrity of the
coagulation system was not compromised during this period.

Thrombus Formation Characteristics

In the inflow section of this test system, gross thrombus formation was
usually limited to the surface of the rod placed in the center of the flow
chamber. The tubing, manifold, and shell of the chamber do not accumu-
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Figure 2. Hematological profile during a typical test procedure.
Key: m, PTT; O, hematocrit; ®, platelet count; and 0, fibrinogen.
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late gross thrombus.  This result is attributed to the low thrombogenicity of
silicone rubber, which was used for the tubing and to coat the interior
surfaces of the manifold and the shell of the chamber.

The thrombus that formed on the rotating rod was usually quite uniform
in thickness over the apical portion, as seen in Figure 3. Measurements of
the platelet and fibrinogen content per unit surface area of the rod confirmed
this pattern (Figure 4) (5). The increase in deposit on the last fourth of the
rod is attributed to recirculation patterns in flow around the exit port of the
chamber. Because of this effect, only data from the apical three-fourths of
the rods are reported and discussed.

This uniformity in deposition has important implications with respect to
understanding the relative contribution of hydrodynamic factors that may be
involved in thrombus formation. If diffusion of clotting factors or platelets
to a surface limited the rate of thrombus formation, then the profile of
thrombus probably would be maximum at the forward end of the rod and
diminish toward the distal end, proprotional to L — ' (where L is the dis-
tance from the tip of the rod) (5). The absence of this pattern indicated that
factors other than diffusion dominated the process of thrombus formation in
this system.

Transactions of the American Society of Artificial Internal Organs

Figure 3. Typical pattern of uniform thrombus formation over entire
surface of biomaterial coated rod (4).
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F ifure 4. Thrombus distributed over length of shaft in biomaterial test
chamber as measured by relative ( = = =) platelet content; (:::) wet
weight (4).

The literature on this point is somewhat contradictory. Freidman and
Leonard (6) found that platelet deposition did decrease in relation to position
from the inlet in a tube flow configuration. However, they only considered
initial rates, and eventually, after the surface becomes saturated, the throm-
bolic process might become kinetically controlled. Adams and Feuerstein
(7) observed a marked decrease in platelet attachment along a collagen-
coated tube, but observed no variation with position for a glass tube. In
both studies blood was anticoagulated.

In contrast, no anticoagulants were used in our experiments. Dif-
fusional phenomena probably did not play a controlling role when the entire
coagulation system was active, and biochemical and kinetic factors most likely
dominated the long-term interaction between biomaterial and blood. In ex
vivo experiments using a baboon model, Harker et al. (8) also found that
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platelet consumption was proportional to the area of shunt surface exposed
to blood, indicating that surface kinetics dominated the process.

Effects of Shear on Thrombus Formation

In most studies in which attempts have been made to investigate the
relationship between hydrodynamics and thrombus formation, the flow rate
of blood through the test device was changed to alter the hydro-
dynamics. Unfortunately, for many configurations [for example, a tube (9)]
a change in flow rate also changed the residence time of blood in the device,
the mass transfer coefficients, as well as shear rates at the biomaterial-blood
interface. This simultaneous variation in hemodynamic parameters makes it
difficult to assign specific cause and effect relationships to the results ob-
tained with these methods.

In our test system, shear could be altered independently of flow rate by
varying the rotation speed of the rod. In the couette device, neither the
residence time of blood nor the mass transfer coefficients were changed by
this maneuver (2). Experiments to evaluate the effect of surface shear on
thrombogenesis were performed with polypropylene rods. Polypropylene is
a relatively thrombogenic material (Figure 5); the amounts of platelets, fi-
brinogen, and erythrocytes deposited on this material were among the high-
est of the many materials tested. Blood flow through all chambers was main-
tained at 200 mL/min, but the rod rotational speeds in the three parallel
chambers were 200, 500, and 800 rpm, corresponding to shear rates at the
rod surface of 150, 200, and 260 s~ respectively (10).

The results of this study are shown in Figure 6, where the deposition
rates of fibrinogen, platelets, and red blood cells are given relative to their
respective rates at the lowest shear condition, that is, 150 s™'. A similar
result for each of these components of the clotting system is that all deposi-
tion rates were reduced with increasing shear. Platelets were least affected
by shear; their deposition rate was reduced about 50% over this range of
shear rates. Fibrinogen deposition was inhibited by about 80%, which
probably accounts for the almost complete lack of red blood cells in the
thrombus formed at the high shear rates. These results are consistent with
the common pathological finding that thrombi in arteries (high shear) are
white (mostly platelets) while thrombi in veins (low shear) are red (mostly red
blood cells). A mechanism for the inhibition of thrombus formation by shear
may involve the formation of fibrin fibrils from fibrinogen. Increased em-
bolization at higher shear probably is not involved, because a SEM exam-
ination of the samples exposed to the highest shear rate did not show any
large thrombi, but rather only some scattered platelets and strands of fibrin
(Figure 7).

In Biomaterials: Interfacial Phenomena and Applications; Cooper, S., € a.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1982.



Publication Date: July 27, 1982 | doi: 10.1021/ba-1982-0199.ch005

5. SCHULTZ ET AL. Thrombus Formation 49

DIAMETER PROPORTIONAL TO RBC CONTENT
OF THROMBUS

100 = 800RPM 500 200
60fF l 1

& 40 Oaw

o 30} __-APLP

= %0 »~ HEX

5 20} ,OLaT d%AR OsTs

< + TEF ION

s OBIL O

S ok 0OSSss

A ETC O
EE

d 6: 0SsI0 ACI
-

< 4F Owvc

|

o 3 oSIN

2._
__01/B|M1 Lol Lol
SIS | 2 34 6810 20 4060 100

FIBRIN (mg/clot)

Transactions of the American Society of Artificial Internal Organs

Figure 5. Composition of thrombus formed on rods coated
with different materials.

Values given for the clots are for the apical 3 in. of the rod, equivalent to about 12 cm*

of surface area. Key: SIS, siloxane on Silastic; BIM, Biomer; SIN, Silastic (1979); VC,

vafor-deposited carbon GW; SIO, Silastic (1977-78); ACI, acrylamide gel; ETC, etho-

cellulose; SSS, siloxane on stainless steel; BIL, Biolized latex; ION, Ionomer; TEF, Teflon;

STS, stainless steel; CAR, vapor-deposited carbon GA; LAT, Latex; HEX, Hexsyn; PLP,
polypropylene; and GW, Gulf and Western (7).

Statistics of Thrombus Formation

Apparently because of the autocatalytic nature of thrombus formation on
surfaces, the variation in amounts of thrombus found in repeated tests is fairly
wide, and statistical methods are required to evaluate the reliability of the
results. A common assumption is that the data are normally distributed
when tests of significance or correlation are applied. However, as Downie
et al. (5) suggested, the data are better fit to a log normal distribution. This
behavior has been confirmed for measures of thrombogeneity; for example,
in Figure 8, data on thrombus weight are plotted on probability paper along
with the logarithm of the weight values (11). The log-transformed data fall
more nearly on a straight line, suggesting some sort of exponential re-
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Figure 6. Effect of shear on thrombus formation. Conditions: blood flow,
200 mL/min; and material, polypropylene (7).

lationship between the rate of thrombus formation and some other key pa-
rameter of the form

w = a-k exp (mx) (1)

where w is the rate of thrombus formation; x is a controlling parameter; and
a, k, and m are constants. Taking logs on both sides

log w = log a + mx-log k 2)

If x is normally distributed, then log w will be normally distributed as well.
Further investigation of the kinetics of the coagulation process will be re-
quired to see if kinetic expressions of the form of Equation 1 are reasonable.

Spatial Relations in Thrombus Formation

Apparently, if a thrombus starts to form on one section of a surface, it
will spread to other areas, particularly downstream of the affected re-
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Figure 7. Scanning electron microscope photograph of polypropylene
surface after 1-h exposure to flowing blood at 200 mL/min and rod rotation
speed of 800 rpm.
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Figure 8. Clot weight distribution data for Silastic.

gion. However, the mechanism and dynamics of the propagation rate cur-
rently are unknown. In this context a distinction between two types of growth
should be made.

One type of growth is primarily the result of the profileration of fibrin
fibrils to the extent that hydrodynamic forces carry the macroscopic mesh-
work downstream of the thromoblic area. This type of proliferating thrombus
usually does not adhere to downstream surfaces, and may embolize de-
pending on the strength of the gel compared to the hydrodynamic forces
acting on it. Factors that affect the strength of fibrin gels have been studied
(11), but little work has been done on the growth of fibrin networks into
free-flowing blood.

The other type of propagation is presumably due to the sensitization of
clotting factors and/or cellular elements as blood passes over a developing
thrombus, and to the initiation clots in other areas due to the localized
hypercoagulability of blood. To understand the magnitude of this effect, we
arranged a highly thrombogenic area (polypropylene) contiguous to a rela-
tively nonthrombogenic surface (Silastic) on the rod in our ex vivo test
chamber. This arrangement was accomplished by coating either the apical or
distal end of a polypropylene rod with a Silastic dispersion. The distinct
difference in the thrombogenicity of these two polymers is apparent in Fig-
ure 5. The results of this study are shown in Figure 9 (9).
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Figure 9. Segmental surface experiments to test sensitization
of blood due to contact with a thrombogenic surface (7). A, the apical
section of the rod is coated with Silastic and the distal end is polypropylene;
and B, the apical section of the rod is polypropylene and the distal end is
coated with Silastic.
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When Silastic is on the front portion of the rod and blood contacts it first,
little thrombus forms on the Silastic, while a distinct thrombus forms on the
back polypropylene section (Figure 9a). Thus the thrombus did not propa-
gate upstream, against the flow of blood. When the order of materials was
reversed, a frank thrombus developed on the polypropylene, as expected,
but the thrombus did not propagate downstream onto the surface of the
Silastic. (There is a slight zone of overlap of a few millimeters.) Thus,
blood sensitization was not significant.

This phenomenon is worthy of further study because it provides an
opportunity to test two or more materials in the same device, and it may be
important for understanding thrombus propagation in vascular prostheses.

As an extension of the first concept, autologous vein segments were
placed on the rod to serve as a control comparison for biomaterial evalu-
ations.

Some preliminary data obtained with this arrangement are given in
Table I.  With respect to platelet and fibrinogen deposition, Silastic is about
equivalent to the endothelial surface of veins. Segments of vein with the
adventitial surface exposed were included as a negative control, and devel-
oped substantial deposits of platelets and fibrinogen. When vein segments
were placed on polybenzylglutamate-coated rods, the endothelial surface
again was virtually free of thrombus even though it was downstream in
relation to this particular polymer. Polybenyzlglutamate is more throm-
bogenic in the endothelium but less thrombogenic than the adventitial sur-
face of a vein.

Effects of Drugs on Thrombus Formation

The ex vivo flow-through couette method provides a very convenient
model for assessing the effect of drugs on the thrombogenic process. By
directly monitoring the accumulation of radioisotope in the couette device,
a direct measure of the kinetics of thrombus accumulation can be obtained.
An example of the deposition of platelets on the rod surface after the admin-
istration of systemic heparin is shown in Figure 10 (4). In this experiment

Table I. Relative Thrombogenicity of Vein
Segments Placed on Polymer-Coated Rods

Front section of rod Middle section of rod
Material Platelets® Fibrinogen®  Material Platelets  Fibrinogen
Silastic 1.74 0.17 endothelium 1.15 0.15
Silastic 0.91 0.18 adventitia 2.64 1.36
PBLG? 1.6 endothelium 0.14
PBLG 0.67 adventitia 3.8

“Amounts relative to blood, calculated as (radioactivity CPM/cm® surface)/(radioactivity
CPM/mL whole blood).
*PBLG is poly(benzyl-L-glutamate).
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heparin was injected into the animal 30 min before the test apparatus was
connected to the arteriovenous shunt. The platelet deposition was delayed
for about 15 min, until the heparin concentration dropped to about 0.3 units/
mL. A series of dose-response experiments were conducted to evaluate the
effect of heparin on thrombus development more directly, wherein the
steady-state heparin level was adjusted by perfusing heparin into the animal
at different rates. The results for three different materials are shown in
Figure 11, leading to the conclusions that (a) the systemic heparin require-
ment to “neutralize” a thrombogenic material increases with the throm-
bogenicity of the surface and (b) the dose-response curve is semilogarithmic.

In other experiments, the animals were given 10 grains of aspirin 1 h
before the biomaterial tests were initiated. The results summarized in
Table II also show that the effect of this drug is different for different mate-
rials. For Silastic and polybenzylglutamate (cast from chloroform), aspirin
pretreatment reduced the thrombogenicity significantly, whereas for poly-

100]L__

 POLYPROPYLENE

0. " e

THROMBUS WEIGHT

SILASTIC

B l L e, |

.1 2 .3 4 .5
HEPARIN CONCENTRATION (UNITS/ML)

Figure 11. Effects of heparin concentration on thrombus formation.
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Table II. Effect of Aspirin on Thrombogenesis

Pre-Aspirin Post-Aspirin
Material Platelets Fibrin Weight Platelets Fibrin Weight
Silastic 2.09 6.38 0.212 0.8 2.3 0.09
PBLG? (cast from
chloroform) 3.96 19.8 1.59 0.567" (1.6) 0.052"
PBLG* (cast
from dioxane) 33.5 117 8.6 37.8 59.8 2.03

“PBLG is poly(benzyl-L-glutamate).
"Differences between pre- and post-aspirin values are significant at the P <0.05 level.

benzylglutamate cast from dioxane (a much more aggresive material), aspirin
treatment was relatively ineffective. The solvent used to dissolve the poly-
benzylglutamate to prepare a coating solution had a major effect on the
response of the clotting system.

Summary

At this time, an adequate understanding of the physical chemical pro-
cesses involved in thrombus formation is not available. The type of effect
some factors will have can be indicated, but not the magnitude of the re-
sponse. For example, shear inhibits thrombus formation, and thrombus
propagation on surfaces is limited for modest differences in thrombogenicity.
Drugs can inhibit thrombus formation, but the magnitude of the effect is
related in some fashion to the surface characteristics.

Animal models using an ex vivo shunt preparation, such as described
here, will yield useful information in regard to the thombolic process. In
the next few years integration of biochemical knowledge of the clotting
system along with a better understanding of the physical chemical pheno-
mena involved will result in robust models that can be used in a predictive
way in the design of biocompatible devices.
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Thrombotic Events on Grafted
Polyacrylamide—Silastic Surfaces as
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The interaction of well-characterized grafted polyacrylamide—
Silastic and Silastic surfaces with blood was studied using an
ex vivo, arteriovenous baboon shunt model. The consumption
of autologous * Cr -labeled blood platelets was measured in the
animals with test shunts. A new laser light scattering technique
was developed to detect flowing platelet microemboli in real
time. This technique was applied to the measurement of the
size and number of microemboli generated by biomaterial can-
nulae in the ex vivo baboon shunt. In vitro protein adsorption
studies also were carried out using a new, highly sensitive
silver staining technique to visualize proteins separated by
sodium dodecyl sulfate gel electrophoresis. The results suggest
that the polyacrylamide-Silastic hydrogel surface is more
platelet-consumptive than the Silastic surface due to a greater
rate of platelet aggregation on and subsequent embolization
from the hydrogel surface.

A hydrogel can be defined as a polymeric material that has the ability to
swell in water and retain a significant fraction (e.g., 10-20%) of water
within its structure, but that will not dissolve in water. Hydrogel materials
resemble, in their physical properties, living tissue more than any other class
of synthetic biomaterial. In particular, their relatively high water contents
and their soft, rubbery consistency give them a resemblance to living soft
tissue. On the basis of these properties, hydrogels have been investigated
extensively in a variety of biomaterial applications (1-3).

0065-2393/82/0199-0059%06.00/0
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Polyacrylamide hydrogels are among the most highly hydrated gels, and
often exhibit water contents ranging from 60 to 95%. They have been tested
for blood compatibility by a number of researchers, including our own group,
using a wide variety of in vitro and in vivo test techniques and animal models
(4-11). Despite these numerous studies, no general consensus concerning
the blood compatibility of polyacrylamide surfaces exists. This chapter brings
together our previous and most recent studies of grafted polyacrylamide
surfaces in contact with blood and its components, and attempts to reach a
general conclusion concerning the blood compatibility of this interesting
biomaterial.

The studies described in this chapter were conducted as four separate
projects to describe the sequence and mechanistic aspects of the short- and
long-term thrombotic events that occur when synthetic materials contact
blood. The first project was responsible for the development, synthesis, and
surface characterization of all materials used for subsequent studies. This
assured that all investigators were examining identical materials and that a
careful record was kept of the surface structure of each specimen tested.
Short-term interactive events after exposure to blood were considered in the
second project. These events included protein deposition, initial cell adhe-
sion, and thrombus buildup. Purified baboon proteins (in vitro) and baboon
blood (both in vitro and in vivo) were used for all experiments. The baboon
was chosen as the sole animal model for this project because of its hema-
tological similarity to humans (12). The third project examined chronic
events occurring when materials in tubular form were connected to an
arteriovenous (AV) shunt in the baboon. In particular, platelet consumption
by the implanted materials received the most attention. The fourth project
explored the mechanism by which the platelets were consumed by materials.
A laser light scattering system was developed and used to measure the
number, density, and size distributions of emboli generated by the AV shunt
during both the acute and chronic phases of embolization. Using the same
materials and a relevant, reproducible animal model allowed a systematic
picture of the complete thrombotic process to be assembled.

Experimental

Preparation of Polymers and Materials Characterization. Techniques have
been developed previously for the grafting of acrylamide to polymer substrates (13).
These techniques were adapted so that the luminal surfaces of long tubes could be
grafted. Silastic tubing (medical-grade Silastic, Dow Corning Inc., 0.125 in. i.d.) was
cleaned by sonicating with Ivory soap solution (0.1%) flowing at 100 mL/min through
the tube lumen. Three water rinses with flow and sonication followed. A portion of
this tubing was radiation grafted to produce a polyacrylamide hydrogel luminal sur-
face using a flow grafting apparatus described previously (14). (Electrophoresis-grade
acrylamide monomer was obtained from Eastman Kodak.) A cupric nitrate solvent
solution was used to inhibit homopolymerization during the grafting (15). A radiation
dose of 0.25 Mrad was used, and the grafting temperature averaged 48°C over the
course of the reaction.
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Graft levels and graft water controls were measured using methods described
previously (16). Scanning electron micrographs (SEMs) were taken using a JEOL
JSM25 instrument with gold—palladium control specimens. Electron spectroscopy for
chemical analysis (ESCA) spectra were taken on a Hewlett-Packard Model 5950B
ESCA system. An 0.8-kW monochromatized x-ray beam from an aluminum anode
was used for all spectra. An emission from an electron flood gun was used to neutralize
static charge buildup on nonconducting polymeric surfaces. All aliphatic carbon 1s
peaks were assigned a binding energy of 285.0 eV to correct for the energy shift
resulting from the electron flood gun. Other element peak positions were shifted an
amount corresponding to 285.0 eV (observed carbon ls peak position).

Protein Adsorption Studies. Grafted or ungrafted Silastic materials in tubular
form, each approximately 100 cm long X 0.3 cm i.d. were used. Baboon plasma was
prepared from fresh baboon blood (anticoagulated by drawing it into 0.1 volume of
acid citrate dextrose or ACD) by centrifugation, and was stored at —70°C. The buffer
used for prefilling and rinsing was 0.01M citrate, 0.01M phosphate, 0.12M sodium
chloride, and 0.02% sodium azide (CPBSz). Adsorbed proteins were eluted with 1%
sodium dodecyl sulfate, 0.01M trisphosphate, pH 7 (SDS sample buffer). Immersible
molecular sieves (Millipore, Immersible CX) were used to concentrate the eluates.
SDS—polyacrylamide slab gel electrophoresis was done with the same buffers and
chemicals described previously (17, 18), and with an apparatus obtained from Biorad
(Model 220). The gels were 1.5 mm thick and contained 7.5% acrylamide. Staining
the proteins with silver was based on a published procedure (19).

Adsorption of plasma proteins was studied by pumping 37°C plasma through the
tubes (prefilled with degassed buffer at 37°C) for 2 h at 100 mL/min. Rinsing was done
by pumping 37°C buffer through the tubes for 1 min. The tube was drained of the
buffer, filled with SDS sample buffer, immersed in an ultrasonic bath kept at 50°C,
and sonicated for 1 h. The eluate from each tube was then concentrated approximately
tenfold and frozen at —70°C until electrophoresis was done.

Measurements of Platelet Consumption. A baboon AV shunt model was used
to assess quantitatively the effects of physicochemical properties associated with
polyacrylamide grafted substrates. In this model, measurements of platelet consump-
tion using *'Cr-labeled platelets were steady state, reproducible between test ani-
mals, and unaffected by the surgical procedure (8, 10). The methodology involved in
the use of AV baboon shunts has been described previously (8, 10). We concluded that
this primate model simulates arterial thrombotic processes in humans and is suitable
for the in vivo evaluation of biomaterial thrombogenesis (10).

Laser Light Scattering Detection of Microemboli. To elucidate the mech-
anism of platelet destruction by grafted polyacrylamide—Silastic surfaces, an optical
scattering technique was developed (20) to observe and quantitate the sizes and size
distributions of microaggregates in blood produced within the AV baboon shunt.
Presumably, any such flowing microaggregates represent platelet microemboli.

The optical scattering cuvette with which these measurements were made was
placed at the distal tip of the biomaterial test shunt (Figure 1). The cuvette was
constructed of a 1.0-mm diameter medical-grade Silastic tube, 5 mm long (Figure 2).
Two 3-mm diameter Teflon tubes were used to connect the cuvette to the baboon
shunt. The cuvette was encased in an aluminum housing that held three optical fibers
in contact with and orthogonal to the Silastic flow tube. Light from a helium-neon
laser was focused on one of the optical fibers, and the scattered intensity detected by
the orthogonal arrangement of the other fibers was analyzed to determine the size and
number density of thromboemboli produced in the shunt.

The formation of microaggregates by any particular shunt was determined by a
series of optical sizing measurements consisting of 50 data acquisitions (25 60-s
measurements were taken during the first hour, beginning immediately after the
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Figure 1. Schematic of optical scattering cuvette at distal end of shunt.
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Figure 2. Detail of optical scattering cuvette.
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initial blood-biomaterial interaction, and 25 data acquisitions, each 120 s long, were
taken in the following 2 h). The size distribution of microaggregates from 20-800 pm
in diameter and the number of emboli were measured during each datum acquisition.
The system was calibrated using polystyrene microspheres before each experiment.
(For details on this technique, see Ref. 20.) From the size distribution measurements,
an equivalent rate of platelet thromboembolization (platelets/day) was calculated
assuming that the thromboemboli were spheres composed of close-packed spherical
platelets.

Results

Material Preparation and Characterization. The effect of cupric ion
on acrylamide graft level, as determined in an experiment separate from the
tubing preparation, is shown in Figure 3. Based on this result, a cupric
nitrate concentration of 0.01M in the solvent was chosen.

Graft level (measured gravimetrically) as a function of distance from the
pump is shown in Figure 4. The first 200 cm of tubing was discarded,
resulting in a length of tubing with a graft level of 2.90 = 0.34 mg/cm®.

SEMs were used to compare, in a qualitative sense, the surface texture
of the acrylamide-grafted Silastic and the ungrafted Silastic. Similar surface
textures were noted in both cases (Figure 5). Because the acrylamide graft
was dehydrated for SEM analysis, the graft also was observed in a hydrated

4 -
3 -
Graft Level
mg/sq cm
2 -
I -
O 1 1

1073 1072 107" 10°
log [Cu“] in solvent

Figure 3. Effect of Cu® concentration on acrylamide grafting to 10-mil
Silastic (0.375 M ratgf.
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Figure 4. Graft level as a function of length along the shunt for
polyacrylamide-Silastic shunts prepared using the flow-grafting apparatus
described in Ref. 14.

state with a light stereomicroscope. Taking into account the resolution limits
of such an instrument, the general surface texture of both surfaces still
appeared to be similar.

Graft and substrate polymer surface chemistries were examined by the
ESCA technique. ESCA spectra are shown in Figures 6 and 7. Surface
elemental ratios determined by ESCA are compared with those expected,
based on the stoichiometry in Table I. Close agreement exists between
experimentally determined values and theory for untreated Silastic. How-
ever, the acrylamide graft surface is a mixture of polyacrylamide and
polydimethylsiloxane. Earlier experiments using frozen, hydrated grafts
have shown that, in the hydrated state, a much larger fraction of the graft
surface will be attributable to polyacrylamide than in the dehydrated state
(21) (Table 1, Figure 8). However, silicon can be detected even in the hy-
drated state.

Further information on the surface chemistry of these materials can be
obtained by examining the carbon 1s spectra in Figures 6 and 7. For Silastic,
only one symmetrical peak with a full width at half maximum (fwhm) of 1.2
eV is expected in the carbon 1s spectrum; this peak is observed. For poly-
acrylamide, the comparison between a curve-resolved carbon 1s spectrum of
a pure polymer sample (Figure 9a) and the dehydrated graft used in this
study (Figure 7a) is instructive. The higher binding energy peak due to the
carbon atom mw-bonded to oxygen in the amide functionality is almost un-
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Fi%ure 5. SEMs of (a) Silastic tubing, luminal surface, 100 X , and (b)
p

yacrylamide-Silastic, luminal surface, 100 X (white bar = 100 wm).
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Figure 6a. ESCA C 1s spectrum of the luminal surface of Silastic tubing.
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Figure 6b. ESCA Si 2p spectrum of the luminal surface of Silastic tubing.
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Figure 7a. ESCA C 1s spectrum of the luminal surface of
polyacrylamide-Silastic tubing in the dehydrated state.
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Figure 7c. ESCA N 1s spectrum of the luminal surface of
polyacrylamide-Silastic tubing in the dehydrated state.
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Table 1. ESCA Elemental Ratios for Silastic and Acrylamide-Grafted

Silastic
Acrylamide-Grafted
Acrylamide-Grafted Silastic
Silastic Silastic (Dry) (Hydrated, 160K)

Theory Experimental Theory® Experimental® Theory* Experimental®

C/O 2.0 2.1 3.0 — — 0.41¢
C/Si 2.0 1.7 o 2.3 © 2.5
C/N — — 3.0 54.9 3.0 3.41

“Complete coverage of the Silastic by a polvacrylamide film is assumed.
*Data from Figure 7.

‘Data from Ref. 21, see Figure 8.

“The high levels of oxygen in this film indicate that the polymer is hydrated.

detectable at the graft surface. Again, in the hydrated state, an increased
ratio of this peak to that at 285.0 eV occurred (Figure 8). A comparison of the
nitrogen ls signal for the dehydrated graft on Silastic (Figure 7c) and the pure
polymer (Figure 9b) is also interesting in this regard. (This hydration—
dehydration effect was discussed in the previous paragraph.)

Protein Adsorption. Since protein adsorption is the earliest event in
the thrombotic response of the blood to polymers, the types of proteins
adsorbed from plasma to polyacrylamide-Silastic and Silastic tubes were
examined. As described in the Experimental section, plasma was recir-
culated through the tubes for 2 h at 37°C and rinsed away with buffer. The
proteins adsorbed to the polymers were eluted with SDS, separated by
SDS—polyacrylamide slab gel electrophoresis, and silver-stained using a new
extremely sensitive method (19). Figure 10 shows the results of these assays.

A mixture of proteins of known molecular weights was separated on the
polyacrylamide gel (#3 in Figure 10). The calibration plot obtained with this
mixture was used to assign molecular weights to the unknown proteins in the
eluates from the test surfaces. Approximately 0.08 g of each calibration
protein were needed to give a very clearly stained protein band, which is only
1% of the amount needed with other stains, such as Coomassie blue. In
addition, in other experiments, fibrinogen, immunoglobulin G (IgG), albu-
min, and hemoglobin mixtures were separated on similar gels (not shown).
Fibrinogen remained at the top of the gel, IgG occurred as a band between
102,000 and 132,000 Daltons, albumin occurred at 58,000 Daltons, and
hemoglobin displayed a diffuse band centered at 15,000 Daltons. These
molecular weights deviated from those usually observed for these proteins in
SDS gel electrophoresis because the disulfide bonds were not reduced in the
experiments reported here.

The eluate from polyacrylamide-Silastic had six distinct proteins in it
(Gel 2 in Figure 10). The most prominent bands had molecular weights of
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Figure 8. ESCA C Is spectra for polyacrylamide-Silastic (21). Key: a, 160
K (hydrated) and b, 303 K (dehydrated).
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Figure 9. ESCA spectra of pure polyacrylamide film cast on glass. Key: a, C
I's spectrum resolved (using a Du Pont 310 analog curce resolver) into its
component peaks; and b, N 1s spectrum.

132,000, 58,000, and 21,000. Bands of lower intensity also occurred at
93,000, 70,000, and 16,000 Daltons.

The eluate from Silastic (Gel 1 in Figure 10) had only three visible
bands, each of which was much less intense than the corresponding bands in
the eluate from polyacrylamide-Silastic. Two of the bands from Silastic oc-
curred at 131,000 and 58,000 Daltons, and had approximately the same stain
intensity. A third band of even lower intensity occurred at 95,000 Daltons.

Measurements of Platelet Consumption. When the extent of grafting
of acrylamide on Silastic was varied, cannular platelet consumption increased
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Figure 10. Analysis of adsorbed proteins with SDS-polyacrylamide gel
electrophoresis.

Proteins eluted from Silastic (Gel 1) or polyacrylamide-Silastic (Gel 2) after exposure to

plasma, and a mixture of known proteins (Gel 3), were separated and stained. The

approximate positions, stain intensities, and molecular weights ( X 10 ~*) are indicated in
the diagram.

sharply as graft level increased from 0 to 1 mg/cm? and remained level
thereafter (Figure 11). Thus, all grafted tubes in this study were grafted to
levels well above 1 mg/cm?

Table II shows the effect on platelet consumption of increasing lengths
of the polyacrylamide-Silastic tubing. The acrylamide surface is much more
destructive to platelets than is the Silastic surface. Table II also shows that
platelet consumption increases linearly with shunt area for both the
polyacrylamide-Silastic shunts.

A series of shunts with radiation and ceric ion—initiated grafts of poly-
acrylamide on the luminal Silastic surface, and having water contents varying
between 51-83% were also studied. Table III shows these data. The platelet
consumption increases linearly with the gel water, such that the ratio of
platelet consumption to graft water content remains relatively constant.

Laser Light Scattering Detection of Microemboli. The optical scatter-
ing technique was used to assess in vivo the thromboembolic propensity of
polyacrylamide-Silastic and Silastic shunts of varying lengths. In four ba-
boons, control measurements of the number and size distribution of throm-
boemboli produced by the 35-cm proximal section of the chronically
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Figure 11. Platelet consumption vs. graft level of polyacrylamide-Silastic
shunts (9). (Numbers in parentheses refer to the number of shunts tested
Igr each value reported.)

implanted Silastic shunt were made during the acute phase of throm-
boembolization. This measurement also included endogenous circulating
platelet aggregates. The baseline value of (1.75 = 0.77) X 10° platelets/day,
estimated from these measurements, subsequently was subtracted when
calculating the total rate of production of embolus mass of a given test
material. Good agreement existed between this baseline value and the rate
of thromboembolus mass produced by a short 35-cm Silastic biomaterial test
section placed proximal to the optical cuvette ((2.14 = 0.07) x 10° platelets/
day). Therefore, thromboemboli are generated on the basis of biomaterial
surface area and are not effected significantly by the surgical procedure, the
connectors, or any flow disturbance caused by the optical cuvette.

Table II. Effect of Cannula Composition and Area on Platelet
Consumption (8)

Mean Platelet Cannula Platelet Cannula Platelet Consumption/
Exposed Survival Time Consumption Unit Area
Area (cm?) (days) (platelets/day % 10 ") (platelets/cm® day x 10 %)
Polyacrylamide-grafted Silastic
16.6 4.2+0.6 2715 16.3+8.8
41.5 2.6+0.2 7.5+0.7 18.0+1.6
83.0 1.5+0.1 15.5+ 1.7 18.6+2.1
99.7 1.8+0.4 18.2+2.3 18.2+2.3
Silastic

65.8 4.7+0.1 0.8+0.3 1.3+0.3
131.7 4.0+0.2 2.5+0.4 1.9+04

Note: Values are mean = standard error.
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Table III. Platelet Consumption by Polyacrylamide-Grafted
Substrates (9)

Water Platelet

Substrate Method of Content (W) Consumption® (PC) Ratio ((PTC))
Initiation (wt %) (platelets/cm®-day x 10 %)
Silasti/HEMA" Ce** 50.8 16.4% 3.4 (3) 0.32
Silastic %“Co rad’n. 60.8 19.0 £ 0.8 (18) 0.31
Silastic “Co rad'n. 83.0 27.2+ 2.7 (5) 0.33

“Mean values are = 1.0 standard error. The number of studies is in parentheses.
"Silastic pregrafted with 1.74 mg/cm?® poly(2-hydroxvethyl methacrylate).

The analysis of the size and number of thromboemboli generated by
grafts of polyacrylamide-Silastic and Silastic cannulae shows a consistent
peak period of thromboembolization occurring in the first hour that is at least
3-5 times greater than the steady-state value occurring in the second and
third hours. In addition, as shunt surface area increases, the average rate of
platelet consumption due to embolization during the steady-state period
increases linearly, for both shunt materials studied (Figure 12). Further-
more, the polyacrylamide-Silastic shunt produces significantly more throm-
boembolus mass than the Silastic shunt.

Discussion

Previous studies of the response of blood to polyacrylamide surfaces
have demonstrated clear differences relative to other materials, especially
silicone rubber. Early reports of “improved blood compatibility” of poly-
acrylamide were based on in vitro tests, such as Lee—~White clotting times (5)
and spinning-disc platelet adhesion results (7). This impression was rein-
forced when canine vena cava rings with grafted polyacrylamide-Silastic
surfaces remained patent for 2 weeks, while untreated Silastic rings were
occluded within 2 h (22, 23). However, when similar polyacrylamide—Silastic
rings were implanted just above the canine renal arteries, numerous kidney
infarcts were noted (23). Luminally grafted polyacrylamideSilastic tubes
were implanted subsequently as ex vivo AV shunts in sheep, and these tubes
induced significantly greater platelet destruction than did the ungrafted
Silastic (24). Taken together, these earlier studies suggested that contrary to
the “conventional wisdom,” polyacrylamide surfaces are in fact thrombo-
genic, but are not strongly thromboadherent. Such important differences in
blood responses to polyacrylamide and Silastic surfaces have lead us to exam-
ine in greater detail the differences in their surface properties before, during,
and after exposure to plasma proteins and blood, using a wide range of
experimental protocols including the ex vivo baboon AV shunt model.

The radiation grafting technique used to prepare the polyacrylamide—
Silastic grafts is a practical method for immobilizing the mechanically weak
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Figure 12. Rates of production of thromboemboli volume (n’/s) and
equivalent platelet consumption by embolization (platelets/day) vs. surface
area for two biomaterials: Silastic (bottom) and polyacrylamide-Silastic
(top). The equivalent steady-state platelet consumption is (3.0 * 0.2) X 10°
(platelets/day-cm?) for polyacrylamide-Silastic and (0.8 +0.1) x 10°
(platelets/day-cm?) for Silastic.
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polyacrylamide hydrogel on the strong Silastic support. The use of cupric ion
to inhibit acrylamide homopolymerization is essential to achieve significant
grafting levels of polyacrylamide. Elemental analyses of the grafts show that
no significant level of copper ion is retained in these grafts.

The surface chemistry of this acrylamide graft cannot be examined in the
dehydrated state by ESCA in a biologically meaningful way (Table I, Figure
8) (see Ref. 21). In the hydrated state, the graft surface is composed of
polyacrylamide intermixed with polydimethylsiloxane. This complex surface
raises some questions as to whether these graft surfaces are a good model for
polyacrylamide. Two observations support our contention that these surfaces
are, indeed, valid models for polyacrylamide. First, silicone rubber is among
the most passive of materials we have seen with respect to platelet con-
sumption. Therefore, silicone rubber chains in the graft surface probably
would not influence the platelet consumption of a more consumptive materi-
al such as polyacrylamide. Second, baboon platelet consumptivities of a wide
variety of hydrogels (not just polyacrylamide) grafted lumenally in Silastic
and polyurethane shunts increase linearly with hydrogel water content (9).
If the silicone chains were affecting the platelet consumption process, hy-
drogels grafted onto two different substrates probably would not have plate-
let consumptions governed only by graft water content.

The adsorption of plasma proteins to polymers precedes the interaction
of blood cells with the surfaces, and therefore, is likely to be an important
initial event in the response of blood to polymers (25, 29). At present,
however, little is known about the adsorbed protein layer, even though it has
been studied in some detail in recent years (30-36). Because protein ad-
sorption from blood plasma is a competitive process, differences in the ad-
sorbed layer on different polymer substrates could be a primary cause of
differences in thrombogenicity. Previous studies of the composition of the
adsorbed protein layer have employed '*I-labeled protein added to plasma
(37-39), antibody binding (34) to detect individual proteins, or electro-
phoretic analysis of detergent-elutable proteins (17, 33, 35). The procedure
used in this study does not require the large surface areas used in previous
work (35), nor does it rely on incorporation of radiolabels (36) into adsorbed
protein. Instead, a staining method at least 100-fold more sensitive than
these other techniques has been used.

The eluates from both polyacrylamide-Silastic and Silastic contained a
protein occurring at the same molecular weight as albumin (58,000). Rela-
tively large amounts of this protein in plasma give this protein a considerable
competitive advantage over other plasma proteins, making its presence on
biomaterial surfaces quite predictable (37-39). Albumin adsorption is gener-
ally thought to make surfaces less adhesive to platelets. The more intense
staining observed for albumin in the eluate from polyacrylamide-Silastic
compared to Silastic presumably indicates that the total amount of albumin
is greater on polyacrylamide—Silastic than on Silastic. In previous studies,
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fluorescein-labeled protein uptake by polyacrylamide—Silastic films was used
to distinguish absorption into the polyacrylamide gel from adsorption onto
the gel surface (40). Albumin did not enter the gel, while chymotrypinogen
(MW = 26,000) did. Therefore, the results presented here for proteins above
this molecular weight most likely reflect surface adsorption. The greater
absolute adsorption of albumin on polyacrylamide—Silastic may explain why
these surfaces were not as thromboadherent as Silastic in the canine vena
cava ring and renal embolus experiments.

The eluates from both polyacrylamide-Silastic and Silastic also con-
tained a major protein at molecular weight 132,000, within the range ob-
served for the IgG group. Because this group of glycoproteins is the next
most common plasma after albumin, the presence of these molecules on
surfaces is also not surprising (34-36, 38, 39). Recent experiments in a
number of laboratories have suggested an important role for leukocytes in the
process of thrombogenesis on artificial surfaces (41—43), and have indicated
a role for IgG in mediating the white cell response at foreign interfaces (44,
45).

Because fibrinogen remains at the gel top in the electrophoresis system
used here, we cannot assess its importance because staining artifacts fre-
quently occur at the gel top. However, adsorption of '*I-fibrinogen to
polyacrylamide—Silastic shunt surfaces from baboon blood in vivo is much
greater than adsorption to Silastic shunt surfaces (46).

When the greater adsorption of albumin to polyacrylamide-Silastic (as
observed by the electrophoresis technique) is taken together with the higher
fibrinogen adsorption on these surfaces (as observed in the baboon shunt),
the following explanation of the greater thromboembolic potential of
polyacrylamide—Silastic surfaces may be proposed: Platelets encountering
this surface may become activated by the high local concentration of fibrino-
gen at its surface, leading to aggregation on or near the sites of platelet
aggregation. However, these platelet aggregates do not adhere very long or
very strongly because of the high level of adsorbed albumin in the vicirity.
Alternatively, the role of other proteins observed in the eluate from
polyacrylamide—Silastic, such as IgG and other minor proteins at molecular
weights 93,000, 70,000 (prothrombin?), 21,000, and 16,000 (hemoglobin?),
may be more important than previously thought. More extensive study of the
protein adsorption process clearly is needed.

The laser scattering technique is newly developed, and probably will be
extremely valuable in quantitating the differences in embolic events during
blood-material interactions, and thus potentially useful in elucidating the
mechanisms responsible for these differences.

For example, the volume of microaggregates flowing through the
cuvette at any time can be estimated from the size distribution, assuming that
the microaggregates are composed of close-packed spherical platelets and
that the emboli are nearly spherical. Although these assumptions, at present,
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are somewhat restrictive, the total volumes of embolus mass estimated from
these distributions compare well with measurements of embolus volume
made with the Coulter counter and with embolus mass estimated by screen
filtration pressure (20). The cannula platelet consumption values are shown
in Figure 11. In comparing Figures 11 and 12, the (optically) estimated
platelet consumption of the polyacrylamide-Silastic cannulae is greater than
the Silastic cannula only by a factor of about 3.0-4.0, while the *'Cr-labeled
platelet technique showed that the surfaces differed in platelet consumption
by a factor of about 10.0. The difference between these two measurement
techniques may be due to very small or very large platelet aggregates that are
not included in the optical scattering measurements; to errors in the calcu-
lations due to the assumption of spherical platelets and microemboli; to
discrepencies between the time at which the steady-state measurements
were made in the two techniques (3 h in the optical technique vs. several days
in the *'Cr survival measurements); and/or to additional mechanisms of plate-
let consumption such as platelet lysis or the destruction of single cells.
Additional factors include the possibility of both reversibly and irreversibly
aggregated microemboli, and may represent another source of discrepancy
between the *'Cr data and the optical sizing measurements. Although a
difference exists between the platelet consumption for polyacrylamide—
Silastic estimated optically and that calculated from *'Cr-labeled platelets,
good agreement exists between the Silastic platelet consumptions calculated
by both techniques. Both techniques predict a linear increase in platelet
consumption (embolization) with an increase in cannula surface area.

Conclusions

Polyacrylamide—Silastic hydrogel surfaces are more polar, more water-
swollen, and more porous to smaller molecules and proteins than the control
Silastic surfaces, and they are more platelet consumptive than Silastic sur-
faces in the AV baboon shunt. This increased destruction of platelets is
manifested by greater formation and shedding of microemboli (platelet ag-
gregates) from the hydrogel surfaces. The polyacrylamide—Silastic surfaces
adsorb more proteins overall than Silastic, and in particular, adsorb more of
both albumin and fibrinogen. Thus, when compared to Silastic surfaces, the
polyacrylamide—Silastic hydrogel surface probably has a combination of lower
adherence to platelets (higher albumin) but higher activity toward platelet
aggregation (higher fibrinogen). This situation could lead to low platelet
residence times on the hydrogel surface combined with a high probability of
activation and aggregation on or near the surface. On the other hand, other
minor proteins observed on the polyacrylamide-Silastic surface, but not on
the Silastic surface, may possibly play a significant role in thrombogenesis
and embolization on the polyacrylamide hydrogel surfaces.
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Plasma Interaction on Block Copolymers
as Determined by Platelet Adhesion
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Pathology, Cleveland, OH 44106

A series of block copolymers, with controllable domain mor-
phology, were tested to determine the effect of surface wet-
tability, morphology, and chemistry on the attachment of
platelets. The surfaces were first exposed to a plasma for 3 s or
3 min, and then to platelets suspended in Tyrode's buffer in
0.35% albumin (pH 7.4). The most hydrophobic surface,
styrene—butadiene-styrene (SBS) attached the most platelets,
followed by the less hydrophobic polyurethane, and lastly the
hydrophilic  polystyrene—poly(ethylene oxide) (PS-PEO),
which attached essentially none. Phase separation in poly-
urethane and in SBS significantly (P <0.025) increased the
adherence of platelets after exposure to platelet-poor plasma,
for 3 s and 3 min, respectively. No such difference was ob-
served in PS-PEQ. The SBS, with and without long-range
order, attached significantly (P < 0.025) more platelets at 3 s
than at 3 min. The SBS block copolymer, as compared with
hydrophobic glass, appears to adsorb fibrinogen loosely, but
more tightly than hydrophilic glass. Phase separation causes
the protein to attach more strongly.

The initial event that occurs when blood contacts a foreign surface is the
adsorption of plasma proteins, followed by a complex series of reactions
that include the activation of blood-clotting enzymes, and adhesion and
activation of blood platelets and leukocytes; desorption and/or further ad-
sorption of proteins may occur also (I,2). Generally, when intact plasma
comes in contact with artificial surfaces, fibrinogen is the most commonly
deposited protein. On hydrophilic, glass-like surfaces, but not on hydro-
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phobic materials, the adsorbed fibrinogen molecules appeared to be altered
by the plasma, as the molecules lost their ability to react immunologically
with antifibrinogen sera. This change in response, called “conversion”, was
at first thought to be due to some conformational change in the fibrinogen
molecules (3). Now, however, conversion is related to desorption followed by
deposition of other plasma protein(s), primarily high molecular weight kinin-
ogen (4).

The change in biological response of the adsorbed fibrinogen molecule
(conversion), is also noticeable with platelet adhesion studies. In confirma-
tion of earlier studies of Zucker and Vroman (5), we found that, usually, less
platelets adhered to areas of glass slides exposed to platelet-poor plasma for
3 min than areas exposed for 3 s. When, however, a gel-filtered platelet
suspension was used in place of platelet-rich plasma, a dramatic difference in
the number of platelets attached to the surface previously exposed to
platelet-poor plasma for 3 s or 3 min occurred. Therefore, this more repro-
ducible protocol was used to study not only the adhesion of platelets onto
artificial surfaces but also as a probe of conversion. For this purpose we chose
a series of block copolymers with controllable domain morphology (phase
separation on a molecular scale) and different surface energies (wettability).
Previous studies have shown that the degree of phase separation influences
the interactions with blood components (6, 7).

Experimental

The hydrophobic polyurethane block copolymer was chosen because phase-
separated samples had been shown by an in vitro assay to exhibit a greater platelet
adhesion from human blood than samples having a mixed, nonphase-separated struc-
ture (7). The hydrophobic styrene-butadiene-styrene (SBS) block copolymer was
chosen because of the ease with which the morphology could be controlled (8). The
block copolymer having hydrophilic blocks of poly(ethylene oxide) and hydrophobic
polystyrene blocks (PS-PEO) was chosen to examine the effect of the more hydro-
philic blocks on the protein interaction.

The platelet assays were carried out on polymer films cast onto microscope slides
precleaned in a hot sulfuric—chromic acid solution (Chromerge). The domain struc-
tures of the polymer films were characterized with transmission electron microscopy
(TEM). The surface morphology of the cast films was visualized using reflected light,
differential interference constrast (Nomarski) microscopy, with a Zeiss Ultraphot II
microscope. The surface energy (9) and critical surface tension (10) were calculated
from advancing contact angle measurements. The contact angles were measured with
a goniometer telescope for a series of diagnostic liquids: water, glycerol, ethylene
glycol, benzyl alcohol, and methylnaphthalene.

Polyurethane. [This polymer was supplied by R. A. Auerbach, Lord Corpora-
tion.] The polyurethane was composed of a soft segment of poly(tetramethylene
glycol) with a molecular weight of 1000 and a hard segment of p-diphenylmethane
4,4’'-diisocyanate (MDI), and was chain extended with ethylenediamine (7). A solu-
tion of 7 wt % polyurethane in N,N -dimethylacetamide was used to cast the films. The
phase-separated samples (ANN) were prepared by annealing the film at 135°C for 90
min in a helium atmosphere, and the mixed, nonphase-separated samples (NEQ)
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were prepared by casting a 0.005-in. film with a Gardner casting knife and rapidly
evaporating the solvent under vacuum. The MDI domains in the phase-separated
state previously had been shown to be 60 A with an interdomain distance of 120 A (7).
Normarski microscopy demonstrated that both morphologies exhibited a smooth,
defect-free surface at a magnification of 770X. The surface energy and critical surface
tension are given in Table I. No effect of morphology on contact angle was observed.
Styrene-Butadiene-Styrene (SBS). This polymer was provided by J. St. Clair,
Shell Development Company. Kraton 1101 is a triblock copolymer composed of 30
wt % styrene, molecular weight 14,000, and butadiene, molecular weight 67,000 (8).
The morphology was controlled by the evaporation rate of the solvent. A solution of
5 wt % SBS, in analytical-grade toluene, was used to cast the films. The mixed state
(M) was prepared by casting a 0.005-in. film with a Gardner casting knife on slides
preheated to 50°C. The phase-separated state (S) was prepared by slow evaporation
of the solvent, by casting in an enclosure connected to toluene at 0°C; this process
produced a constant, but low toluene vapor pressure in the enclosure, and thus a
constant, slow-driving force for solvent removal. The films were heated at 55°C in
vacuum for 2 days to ensure solvent removal. Thin films for TEM were prepared
under similar conditions, but were cast from a 0.01 wt % solution in toluene. These
films were stained with OsOy, which preferentially stains the butadiene phase. Figure
1 is a TEM micrograph of the mixed state showing irregular and interconnected
styrene-rich domains. Thus the “ideal” mixed state was not achieved and some initial
segregation of the styrene was present. Figure 2 shows the phase-separated state with
irregular spherical or ellipsoidal styrene domains, with approximately 200 A dimen-

Figure 1. SBS (M) TEM micrograph of irregular styrene domains (white
phase) in butadiene matrix (48,000 X ).
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sions. The domains have a hexagonal packing in the butadiene matrix and are oriented
in grains of approximately 1 wm. A small number of grains containing rods parallel to
the surface were also observed (Figure 2). Nomarski microscopy showed the surface
of the mixed-stated (M) film to be featureless at a magnification of 770X. However,
the phase-separated state (S) showed polygonal valleys surrounded by ridges (Figure
3). Utilizing interferometry with the Nomarski optics, the height of the ridges was less
than 0.15 pm, the limit of resolution for the optics used. The surface energy and
critical surface tension are given in Table 1. No effect of morphology on contact angle
was observed.

Polystyrene—Poly(ethylene oxide) (PS-PEO). This polymer was provided by J.
J. O’'Malley, Xerox Corporation. The PS~PEO contained 66.7 wt % PS, and had a
number-average molecular weight of 46,800 for PS and 23,400 for PEO (11). A 5 wt
% solution in chloroform was used to cast the films. A 0.005-in. film was cast with a
Gardner casting knife, and the solvent was evaporated under vacuum to produce the
mixed state (Mx). Phase-separated films (Sty) were prepared by casting in an en-
closure containing chloroform, and were maintained at low humidity with a desiccant.
Before use, the films were maintained in a vacuum at 40°C for 16 h to ensure solvent
removal. Thin films for TEM were prepared by casting directly onto copper grids with
a 0.01 wt % PS-PEO solution in chloroform. The films were stained with OsO, for
4 h; the PS phase stained preferentially (11). The mixed-state samples (Mx) exhibited
a uniform granular structure, all features being less than 60 A (Figure 4). The phase-
separated state (Sty) consisted of spherical polystyrene domains, 30-500 A in di-

F iﬁure 2. SBS (S) TEM micrograph of spherical styrene domains (white
phase) hexagonally packed in grains of about 1.5 X 0.5 wm (48,000 X ).
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Figure 3. SBS (S) Nomarski micrograph of surface texture of polygonal
valleys of 3 pm in diameter (1188 x).

Figure 4. PS-PEO (Mx) TEM micrograph of uniform granular appearance
of PS (dark phase) and PEO domains of equal size (145,000 X ).
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ameter, in a matrix of PEO (Figure 5). Nomarski microscopy showed the mixed state
(Mx) to have a surface texture of approximately 1.0 wm in diameter (Figure 6). The
phase-separated films (Sty) showed a rough surface texture with dimensions of 1-7 pm
(Figure 7). Both morphologies exhibited smooth surfaces when equilibrated with
water; however, surface patterns reminiscent of the dehydrated surface textures could
still be discerned. The surface energy is given in Table I. However, because the
polymer absorbed water up to 50% of its initial dry weight, the contact angle de-
creased with time (both morphologies approaching the same value of 45°). The other
diagnostic liquids showed no observable differences in contact angles between the two
morphologies.

Glass Control Surfaces. The hydrophilic control glasses were prepared by
cleaning glass microscope slides with detergent (Sparkleen), and the hydrophobic
control glasses were prepared by siliconizing (Siliclad) the microscope slides.

Human platelet-rich and platelet-poor plasmas were obtained from blood drawn
by venipuncture into a 10-mL, siliconized Vacutainer (Becton Dickinson) anticoagu-
lated with 0.11M sodium citrate in a 9:1 ratio. All donors had fasted overnight and had
not taken medication for at least 2 weeks. Platelet-rich plasma was prepared by
placing the anticoagulated blood in polypropylene tubes and centrifuging at 77 g for
10 min at room temperature. Platelet-poor plasma was prepared by centrifuging the
blood at 23,000 g for 10 min. Platelet counts were performed using a Coulter counter;
the platelet-rich plasma had a concentration of 270,000-320,000 platelets/mm?®.

Figure 5. PS-PEO (Sty) TEM micrograph of PS domains (dark phase) of
30-500 A (246,000 x ),
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Figure 6. PS—PEO (Mx) Nomarski micrograph of surface texture of about
1-pm diameter valleys (1188 X ).

Platelet suspension was obtained by passing platelet-rich plasma through a sephar-
ose 2B (Pharmacia) column (1.6 X 20 cm) equilibriated in calcium-free Tyrode buffer
[0.137M NaCl, 2.7 mM KCI, 12 mM NaHCO;, 0.36mM NaH,PO, H,O, and 5.6mM
glucose (pH 7.4)] containing 0.35% bovine albumin (3 X crystallized, Sigma). Then,
1.6-mL fractions of platelets suspended in Tyrode buffer with albumin were collected
at a flow rate of 0.8 mL/min. The platelet count of the platelet suspension (pooled
fractions) was 186,500 = 26,500 platelets/mm®.

Platelet adhesion experiments, carried out at room temperature, were com-
pleted in approximately 3 h. To avoid the air interface, a drop of 0.02M sodium
barbital buffer in 0.01M NaCl (pH 7.4) was placed on the material before adding a
drop of platelet-poor plasma (3,4, 12). After 3 s or 3 min of plasma exposure, the
surface was rinsed with 20 mL of the buffer. After removing the buffer left around the
exposed surface with filter paper (Whatman #1, qualitative), a drop of platelet sus-
pension was placed on the surface previously occupied by platelet-poor plasma. The
slides were kept in the moist chamber to prevent drying, and after 10 min, were
rinsed with 20 mL of the sodium barbital buffer. The attached platelets were fixed
with 0.1% gluteraldehyde, 0.12M sucrose, and 0.0625M sodium cocodylate in Ring-
ers adjusted to pH 7.45 for 10-30 min, followed by 3% gluteraldehyde and 0.1M
sodium cacodylate adjusted to pH 7.45 for 10-30 min (I13). Slides were rinsed in
distilled water and dehydraded by immersing them in increasing concentrations of
ethanol (65%, 80%, 90%, 100%, and 100%) for about 10 min at each concentration.
Some SBS samples were dehydrated in Freon 13/ethanol solutions (50%, 80%, 90%,
10}(1)%, and 100% Freon) to minimize the pitting that occasionally occurred with
ethanol.
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The platelets, at four random fields, were counted visually on a Zeiss Ultraphot
II microscope using reflected light and Nomarski optics at a magnification of 1280%
and a field of view of 7542 wm?. At least four samples of each polymer were tested for
each experiment, and each experiment was repeated at least once with a different
donor. For the glasses, at least 1-2 samples were tested per experiment. Conversion
was expressed as the percentage difference between platelet adhesion at 3 s and 3 min
of platelet-poor plasma exposure with respect to the 3-s platelet-poor plasma ex-
posure.

Statistical Analysis. All data for a particular donor were normalized with re-
spect to the hydrophobic glass at 3 min of platelet-poor plasma exposure for that
donor, that is, platelet adhesion at 3 min of platelet-poor plasma exposure to hydro-
phobic glass was 100%. A one-way analysis of variance was performed, using each
material and time of platelet-poor plasma exposure as a variable. For each material
and time, the normalized platelet counts for all the donors were summed, and
Scheffe’s multiple comparisons were performed. For the difference between the two
SBS morphologies, a student’s ¢ test was used. Data are presented as the mean of the
normalized average from each donor and the pooled standard deviation.

Results and Discussion

The surface energy data, Table I, show that polyurethane has the largest
percent contribution from polar forces, and that it and PS-PEO have the

Figure 7. PS-PEO (Sty) Nomarski micrograph of surface texture, peaks
spaced 1-7 pm apart (1188 X).
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largest total surface energy. The critical surface tensions were similar to the
total surface energy, except for SBS (the critical surface tension being greater
than the total surface energy). The platelet adhesion data are summarized in
Table II.

At 3 s of platelet-poor plasma exposure, the most hydrophobic block
copolymer, SBS, attached an average of 100 platelets, significantly
(P <0.025) greater than the 45 platelets (average of the numbers adhered to
the NEQ and ANN morphologies) that adhered onto the relatively less
hydrophobic polyurethane (Table II). The relatively hydrophilic PS-PEO
block copolymer, on the other hand, did not exhibit any platelet adhesion
even when the platelet-poor plasma exposure time was extended to 3 min.
This observation is apparently due to the dominant role of the PEO, and not
to the polystyrene phase, which is also present in the SBS. The PS-PEO
polymer adsorbed up to 50% of its initial weight in water as a result of the
PEO component, and for this reason the polymer behaved like a hydrogel
[since hydrogels do not attach platelets (I14) even though they do adsorb
fibrinogen (15)]. The influence of the PEO phase was so strong that the
change in the morphology of the block copolymer from mixed to phase-
separated did not affect platelet adhesion.

Table II. Platelet Adhesion
% Platelet Adhesion

Material Number of Donors 3 's 3 min % Conversion
Styrene—

butadiene-

styrene,

mixed (M) 3 102 = 30 45 + 26 56

phase-

separated (S) 3 97 + 24 64+ 18 34
Polyurethane

mixed (NEQ) 2 29+ 19 3719 —28

phase-

separated (ANN) 2 61 = 26 53 + 28 13

Polystyrene—

poly(ethyvlene

oxide)

mixed (Mx) 2 041 1+£2 —

phase-separated

(Sty) 2 1+5 6+16 —

Control glass

hydrophobic 3 104 =25 100 = 31 4

hydrophilic 2 79+5 1x1 99
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The change in morphology in SBS did not affect the platelet adhesion at
3 s, as the phase-separated and mixed morphologies both attached approxi-
mately 100 platelets. On the polyurethane surface, however, phase separa-
tion significantly (P <0.05) created a twofold increase in the number of
platelets attached, from 29 for the mixed state (NEQ) to 61 for the phase-
separated state (ANN), as shown in Table II. However, the mixed-state
morphology (NEQ) for polyurethane tended to have slightly more platelets
attached at 3 min, as compared with the 3-s plasma exposure. A particular
protein, presumably fibrinogen, might have been adsorbed at a slower rate
on the NEQ surface, and consequently, the number of platelets at 3 min of
platelet-poor plasma exposure tended to increase. The slow rate of fibrinogen
adsorption could be explained if initially globulins played a significant role in
competition for the surface sites on the mixed state (NEQ), and if y-globulin
were less effective in promoting platelet attachment. A much smaller degree
of platelet adhesion was observed on surfaces preadsorbed with y-globulin
compared to those preadsorbed with fibrinogen (16). The role of fibrinogen
in these interactions was demonstrated further by the negligible platelet
adhesion onto test surfaces preadsorbed to heat-defibrinogenated plasma
(56°C for 10 min)—for 3 s and 3 min (unpublished results). When purified
fibrinogen (IMCO) was added to the defibrinogenated plasma, and the mix-
ture was preadsorbed onto the test surfaces, platelet adhesion was the same
as that observed on surfaces exposed to platelet-poor plasma.

The polyurethane in the phase-separated state (ANN), however, be-
haved in a manner similar to certain other hydrophobic surfaces (3), includ-
ing siliconized glass, in that platelet adhesion was independent of the time
of exposure to plasma, that is, no difference between 3 s and 3 min existed.
The hydrophobic SBS block copolymer, on the other hand, attached signifi-
cantly (P <0.025) less platelets at 3 min of plasma exposure. The effect was
relatively more predominant in the mixed state as the percent decrease in
platelets attached at 3 min (conversion) was 56 compared with 34 for the
phase-separated state (Table II). The conversion, however, was far less than
the 99% observed on the hydrophilic glass.

On hydrophilic, but not on hydrophobic glass, fibrinogen was adsorbed
loosely, and with time underwent desorption. The fibrinogen film that
attracted platelets was replaced primarily by high molecular weight
kininogen, and to a lesser extent with the blood coagulation factor XII. This
model is consistent with the observation by Ratnoff and Saito (17) that
adsorption of high molecular weight kininogen to a surface is a necessary step
in the surface activation of factor XII. The factor XII could be considered as
behaving as a cross-linking agent for high molecular weight kininogen, and
thus stabilizing its adsorbed layer.

The physiochemical behavior of a surface, therefore, controls both the
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rate of the initial fibrinogen absorption and its rate of desorption. This latter
process may be formalized by the desorption rate relationship,

dc

e _K[1-E*(8)a) M
where ¢ is the fibrinogen molecule, cé is the concentration of adsorbed
fibrinogen, K is a constant of proportionality, and E *(d),4 is the ratio of the
effective energy of adsorption of the fibrinogen molecule with respect to the
energy of adsorption of “tight” binding, that is, no desorption. The E*(¢).qa
term can be expressed as,

E¥(d)u=Eua+1,— 1, 2)

where E,4 is the energy of adsorption of a fibrinogen molecule to a surface,
I, is the ¢ ¢ intermolecular interaction on the surface (18), and I, is the
¢rhigh molecular weight kininogen intermolecular interaction at the surface
(all terms with respect to the energy of adsorption of “tight”-binding). Be-
cause the kininogen displaces fibrinogen on hydrophilic surfaces, we assume
that E *(¢),q < E * (high molecular weight kinongen),q, whereas the reverse is
true for certain hydrophobic surfaces.

Within this framework then, the SBS block copolymer adsorbs fibrino-
gen less tightly than hydrophobic glass, but more tightly than hydrophilic
glass. Similarly, the protein adsorbed onto the mixed state is probably more
loosely attached than that adsorbed onto the phase-separated state. There-
fore, either one of the phases or the phase boundary region is apparently
capable of binding fibrinogen more strongly. Since the transition boundary
region between phases would be expected to exhibit behavior similar to the
mixed state, the enhanced adsorption of fibrinogen is probably more likely
associated with one of the phases, in particular, the PS phase. This conclu-
sion is supported by evidence that the w-electrons of the phenyl group are
available for bonding because the phenyl group can interact with hydroxyl
groups in hydrogen-bonding liquids (19). In addition, in vitro assays of
adsorbed proteins from plasma have demonstrated that fibrinogen rapidly
reaches an equilibrium concentration on PS, as opposed to glass or poly-
ethylene surfaces where the fibrinogen concentration reaches a maximum
and then decreases with time (20).

Using data from the model for the fibrinogen molecule, the area of the
molecule is much larger than the apparent area of the PS domains (Figure 2),
where the sphere diameter is 190 A. Thus, if this interpretation is correct,
a model of fibrinogen interaction can be developed in the following way: the
fibrinogen molecule might be expected to be adsorbed to the styrene do-
mains in the “end-on” configuration. Such a configuration might be stabilized
by interfibrinogen bonding (18), which could increase E *(¢),4 by adding a
relatively large I, term (Equation 2). The fibrinogen molecule can readily
adsorb in the “lying-flat” configuration in the region of phase separation that
contains rods lying parallel to the surface.
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A Critical Study of Segmented

Polyurethanes

E. W. MERRILL, VERA SA DA COSTA, E. W. SALZMAN,
D. BRIER-RUSSELL, L. KUCHNER, D. F. WAUGH, G. TRUDEL, III,
S. STOPPER, and V. VITALE

Massachusetts Institute of Technology, Departments of Chemical Engineering and
Biology, Cambridge, MA, and Harvard Medical School and Beth Israel Hospital,
Department of Surgery, Boston, MA 02139

The components of segmented polyurethanes having polyether
“soft segments” and aromatic diisocyanate-diamine “hard
segments” were studied separately and in the form of seg-
mented polyurethanes. Platelet retention index (the capacity of
the polymer to bind human platelets) was studied in relation to
properties determined by scanning calorimety, Fourier trans-
form infrared spectroscopy, gel permeation chromatography,
and x-ray photoelectron spectroscopy. Carbon 1s spectra,
which differentiate carbon bound to ether oxygen from other
carbon in the outermost 30 A of the surface, predicted platelet
retention to a remarkable degree. In general, the hard segment
analogues have high platelet retention. As a soft segment,
poly(ethylene oxide) showed very low platelet retention.

Segmented polyether polyurethanes are widely studied biomaterials that
can be conceptualized (1-3) as a virtual network in which the continuous
phase contains the polyether chain molecules. These chain molecules are
tied at their ends to the molecular species (diisocyanate, diamine) which
serve as junctions by associating into clusters. These clusters of high melting
point form “the hard-segment phase” and are dispersed in the continuous
polyether phase.
In global overview of what was discovered, we note the following:

1. Molecular models (2) of the hard-segment phase of segmented
polyether polyurethanes tested in the in vitro bead column (4)
show a high platelet retention index (p=0.8) regardless of
molecular composition. The variable p is defined as the frac-
tion of platelets in whole citrated human blood entering a test
column that are retained on the bead surfaces, averaged for

0065-2393/82/0199-0095$06. 00/0
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several donors and five successive 1-mL aliquots of blood.
Thus, to the extent that it appears at the surface of a finished
polyurethane, the hard-segment phase will promote platelet
activation.

. Unambiguous testing of the soft segment only, that is, the

polyether part, by the same procedure was more difficult, but
important information was obtained. Each of the polyethers
studied—poly(tetramethylene oxide) (PTMO), poly(propylene
oxide) (PPO), and poly(ethylene oxide) (PEO)—are partially
crystalline in the form of dry, a, @ diols after deposition on the
bead surfaces from organic solvents.

Upon contact with blood, polyethers absorb varying
amounts of water and undergo partial dissolution while re-
maining partially crystalline. They show platelet retention in-
dex values around 0.2-0.3.

. When polyethers are synthesized into polyurethanes, their

melting points can be depressed sufficiently, depending on
the choice of the molecular weight of the initial diol, so that
when in contact with blood at 37°C, the polyether phase is
totally amorphous. When amorphous, the substance is sub-
stantially more bland (lower p) than when the polyether re-
mains partially crystalline.

. PPO and PEO both are more bland than PTMO, when com-

pared as polyurethanes that remain amorphous during testing
against blood.

. Segmented polyurethanes having as soft segment content,

mixtures of PEO, PPO, and diblocks of PEO-PPO, have very
low p, around 0.04, suggesting that molecular disorder, there-
by created, is useful.

. Increasing the molecular weight of a, w diol PEO in the seg-

mented polyurethane to 1500, systematically increases the
water content of the segmented polyurethane, and produces
one with with an usually low p, about 0.04, in which the PEO
remains amorphous.

. X-ray photoelectron spectroscopy (XPS, also known as ESCA)

is valuable in rationalizing these observations (3). The p cor-
relates well with the percent of the C 1s signal that cor-
responds to carbon bonded to ether, this carbon belonging to
the polyether component (no such carbon existing in the hard-
segment components).

. Parallel tests show that thrombin adsorption is minimal on

well-prepared polyurethanes containing amorphous PEO,
greater on PTMO, and very high on analogues of the hard
segment (diisocyanate-diamine copolymers), thus paralleling
the trends in platelet retention index p. This result is consis-
tent with the postulate that protein adsorption must precede
platelet adsorption.
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9. Evidence from these studies and from other laboratories (5-9)
indicates that PEO is an unusually promising polymer, when
properly formed into a network (as by segmented poly-
urethane formation, for example). We attribute this result to
the following properties:

® high water content without any ionic group or hydrogen
bonding H

® consequent balance between hydrophilic and hydro-
phobic nature, and thus relatively nonattractive to plasma
proteins

® capability of remaining amorphous if incorporated into a
network

Experimental

Segmented polyurethanes were synthesized from the o, ® diol polyethers
listed in Table I and the diisocyanates IV, V, and VI by the two-step process shown
in Figure 1 or the three-step process in Figure 2. In all cases, chain extension of
isocyanate-terminated prepolymers was accomplished with ethylenediamine. The
synthesis took place in a 2:1 (v/v) mixture of dimethyl sulfoxide and 4-methyl-2-
pentanone at 60°C.

E 3
HO[CH,CH,CH,CH,0], — CH,CH,CH,CH,0H

I

* * * *
HO - (CH-CH,-0), CH-CH,-OH
| l

CH; CH,

II

* * * *
HO-(CH,CH,-0),-CH-CH-OH
M,=4500, 3500, 1500, 1000, 600

III
* = C 1s peak chemically shifted 1.5 eV in ESCA spectra.

Table I. Polyethers Used

Polyether M, n
Poly(tetramethylene oxide) (I) 2000, 1000, 650 27,13, 8
Poly(propylene oxide( (I) 2000, 1200, 400 42, 27, 7
Poly(ethylene oxide) (III) 4500, 3500, 1500, 101, 79, 33, 22, 13

1000, 600
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#
OCN CHsz

#
NCO

IV: 2, 4-Tolylene diisocyanate (2,4-TDI)

# #
OCNA<::>»CH24<::>PNCO

V: Diphenylmethane 4,4’'-diisocyanate (MDI)

#
NCO
H H2
CHz CH3 #

CHz H, CH2NCO

VI: 3-Isocyanatomethyl-3,5,5-trimethylcyclohexyl isocyanate (isophorone
diisocyanate, IPDI)

In Structures IV=-VI, #, C Is peak chemically shifted 3 eV when
incorporated into urea or urethane bonds.

To obtain a solution suitable for casting on test surfaces, the segmented poly-
urethanes after synthesis were precipitated by methanol (which also terminated
excess isocyanate groups) and after drying were redissolved in dimethylformamide
(DMF).

Using the two-step process (Figure 1), a Type I segmented polyurethane was
created (Scheme I), whereas the three-step process created a Type II or Type III
segmented polyurethane (Figure 2). Idealized, these polyurethanes are:

Type L. The soft segment consists only of polyether chains (of one kind)
connected at each end to a hard-segment triad consisting of diisocyanate—
diamine-diisocyanate, where the diisocyanate is either toluene di-
isocyanate (TDI) or isophorone diisocyanate (IPDI).

Type II. The soft segment consists of diblock polyether chains (of one
kind) achieved by a connector diisocyanate (TDI) molecule between two
a, o diol precursors. The ends of this doubled chain are connected to
hard-segment triads, but in this triad, the diisocyanate is diphenyl-
methane 4,4'-diisocyanate (MDI).
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Scheme I. Segmented Polyurethanes According to Type and Composition
Generalized Sequence

Type I: PE-HSDI-ED-HSDI-
Type 1I: PE-CDI-PE-HSDI-ED-HSDI-
Type I11: PE,~CDI-PE,-HSDI-ED-HSDI—(PE, different from PE)

Key: PE, ,, polyether sequence (from a,w—dihydroxy precursor) PTMO,
PPO, or PEO, HSDI, diisocyanate residue in hard-segment phase (TDI,
MDI, or IPDI); CDI, connector diisocyanate residue (TDI only); and ED,
ethylenediamine residue.

Step 1: Prepolymer formation

2 OCN=R-=NCO + HO-R'-OH —_

0
il Il
—_— OCN-R-r;l-C-O-R‘—O-C—r;l-R-NCO
H H

————

urethane group

Step 2: “Chain extension”

0 0
n , oo
OCN-R-N-C-0-R-0-C-N-R-NCO  * HoN=(CHy),=NH, —=
H H
2 g 9 2
—_—  +R=N=C~-0=-R-0-C-=N- ' N=C=N=- -N=-C-
{R=14=C-0-R-0-C-N-R=N=-C-N=(CH), ~N-C-N}
H I HooH
urea group

Figure 1. Two-step synthesis leading to Type I segmented polyurethanes.
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Step 1: Couple two diols by diisocyanate: Create a “modified” polyether
with diisocyanate “connector”

2 HO-R-0OH + OCN-Q-CH:‘ e

\
NCO

9
— Ho-R’-O'C'N'O
v 0
H \

Step 2: Create “modified” prepolymer

2 OCN—@-CHZ-Q-NCO

cH
A
0CN- @-CHZ- @-r':-c-o-w-o-c-r'q-
H H 2 2
hll-c-o-Rzo-c-»ll-@-cHz-Q—Nco
H H

Step 3: “Chain extension” to create segmented polyurethane

L H2N-(CH2)2-NH2

Q o]
no_0 i ]
’;"C'O'R'O'C":“QCHO?C";‘-(CH ) 2.r'4.c.r;1./\l.1
H H H H H H

Figure 2. Three-step synthesis leading to Type 11 and Type 111 segmented
polyurethanes (cf. Table 111).
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Type III. The soft segment contains polyether chains that are diblocks,
obtained by Step 1 of the three-step process (Figure 2), where two
different polyether diols, for example PEO and PPO, are mixed in equi-
molar ratios. The ends of these diblocks are then connected to hard-
segment triads, which, as in Type II, are composed of MDI-ethylene
diamine-MDI.

Gel permeation chromatography (GPC) (Waters Model 244, with micro Styragel
columns) of the diol polyethers and of the prepolymers created therefrom, in combi-
nation with data from the literature, confirms that these idealized types must be
modified by the following considerations:

1. The intended stoichiometric ratios (e.g., of diisocyanate to diol, or
diisocyanate to diamine) are never exactly achieved because of:
® dimerization and trimerization of the diisocyanates
® allophanate and biuret reactions (the —NCO reacts not with the
intended —OH or —NH,;, but with urethane links —=NHCOO- or
urea links —-NHCONH-).

2. The hard-segment triad is accompanied by single diisocyanate resi-
dues, pentads, and heptads, in consonance with Flory’s theory for
step polymerization (10), when A ~ A molecules react with B ~B
molecules in a ratio of r = ¥, and all A groups are reacted. Thus,
phase separation into “clusters” (which create network junctions)
must involve, to varying degrees, isolated diisocyanate units (either
the connector unit or from the prepolymer forming step), the triads,
the pentads, etc. Therefore, the degree of phase separation achieved
may vary widely, depending on synthesis conditions and subsequent
casting from the solvent.

3. Most of the a, w diol polyethers had the “most probable” distribution
of molecular weight (1). Thus, weight-to-number average is around
two, and the lengths of polyether chains between diisocyanate groups
vary correspondingly.

4. When equimolal quantities of two different polyethers, for example,
PEO and PPO, are mixed to create Type III segmented poly-
urethanes, three different diblock sequences of equal probability
must be obtained: PEO-PEO, PEO-PPO, and PPO-PPO are the
principal species. The same principles that govern the formation of
1-,3-,5-,-7.. . unit combination of diisocyanates and diamines in the
hard segment, also predict that the reaction product of 2 mol of ¢, ®
diol with 1 mol of diisocyanate after Step 1 of the three-step process
(Figure 2) will consist mostly of the monomer (the diol), some of the
desired trimer (diol -TDI-diol), but also some of the pentamer (diol-
TDI-diol-TDI-diol), etc.

Thus, the actual substances produced as segmented polyurethanes (Scheme I
and Table II) that were tested for thrombogenic potential, are peculiarly complicated
in molecular structure.

These polyurethanes (and their precursors or analogues) were cast from an
appropriate solvent, usually DMF, onto the glass bead surfaces used in the in vitro
test for platelet retention (4), or for the thrombin absorption test used previously (2).
Crystals of KBr for Fourier transform infrared (FTIR) spectroscopy and glass micro-
scopic slides for examination by XPS (ESCA) served as supports for polymers cast
from the same solvents. Concentration of polymer (5 wt %), temperature of casting
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(25°C), and subsequent slow evaporation conditions under argon gas (40°C, 21 days)
were maintained as closely identical as possible in preparing surfaces for each test
(FTIR, ESCA, and platelet retention). The air side of the film was the side exposed
to platelets and examined by XPS. The other side (against the glass substrate) was not
exposed.

Films of the segmented polyurethanes, and the precursor polyethers and hard-
segment analogues (diisocyanate-diamine), stripped from glass plates, were com-
pressed into pellets for analysis by differential scanning calorimetry (DSC) (Du Pont
Model II). FTIR spectroscopy was performed with a Digital Model FTS-14, and XPS
(ESCA) was performed with a Physical Electronics Industries Model 548 Auger/
Leeds/ESCA spectrometer using 100-pass energy for C ls and O 1s, and 25-pass
energy for N 1s, through a solid angle of about 60° over a width of about 1 mm. In
the XPS tests, as in the platelet tests, the films were not stripped from the surface on
which they were cast.

DSC confirmed that in segmented polyurethanes formed with the aromatic
diisocyanates TDI and MDI, phase separation was fair to good as judged by the
appearance of transitions corresponding, respectively, to the diol and of the
isocyanate-diamine copolymer (I). Furthermore, except for SPU 24, SPU 3500, and
SPU 4500 (Table II), the polyether phase had its crystalline melting point depressed
below the biological test temperature (37°C) as a consequence of copolymerization
with the diisocyanate. That the unreacted diols (Table I), the hard-segment analogue
(TDI-ethylenediamine copolymer), and the SPU 24, SPU 3500, and SPU 4500 were
crystalline at 37°C in contact with water or blood, was confirmed also by their grossly
observable turbidity. The other segmented polyurethanes were, to the contrary,
transparent when equilibrated with isotonic saline at 37°C.

FTIR was used to determine if further judgment could be made about the extent
of phase separation achieved, by analyzing for adsorption bonds corresponding to
-NH interactions with ether -0- (hard—soft), -NH interactions with -NH and -C=0
(hard-hard), etc. (1). Qualitatively, the FTIR results were consistent with the DSC
interpretation, but neither method gave insight into the morphological characteristics
of the phase separations achieved. FTIR was also used, more effectively, to determine
the distribution of the forms of nitrogen in the bulk polymer as urethane nitrogen N,
(i.e., -NHCOO-), urea nitrogen N, (i.e., -NHCONH-), and amine nitrogen N.mine-

These data were used in conjunction with the experimentally fixed stoichiomet-
ric ratios of carbon, oxygen, and nitrogen, for comparison with the concentrations of
these elements (C, O, N) in the outermost 30 A of surface as determined by ESCA
(XPS). Representative results are shown in Table II1. No consistent relationship exists
between the surface nitrogen content and the distribution of nitrogen among ure-
thane, urea, and amine groups; furthermore, no apparent relationship exists between
surface nitrogen/bulk nitrogen (Ns/Ng) and the polyether type, polyether molecular
weight, or diisocyanate type.

The hard-segment analogues in Table III are the copolymer of TDI and ethylene-
diamine and the copolymer of MDI and ethylenediamine. Bulk and surface com-
position agree fairly closely, as do bulk and surface compositions for the soft-segment
precursors, polyether diols PTMO 2000 and PEO 1000. In marked contrast, the
polyurethanes derived from these materials show from about 34% to 60% of stoichio-
metric nitrogen in the ESCA-scanned surface layer of 30 A deep. Clearly the surface
is deficient in nitrogen and, therefore, in the hard segment, but whether the nitrogen
is at the surface or buried to a depth less than 304, and whether the nitrogen is in
clusters or dispersed (it could be both) (2), is impossible to determine from the XPS
(ESCA) experiment, executed without angular-dependent resolution.

In contrast, the analysis of the C 1s spectra was particularly illuminating, as
shown in Figure 3. The abscissa ¢ is the fraction of carbon at the surface in the form
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Figure 3. Average platelet retention index vs. &, where & = fraction of C 1s
in -C-O-C- bonds.

of ethereal-bonded carbon, recognized as a peak downshifted 1.5 eV from carbon—
carbon and carbon-hydrogen. For example, in segmented polyurethanes on PEO
as the polyether, if all the carbon in the scanned layer belonged to PEO, ¢ would
equal 1.0.

From Figure 3 we draw the following conclusions. First, data corresponding to
a polyether that is crystalline when in contact with blood, denoted by the symbol
<=, lie well outside the range of the other data that pertain to amorphous polyether.
The polyurethanes SPU 24 and SPU 26 are a particularly good test because they
represent the same soft segment (PTMO 2000) manipulated so as to be both crys-
talline (SPU 24) and amorphous (SPU 26).

Second, the highly crystalline and hydrogen-bonding alternating copolymer of
diisocyanate and diamine, an analog of the hard segment of polyurethanes, shows high
platelet retention (p~ 0.8). Therefore, this molecular species will cause platelet
retention, to the extent that it appears at the surface of polyurethanes.

Third, polyurethanes based on PTMO (Biomer, SPU 24, SPU 25, and SPU 26)
tend to cluster with values of p from 0.28 to 0.42 (excluding the crystalline PTMO in
SPU 24), whereas polyurethanes based on PPO are in a cluster with p ranging from
about 0.1 to 0.32. Among PEO-containing segmented polyurethanes, the value of p
ranges from 0.05 (SPU 51) to about 0.2.

Fourth, the nature of the diisocyanate affects the value of p. For example, SPU
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51 made with the aromatic diisocyanates TDI and MDI, and PEO 1500, shows a much
lower p (0.05) than SPU 1500 made from the same PEO but from the aliphatic IPDI.

Finally, the mixed diblock copolymer SPU 401/SPU 481 containing PEO-PEO,
PEO-PPO, and PPO-PPO soft segments is remarkably bland. In this polymer, the
surface in contact with blood could very well be rich in PEO.

Thus, ESCA C Is spectra present a remarkable correlation of platelet retention
indices, provided that crystalline materials are excluded from the analysis. However,
at any value of ¢ in Figure 3, a range of p exists.

Conclusions

Even without angular dependence, XPS (ESCA) appears to be a prom-
ising analytical technique, and angular-dependent measurements for nitro-
gen, carbon, and oxygen will be of great interest in resolving the distribution
of hard-segment and soft-segment material in segmented polyurethanes con-
taining polyethers.

Apart from any spectroscopic analytical evidence, PEO, when in the
amorphous state and swollen by water (or isotonic saline) appears to be a
potentially very bland material when contacted by platelets. Other methods
should be used to ascertain whether PEO, appropriately rendered into a
nondissolving network, represents a generally useful material as a container
or conduit for blood. Our conclusions agree with results reported previously
in References 5-9.

Note Added in Proof

Since preparation of this manuscript, subsequent studies were com-
pleted (11) on new segmented polyurethanes of type I made exclusively from
polyethylene oxide diols, ethylene diamine, and 1,4-cyclohexane diisocy-
anate (CHDI) (no other diisocyanate was used). They were synthesized in
toluene (not DMSO/pentanone)with dibutyltin dilaurate as catalyst (no cata-
lyst was used to synthesize the polymers listed in Tables II and III) and
eventually cast from hexafluroisopropanol or formic acid solutions (not DMF
in which they were insoluble).

By XPS, much less nitrogen was found in their surfaces than in most of
the polymers reported in Table III, and &, the fraction of ethereal carbon,
ranged upward from 0.8. When PEO 3500 was used as the diol, the XPS
scans of the segmented polyurethane were identical with the PEO calibration
standard; i.e., no nitrogen signal could be detected at any level of ampli-
fication, and the expanded C 1s scan corresponded to only carbon bonded to
ether; i.e., & = 1. Platelet retention indices were 0.05 or less.
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The Effect of Polyether Segment
Molecular Weight on the Bulk and
Surface Morphologies of
Copolyether-Urethane—Ureas

K. KNUTSON and D. J. LYMAN

University of Utah, Department of Materials Science and Engineering, Salt Lake
City, UT 84112

The degree of phase separation for the bulk and surface mor-
phologies of a series of block copolyether-urethane—ureas with
polyether segment molecular weights of 2000, 1000, and 700
was studied by Fourier transform infrared spectroscopy
coupled with internal reflectance techniques. Band assign-
ments were made using a series of model compounds and poly-
mers. Shifts in band location and shape were determined for
interactions between phases due to mixing under selected envi-
ronments with homogeneous mixtures of the model compounds
and polymers. In the bulk, the urea domains were well sepa-
rated and completely hydrogen bonded. The urethane inter-
face region narrowed with decreasing polyether molecular
weight as determined from the percentage of hydrogen-bonded
urethane Amide 1. As the surface was approached, the inter-
face region also narrowed as compared to the bulk.

Block copolyurethanes form a domain-matrix morphology due to the
chemical and steric incompatibilities of the chemically different blocks or
segments. The unusual range of physical and chemical properties associated
with these copolyurethanes results from this morphological separation. Re-
cently, several block copolyurethanes have shown blood compatibility prop-
erties needed for vascular implants. However, investigation of a series of
copolyether-urethane-ureas in which the molecular weight of the polyether
segment was varied to modify mechanical properties has shown that blood
protein adsorption and subsequent reactions with platelets do vary in this
series of chemically related block copolyurethanes (I-3). Detailed studies

0065-2393/82/0199-0109%07.00/0
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using Fourier transform infrared spectroscopy (FTIR) and electron spec-
troscopy for chemical analysis (ESCA) have shown that the bulk and surface
chemical and morphological structures are affected by both synthetic alter-
ations of the polymeric repeat unit and by fabrication variables (1, 4-6). This
chapter discusses our progress in determining the chemical and mor-
phological structures of the bulk and the surface for this series of block
copolyurethanes.

Experimental

Polymer Syntheses. The block copolyether-urethane-ureas were synthesized
from polypropylene glycol, methylene bis(d-phenylisocyanate), and ethylenediamine
using a two-step solution polymerization (7). The repeat unit structure was:

ICH:) (o] (¢} o (6]
I I I I
[(OCHCHZ)‘-OCNH@CHZ@NHCNHCHZCHzNHCNH .CH,- -NHC],

Peuu

The polypropylene glycols used were of 700, 1000, and 2000 molecular weight (where
x is approximately 12, 17, and 34, respectively). The copolymers are denoted as PEUU
700, PEUU 1000, and PEUU 2000. Inherent viscosities in N,N-dimethylformamide
(0.5% concentration) at 30°C were 0.40 for PEUU 700, 0.65 for PEUU 1000, and 0.43
for PEUU 2000.

Films were prepared by solvent casting a filtered solution, 10% solids by weight of
the polymer in distilled N,N-dimethylformamide, onto glass plates. The plates were
placed in a forced air draft oven at 75°C for 1 h to evaporate the solvent. The films were
then dried in a vacuum desiccator at 0.1 mm mercury for 24 h to insure complete
removal of any residual solvent. The glass plates were washed with 0.1% aqueous Ivory
soap solution, then rinsed with deionized water and absolute ethanol prior to use.

Model Compound Syntheses. The urea segments were modeled with two diurea
compounds. Urea I was synthesized by reacting a 2:1 molar ratio of p-tolylisocyanate and
ethylenediamine in anhydrous toluene to form:

0 o)
[ I
CHy- -NHCNHCH,CH,NHCNH- -CH;

Ureal
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The white powder was recrystallized from hot N,N-dimethylformamide and the melting
point was 233°-235°C. Urea II was synthesized by reacting a 2:1 molar ratio of hexyl-
isocyanate and ethylenediamine in anhydrous ether to form:

0 o)
I I
CH,CH,CH,CH,CH;CH,NHCNHCH,CH,NHCNHCH,CH,CH;CH,CH,CH,

Urea II

The white powder was recrystallized from hot N,N -dimethylformamide and the melting
point was 203°-204°C.

The urea segment also was modeled with a polyurea homopolymer synthesized
from methylene bis(4-phenylisocyanate) and ethylenediamine in dimethyl sulfoxide
using a one-step polymerization technique (8). The repeat unit was:

o 0
I I
[-CNH- -CHy- NHCNHCH,CH;NH-],

Polyurea

The polymer was slightly soluble in m-cresol. Films were cast from a filtered solution,
5% solids by weight in m-cresol, and dried at 75°C in a forced air draft oven for 1 h.
The films were then placed in a vacuum desiccator for 24 h (0.1 mm mercury) to
remove residual solvent. The glass plates were cleaned prior to casting the films as
described previously.

The urethane interfacing linkage was modeled with four model compounds.
Urethane I was synthesized by reacting p-tolylisocyanate with 1-propanol in anhy-
drous toluene to form:

(0]
|
CH;}CHZCHZOCNH CHS

Urethane I
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The white powder was recrystallized from hot ethanol and the melting point was
55.5°-56.5°C. Urethane II was synthesized by reacting p-tolylisocyanate with
2-propanol in anhydrous toluene to form:

S
CH,CHOCNH- CH;,

Urethane II

The white powder was recrystallized from hot ethanol, and the melting point was
54.5°-55.0°C. Urethane III was synthesized by reacting hexylisocyanate with 1-pro-
panol in dioxane to form:

o)
I
CH,CH,CH,0CNHCH,CH,CH,CH,CH,CH,

Urethane III

Excess isocyanate and dioxane were removed by distillation (as verified by infrared
analysis) leaving a viscous liquid. Urethane IV was synthesized by reacting hex-
ylisocyanate with 2-propanol in dioxane to form:

CH; O
I
CHgéHOCNHCHzcHZCH2CH2CH2CH3

Urethane IV

Excess isocyanate and dioxane were removed by distillation (as verified by infrared
analysis) leaving a viscous liquid.

The urea segments and interfacing urethane linkage were modeled by an alter-
nating copolyurethane-urea synthesized from methylene bis(4-phenylisocyanate),
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propylene glycol, and ethylenediamine in a two-step polymerization (7). The repeat
unit of the copolyurethane—urea was:

CH, 0 0
Oé I I
[ HCHZOCNH NHCNHCHZCHZNHCNH -CH,- NHC],
Polyurethane-Urea

Films were cast from a 5% solution of polymer in N,N -dimethylformamide onto glass
plates (cleaned as described previously), dried in a forced air oven at 75°C for 1 h, and
then placed in a vacuum desiccator (0.1 mm mercury) for 24 h to insure complete
removal of any residual solvent.

The urethane interface region and polyether segments were modeled with a
copolyether-urethane synthesized from polypropylene glycol (1000 MW) and methy-
lene bis(4-phenylisocyanate) using a one-step solution polymerization technique (8).
The copolymer has the following repeat unit structure:

CH;,

OéHCHZ - OCNH—@-CHZ@NHC 1.

Polyether-Urethane

Inherent viscosity was 0.24 in N,N -dimethylformamide (0.5% concentration) at 30°C.

The isolated polyether matrix was modeled using polypropylene glycol (2000
MW) and isotactic polypropylene oxide. The polypropylene glycol was degassed and
placed over molecular sieves to remove residual water present in the polyol. The
isotactic polypropylene oxide was isolated by repeated crystallization from acetone
(9). Inherent viscosity was 1.85 in benzene (0.5% concentration) at 25°C. Films of the
isotactic polypropylene oxide were cast onto glass plates (cleaned as described pre-
viously) from a 6% solution of the polymer in N,N-dimethylformamide, dried in a
forced air draft oven for 1 h at 75°C, and then placed in a vacuum desiccator (0.1 mm
mercury) for 24 h to insure complete removal of residual solvent.

Instrumental Methods. A Hewlett—Packard 595B ESCA spectrometer was
utilized in the ESCA studies of the block copolyether-urethane—urea and model
polymer films. The samples were allowed to come to equilibrium at 10~° Torr at 300
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K prior to data collection. The x-rays from the A 1(K,, ) line at 1487 eV were used.
Samples were scanned 10 times with a scan width of 20 eV centered around elemental
spectra of interest: Cls 290-270 eV, N1s 405-385 eV, and Ols 540-520 eV. Radiation
damage was evaluated by overlaying the carbon spectrum obtained first for each
sample on one obtained after all other elements of interest were scanned. Differences
in spectra were within experimental error, so radiation damage was considered to be
negligible for the qualitative studies. All bands were referenced to the 285-eV band
of the Cls spectrum for each sample. Peak areas were determined digitally and by a
planimeter.

A Digilab 14B/D Fourier Transform infrared spectrometer was utilized to obtain
l-em™" resolution spectra over the 4000-400 cm ' region for polyether-urethane-
urea films. The sample chamber was allowed to come to equilibrium with a con-
tinuous nitrogen purge prior to data collection of 1000 scans per sample.

A Harrick variable-angle internal reflectance attachment and quadruple diamond
polarizer were used to obtain spectra of the first 2000 A of the surface of the films
formed in contact with the glass plate. Germanium internal reflectance crystals
(25 X 5 X 2 mm) having face cut angles of 60° were used at a 60° incident angle with
perpendicular (90°) polarized radiation. Absorbance spectra of the internal reflectance
crystals were obtained prior to placement of the sample films, and were stored in
memory for later subtraction. Thus, only spectra of the sample films were obtained
after the proper arithmetic operations.

Model polymers (polypropylene glycol, polyether-urethane, and polyurethane—
urea) were studied by transmission using a Harrick transmission cell with 25 X 2-mm
round ZnSe transmission crystals. The viscous polypropylene glycol and polyether-
urethane were spread onto the crystals, with 0.005-mm spacers separating the crys-
tals at a uniform thickness. Polyurethane-urea was solvent cast onto a single ZnSe
crystal from a 5% solution (by weight) of the polymer in distilled N,N-dimethyl-
formamide. The crystal was placed in a forced air draft oven at 75°C for 1 h to
evaporate the solvent, and then placed in a vacuum desiccator (0.1 mm mercury)
for 24 h to remove residual solvent. The transmission cell also was used to obtain
spectra of homogeneous mixtures of polypropylene glycol or polyether-urethane with
urea model compounds (Urea I or II) and/or urethane model compounds (Urethane
I, II, III, or IV). The molar ratio mixtures studied included: 1:2 polypropylene
glycol:urethane model compound; 1:4 polypropylene glycol:urethane model com-
pound; 1:2 polypropylene glycol:urea model compound; 1:2:2 polypropylene gly-
col:urethane:urea model compound; 1:4:2 polypropylene glycol:urethane:urea model
compound; and 1:2 polyether-urethane:urea model compound. Absorbance spectra of
the ZnSe crystals were obtained prior to use, and were stored in memory for later
subtraction, thus yielding only the spectra of the model polymers after the proper
arithmetic operations.

Model compounds (Ureas I and II; Urethanes I, 11, III, and IV) were studied in
KBr pellets. KBr and model compounds were placed in a vacuum desiccator (0.1 mm
mercury, 50°C) for 24 h prior to use to insure the absence of moisture. Absorbance
spectra of the blank KBr pellet were obtained prior to model compound studies, and
were stored in memory for later subtraction. Thus, only the spectra of the model
compounds were obtained after the proper arithmetic operations.

Results and Discussion

While AB block copolymers are known to phase separate into relatively
pure two-phase morphologies, multiple block copolymers such as these block
copolyurethanes may not necessarily have such a complete phase separation.
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Much literature is available concerning the degree of phase separation of
copolyether-urethanes using infrared spectrscopy and other techniques
(10-14, 16, 18-20, 23-32). However, much less information has been re-
ported on the degree of phase separation for copolyether-urethane-ureas
(15, 17, 21, 22). These studies indicate that phase separation occurs with the
urethane groups forming domains in copolyether-urethane and with the urea
groups forming the domains in polyether-urethane—ureas. However, the
degree of phase separation, purity of the domains and polyether matrix, as
well as mixing within the urethane interfacial region in polyether-urethane—
ureas appear to be functions of the copolymer synthetic structure and ther-
mal or mechanical history.

Our preliminary studies on copolyether-urethane-ureas based on poly-
propylene glycol, methylene bis(4-phenylisocyanate), and ethylenediamine
also indicated a phase-separated morphology, but with mixing primarily
between the urethane groups and the polyether matrix within the interface
region (4-6). When the repeat structure of the copolyether-urethane-urea
was modified by changing the molecular weight of the polyether segment,
distinct changes occurred in the morphology of the three copolyurethane
structures. In addition, the surface morphology changed as compared to the
bulk. To understand these effects, the bulk morphology of the three
copolyether-urethane-ureas was studied by transmission FTIR. The
3600-2500 cm ™" region of the spectra of PEUU 700, PEUU 1000, and PEUU
2000 are shown in Figure 1. Characteristic bands in this region include the
N-H stretching band at 3320 cm ™' and the C-H stretching bands between
3000 and 2800 cm ™. Because the free N-H stretching band near 3450 cm ™"
was absent, the single symmetric band indicates complete hydrogen bonding
of the urethane and urea N-H groups. The CH; asymmetric C-H stretching
band absorbs at 2972 cm ™! and the symmetric stretching band at 2900 cm™;
the CH, asymmetric C-H stretching band absorbs at 2932 cm™ and the
symmetric at 2872 cm ™. The slight differences among the three polymers in
the C-H stretching bands indicate the change in molecular weight of the
polyether segment.

The 1800-900 cm™" spectral regions of PEUU 700, PEUU 1000, and
PEUU 2000 are shown in Figure 2. The characteristic bands include the
urethane Amide I (C=O stretching) absorbing at 1730 cm™, with a
1712-cm™" shoulder. The 1730-cm™ band arises from the free urethane
carbonyls, while the 1712-cm™" shoulder arises from the portion of the ure-
thane carbonyls in the hydrogen-bonded state. The single urea Amide I band
at 1635 cm™! illustrates essentially complete hydrogen bonding of the urea
carbonyls. The 1600-cm ™! band is due to aromatic ring breathing vibrations.
The Amide II bands of the urethane and urea groups absorb as a complex
band between 1600 and 1510 cm ™', Similarly, the urethane and urea Amide
I1I bands overlap in the 1300-1210 cm ™" region, along with the asymmetric
stretching band of the ester portion (O0=C-O) of the urethane group. The
broad ether stretching band absorbs at 1110 cm™.
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Figure 1. Transmission spectra (3600-2600 cm ~*) of
copolyether-urethane—ureas.

Urethane and urea Amide bands coupled with the N-H stretching
bands have been studied by many investigators to explore the relationship
between intermolecular and intramolecular interactions and morphologies of
polyether-urethanes (16, 18-20, 23-32) and polyether-urethane-ureas
(15,17,21,22,33-37). The N-H groups serve as proton donors in the inter-
actions. The possible proton acceptors in polyether-urethanes initially were
assumed to be only the urethane carbonyls or polyether oxygens (16, 19,
23-27). Under these assumptions, complete phase separation characterized
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Figure 2. Transmission spectra (1800900 cm ~*) of
copolyether-urethane—ureas.
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by pure urethane domains dispersed in a pure polyether matrix would be
illustrated in the infrared spectrum by complete hydrogen bonding of the
N-H groups to the urethane carbonyls. The presence of a free urethane
Amide I band despite essentially complete hydrogen bonding of the N-H
proton donating groups arises from interactions between the urethane N-H,
and the polyether oxygen, thereby freeing the urethane carbonyl (15-17, 19,
24-29). Phase mixing and purity would be studied in terms of the degree of
hydrogen bonding of the urethane Amide I carbonyl band. However, an
additional proton acceptor was postulated by Boyarchuk et al. (28) and later
by Sung et al. (18, 22, 30-33, 37). Interactions between the urethane alkoxy
oxygen and the N-H group within the domain-interface region would result
in a free urethane carbonyl, similar to the interactions involving the poly-
ether oxygen. Therefore, the ratio of hydrogen-bonded to free urethane
carbonyl with complete N-H hydrogen bonding results in a minimum esti-
mation of phase separation. However, increased urethane carbonyl Amide I
in the hydrogen-bonded state has been associated with polyether-urethanes
having higher degress of phase separation (10-37).

Polyether-urethane-urea morphologies are different from those of
polyether-urethanes in that the urea segments form domains interfacing
through the urethane linkage to the polyether matrix. The urethane carbonyl
Amide I indicates interface size and purity, while the urea Amide bands
indicate degree of phase separation. The possible proton-donating groups are
the urea and urethane N-H groups, and the possible proton acceptors in-
clude urethane carbonyl (1-37), urethane alkoxy (18, 22, 30-33), and poly-
ether (14-37) oxygens.

A well phase-separated polyether-urethane-urea morphology would be
reflected in the infrared spectrum by hydrogen bonding between urea
groups and possibly urethane groups, as well as by limited interactions
between the urethane groups and the polyether matrix at the interface. The
urea segment has two possible proton-donating N-H groups per proton-
accepting carbonyl; therefore, complete hydrogen bonding within the pure
domain may exist despite the presence of free urea N-H stretching. How-
ever, Bonart et al. (39) and later Sung et al. (22, 33) postulated the ability of
the single proton-accepting urea carbonyl to form a three-dimensional dihy-
drogen bond between two neighboring proton-donating N-H groups. We
showed this type of dihydrogen bonding in an aromatic urea model
compound (4).

A phase-mixed morphology would have urea segments dispersed
throughout the polyether matrix. This structure would be evidenced by a
large degree of free urethane and urea carbonyls due to interactions of the
proton-donating N-H groups with the polyether oxygens.

A partially phase-separated morphology may be characterized by either
segments of polyether dispersed within the domains and/or segments of urea
dispersed in the polyether matrix. Another partially phase-separated mor-
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phology would involve relatively pure urea domains and polyether matrix
separated by a wider urethane interface due to interactions with either the
urea segments of the domain or polyether segments from the matrix. This
structure would be reflected in the infrared spectrum by interactions be-
tween urea and urethane, as well as by a higher number of urethane car-
bonyls in the free state due to interactions between the urethane N-H groups
and polyether oxygen. As in polyether-urethanes, the possibility of urethane
alkoxy oxygens acting as a proton acceptor for either urethane or urea proton-
donating N-H groups would result in low estimations of interfacial size and
domain purity as determined by the free urethane Amide I carbonyl. Sung
et al. (18) estimated that approximately 15% of the N-H groups participate
in interactions with the urethane alkoxy oxygens in polyether-urethanes.

The infrared spectra of polyether-urethane-ureas are complex due to
the varying chemical structure and possible morphological structures re-
sulting in many different types of intermolecular and intramolecular inter-
actions. To study how chemical and morphological structures might affect
interactions involving the sensitive Amide and N-H stretching regions in our
particular block copolyurethane systems, model compounds and model poly-
mer systems were studied under selected secondary bonding environments
in the pure state or in homogeneous mixtures. These selected bonding
environments enhanced particular associations that would mimic various
degrees of phase separation and purity possible within the copolyether-
urethane-urea systems. In addition, the individual model compounds were
used in band assignments and to distinguish between the overlapping bands
of the urethane and urea Amide II and Amide III regions.

Aromatic urethane model compounds (Urethanes I and II) were studied
in the crystalline form to identify the characteristic Amide bands in the
interface region when freed of any interactions with urea or polyether seg-
ments. Aliphatic urethane model compounds (Urethanes III and IV) were
studied to identify the influence of aromatic rings on particular bands. The
1800-1200 cm ! regions of aromatic Urethane I and aliphatic Urethane III
are shown in Figure 3.

The aromatic urethane carbonyl stretching Amide I bands were com-
prised of several shoulders. The aromatic urethane Amide I bands are dom-
inated by an intense band absorbing at 1705 cm ™' for Urethane I (Figure 3)
and at 1695 cm ™! for Urethane II. A distinct shoulder due to free carbonyls
is emerging at 1720 cm ™! in the spectra of Urethane I and Urethane II. In
addition, Urethane I has an N-H region comprised of an asymmetric band
absorbing at 3320 cm ™! with a weak shoulder emerging at 3305 cm>'. Ure-
thane II has a symmetric band absorbing at 3300 cm ™. Therefore, the N-H
groups are essentially completely hydrogen bonded. Thus, these aromatic
urethane model compounds show that the free carbonyl stretching shoulder
must arise from N—H groups interacting with the alkoxy oxygen. The emerg-
ing shoulder at 1685 cm ™! in the spectrum of Urethane I (Figure 3) and at
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Figure 3. Transmission spectra (1800-1200 cm ~*) of Urethane I and
Urethane II1.

1675 cm™ for Urethane II, coupled with the lower wave number N-H
stretching shoulders, represents a portion of the hydrogen-bonded urethane
carbonyls in a higher ordered state (4). The C-N stretching and N-H bend-
ing vibrations give rise to the complex Amide II bands. Both aromatic Ure-
thane I (Figure 3) and Urethane II have the major Amide II band absorbing
at 1540 cm ! and an emerging shoulder at 1520 cm~". The 1510-cm ™" shoul-
der arises from aromatic ring breathing vibrations. The C-N stretching and
N-H bending vibrations also contribute to the Amide III band overlapping
with the O=C-O asymmetric stretching vibration. The Amide III band of
Urethane I (Figure 3) absorbs at 1240 cm™ with a weaker shoulder at
1255 cm ™!, Urethane II has a major band at 1250 cm ™" with shoulders at 1260
and 1280 cm™'. The aromatic in-plane C-H bending vibration absorbs at
1210 cm ™! in both compounds. The aromatic urethanes also have an addi-
tional C-N stretching band that has been described in aromatic amines as
being associated with the benzene ring (38).
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The infrared spectra of the aliphatic Urethane III (Figure 3) and Ure-
thane IV model compounds were more similar to each other than the spectra
for the aromatic urethane model compounds. The amide region of the ali-
phatic model compounds had an intense hydrogen-bonded Amide I absorb-
ing at 1700 cm ! in the spectrum of Urethane III (Figure 3) and at 1695 cm ™
for Urethane IV. The spectra of both compounds have emerging shoulders
at 1720 cm ', The N-H stretching region was comprised of a symmetric band
at 3337 cm ! and a very weak 3450-cm™! band. The majority of the N-H
groups are hydrogen bonded; however, unlike the aromatic urethane model
compounds, a portion are in the free state. The portion of N-H groups in the
unbonded state does not account for the intense free shoulder noted in the
urethane carbonyl Amide I region. Therefore, a portion of the N-H groups
are interacting with the urethane alkoxy oxygen, resulting in the high-
frequency shoulder. The Amide II region is comprised of a single asymmetric
band absorbing at 1537 cm ™! with an emerging low-frequency shoulder in the
spectra of both aliphatic compounds. The Amide III region is more complex
with the major band absorbing at 1255 cm ™. Weaker shoulders are absorbing
at 1265 and 1235 cm ™.

Complete dispersion of the aromatic urethane model compounds in
polypropylene glycol modeled interactions that might occur between the
urethane linkages in the interface region and the polyether matrix without
the influence of the urea domains. Aromatic Urethanes I and II and aliphatic
Urethanes I1I and IV were in homogeneous 1:2 and 1:4 molar ratio mixtures
with polypropylene glycol (2000 MW) to study the influence of increasing
polypropylene glycol molecular weight on the intermolecular interactions
between the urethane N-H group and the polyether oxygen. The 1:2 molar
ratio homogeneous mixture represents 34 polyether repeats to 2 urethane
groups as found in PEUU 2000, while the 1:4 molar ratio mixture represents
the 17 polyether repeats to 2 urethane groups as found in PEUU 1000.

Figure 4 illustrates the 1800-1200 cm ™' regions of the 1:2 and 1:4
homogeneous mixtures of aromatic Urethane I with polypropylene glycol.
The homogeneous mixtures with aromatic Urethane II were similar. The
urethane Amide I bands in the mixtures are comprised of the free carbonyl
stretching band at 1730 cm ™! and the less intense hydrogen-bonded shoulder
at 1712 cm™'. Because the N-H stretching band for the two aromatic mix-
tures absorbs as a single band at 3320 cm ™!, the N-H groups are essentially
completely hydrogen bonded. The free carbonyls arise principally from in-
teractions with the poly-ether oxygen; however, some N-H groups also could
be interacting with urethane alkoxy oxygen (18, 22, 28, 30-33, 37). Absorb-
ance ratios of the two shoulders show that 73% of the carbonyls are in the free
state in the 1:2 mixtures and 68% are in the 1:4 mixtures. The Amide II
region is similar to that for the pure aromatic urethane model compounds.
However, the Amide III region is comprised of only the dominant 1225-cm ™
band and weaker 1210- and 1260-cm ™' shoulders.
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Figure 4. Transmission spectra (1800-1200 cm™") of 1:2 and 1:4 molar ratio
mixtures of polypropylene glycol to Urethane I (4).
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Homogeneous 1:2 and 1:4 molar mixtures of aliphatic Urethanes III or
IV with polypropylene glycol (2000 MW) are similar to the aromatic Ure-
thane I or II mixtures in the Amide I and II regions. However, the Amide
III band absorbs at 1245 cm™!, with a weaker 1260-cm™ shoulder. The
1210-cm ™! shoulder due to vibrations of the aromatic ring is missing. Also,
the 1320-cm ' shoulder present in the aromatic mixtures is absent in the
aliphatic mixtures.

Polyether-urethane having 17 polyether repeats to 2 urethane groups
was studied also. The urethane Amide regions and N-H stretching regions
were similar to the 1:4 mixtures of either aromatic Urethane I or II with
polypropylene glycol (4). The urethane Amide region coupled with the N-H
stretching region indicates that 68% of the urethane carbonyls are in the free
state due to intermolecular interactions between the urethane N-H groups
and either the polyether or urethane alkoxy oxygens.

Both model compound and polymer studies indicate that the urethane
Amide region is particularly sensitive to the interactions between the ure-
thane interface and the polyether matrix. Also, the steric and chemical
incompatibilities between the urethane and polyether groups are not suf-
ficient to promote significant phase separation of the urethane segments with
the particular urethane segment length. The absorbance of the free urethane
Amide I shoulder provides an indication of hydrogen bonding between the
urethane N-H groups and the polyether or the urethane alkoxy oxygens.
Although the ether oxygen is assumed to be the principal proton acceptor
resulting in the free shoulder, only limited interactions occurred between
the urethane alkoxy oxygen and N-H groups in the crystalline urethane
model compounds.

The types of secondary bonding occurring within a pure urea domain
due to complete phase separation were investigated with crystalline aromatic
Urea I and aliphatic Urea II. The 1800-700 cm ' regions of the urea model
compounds are shown in Figure 5. The urea carbonyl stretching Amide I
absorbs at 1635 cm ™! for atomatic Urea I and at 1620 cm ~! for aliphatic Urea
II. Aromatic Urea I has aromatic ring breathing vibrations absorbing at 1610
and 1595 cm™!. Aromatic Urea I also has Amide II bands absorbing at 1580
and 1525 cm ™!, while aliphatic Urea II has Amide II bands absorbing at 1590
and 1535 cm ™', The 1590-cm ™ shoulder in the spectrum of aliphatic Urea II
is not due to aromatic ring vibrations, as confirmed by the absence of the
820-cm ! aromatic C-H bending band. A shift of the Amide I band to higher
wave numbers (1635 cm ~?) in the aromatic Urea I spectrum, as compared to
the Amide I band (1620 cm ") in the aliphatic Urea II spectrum, coupled with
an opposing shift in the Amide II high wave number shoulder from 1580 cm ™'
for aromatic Urea I to 1590 cm ™! for aliphatic Urea I1, indicates that the high
wave number Amide II shoulder arises from the N-H bending vibration. The
aromatic Urea I Amide I1I region is comprised of a series of bands absorbing
at 1290, 1270, 1257, and 1235 cm . The aliphatic Amide III region is also
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comprised of a series of bands absorbing at 1290, 1275, 1265, 1245, and 1227
cm ™. Both urea model compounds have complete hydrogen bonding of the
urea carbonyl and N-H groups. Therefore, a single urea carbonyl must be
capable of forming a dihydrogen bond with two N-H groups, as postulated
by Bonart et al. (39) and Sung et al. (22, 35), and as evidenced in the spectra
of the urea model compounds (Figure 5) by complete hydrogen bonding of
both the N-H and carbonyl groups in the crystalline state.

The types of intermolecular and intramolecular interactions occurring
with dispersion of urea segments in the polyether matrix were modeled with
homogeneous 1:2 molar mixtures of aromatic Urea I or aliphatic Urea II, with
polypropylene glycol having the same ratio of polyether repeats to urea
groups as in the repeat unit of PEUU 1000. Neither mixture spectrum
showed a shift in location nor a broadening of the urea Amide I bands;
therefore, no interactions occurred between the urea proton-donating N-H
groups and polyether oxygens, resulting in a free urea carbonyl Amide I
shoulder. The Amide II band was not altered in the aromatic urea mixture;
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Figure 5. Transmission spectra (1800-700 cm =) of Urea I and Urea II.
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however, the N-H bending Amide II shoulder in the aliphatic urea mixture
did broaden toward 1600 cm ~*. Thus, the urea compounds remain essentially
hydrogen bonded to ureas rather than interacting with the polypropylene
glycol. Therefore, the aromatic urea segment does have a strong tendency to
form domain-like aggregations due to strong secondary bonding and steric
hindrances. The dihydrogen bonding between the single carbonyl and two
N-H groups was maintained in the homogeneous mixtures.

Tri-mixtures of polypropylene glycol with urethane and urea model
compounds were studied to investigate the interactions occurring when the
three possible proton acceptors were present together. The 1:2:2 homoge-
neous molar ratio mixtures of polypropylene glycol (2000 MW) to aromatic
Urethane I or Urethane II to aromatic Urea I have the same ratio of poly-
ether, urethane, and urea groups as in PEUU 2000, while the 1:4:2 molar
ratio has the same number of groups as in PEUU 1000. Similar mixtures of
polypropylene glycol, aliphatic Urethane III or IV, and aliphatic Urea II
were studied to investigate further the influence of the aromatic rings.

Spectra of the 1:2:2 and 1:4:2 mixtures involving aromatic Urethane I
and Urea I are illustrated in Figure 6. The urethane Amide I bands absorb
at 1730 and 1712 cm ™! for 1:2:2 and 1:4:2 mixtures with either aromatic
Urethane I or Urethane II and aromatic Urea I. The 1:2:2 mixtures have
approximately 74% of the urethane Amide I bands arising from urethane
carbonyls in the free state, which is the same percentage as determined in
the 1:2 mixtures with only polypropylene glycol and the aromatic urethane
model compounds. The 1:4:2 mixtures have approximately 67% of the ure-
thane carbonyls nonhydrogen bonded as compared to 68% in the 1:4 mix-
tures. The urea Amide I bands do not broaden or shift in frequency. The
Amide II bands are broad and asymmetric, absorbing at 1530 cm™' and
having a weak shoulder at 1510 cm ™. In addition, the aromatic ring breath-
ing band absorbtion at 1600 cm ™! with a low-frequency shoulder previously
associated with absorption at 1575 cm™'. The Amide III bands are broad and
asymmetric, absorbing at 1225 cm ™.

Similar results were noted in a 1:2 homogeneous molar ratio mixture of
polyether-urethane to aromatic Urea I. Also, mixtures with polypropylene
glycol and aliphatic Urethane III or IV and aliphatic Urea II are similar to the
trends noted in the aromatic tri-mixtures. The aliphatic mixture spectra do
not have the 1320 cm ™! previously associated with the aromatic C-N stretch-
ing vibrations. The urea Amide bands also do not broaden or shift in fre-
quency as compared to the 1:2 molar ratio mixture involving only poly-
propylene glycol and aliphatic urethanes or aliphatic ureas.

Therefore, negligible interactions, if any, occur between the urea
proton-donating N—-H groups and polyether oxygen due to the absence of a
free urea carbonyl Amide 1. Also, significant interactions occur between the
urethane N—H groups and polyether oxygens, as evidenced by the significant
free urethane Amide I band.
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Figure 6. Transmission spectra (18001200 cm ~") of 1:2:2 and 1:4:2 molar
ratio mixtures of polypropylene glycol to Urethane I to Urea I.

Homogeneous mixtures of homopolymers and model compounds pro-
vide significant information concerning the possible intermolecular inter-
actions occurring between the molecular groups in polyether-urethane—
ureas, as long as the chemical and steric structures of the model compounds
were chosen appropriately to model existing structures in the copoly-
urethane-urea. The reproducibility between model compound mixtures and
the similar model polymer (polyether-urethane) indicates that mixing was
occurring on the molecular level in the model compound mixtures. The
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modeling studies have demonstrated the ability of the urea segment to
hydrogen bond completely with other ureas through three-dimensional in-
teractions, thereby forming domain-like aggregates. Also, urethane groups
are capable of significant interactions with the polyether matrix through the
urethane N-H groups and polyether oxygens. The urethane model com-
pounds do show the feasibility of the urethane N-H proton-donating groups
to interact with the urethane alkoxy oxygen. Therefore, the absorbance ratio
of urethane Amide I carbonyls in the free to hydrogen-bonded state provides
a high estimation of mixing within the interface. The purity of the domains
is illustrated through the absence of urea Amide I carbonyls in the free state.

The bulk morphology of PEUU 1000 has been described as having urea
domains essentially completely phase separated and hydrogen bonded; the
urethane interface is of moderate size (i.e., 10-15 A rather than 3 A), with
61% of the urethane carbonyls freed due to dipolar interactions between the
urethane N-H proton-donating groups and either the polyether or urethane
alkoxy proton-accepting oxygens (4-6). Alterations in the interface region
have occurred as the molecular weight of the polyether segment decreased
from 2000, 1000, to 700 molecular weight. The weight percent of the di-
isocyanate and ethylenediamine for the copolyether-urethane—ureas has a
corresponding increase from 22% for PEUU 2000, to 35% for PEUU 1000,
to 44% for PEUU 700.

A decrease in molecular weight of the polyether segment from 2000 to
700 molecular weight results in an increase in hydrogen bonding of the
urethane carbonyls in the bulk as evidenced in the urethane Amide I. The
percentage of the urethane Amide I in the hydrogen-bonded state increases
progressively from 35% for PEUU 2000, to 39% for PEUU 1000, to 41% for
PEUU 700 (Figure 2). This would imply a decreased mixing between the
polyether matrix and urethane interface as the molecular weight of the
polyether segment decreases. The decrease in mixing is representative of a
narrower interface region.

The urea domains do remain completely hydrogen bonded and do not
show evidence of mixing with the polyether matrix, that is, the N-H stretch-
ing and urea carbonyl Amide I bands do not broaden or shift in location.
However, differences in the Amide II bands could indicate a change in order
occurring within the domain or in the region between the urea domain and
the urethane interface as the molecular weight of the polyether segment is
decreased. The urea Amide II shoulder at 1575 cm ™ is a distinctive shoulder
in PEUU 1000 and PEUU 2000, but it is a weaker emerging shoulder at
1580 cm™! in PEUU 700. The other urea Amide II shoulder absorbing at
1525 cm™! is more intense in PEUU 1000 and PEUU 2000 as compared to
the 1522-cm ™ shoulder in PEUU 700. The shift of the higher wave number
Amide II shoulder to higher wave numbers (1575-1580 cm™') in the co-
polyurethanes containing the lower molecular weight polyether segment also
indicates an increase in the strength of the urea hydrogen bond due to less
mixing between the urea and urethane groups with a narrower interface.
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The surface morphologies of these block copolyurethanes differ from
their bulk morphologies (4-6). Because the surface controls the interaction
of a vascular implant with blood, the surface structure and its relation to the
bulk structure of the same material was determined also. Originally, ESCA
was explored to study the surface structure because the depth of penetration
was within the first 100 A. The low surface depth of penetration and subtle
shifts in binding energies that result in peak splittings of the elemental
spectra appeared to make this an attractive method to study the chemical and
bonding environments of the elements (40).

Polyurethane—urea, polyurea, and isotactic polypropylene oxide were
used to study the peak splittings occurring in the carbon ls spectrum of the
polyether-urethane—urea that are particular to either the domain, matrix, or
interface regions. The carbons w-bonding to oxygen in either the urea or
urethane segment form a shoulder at 289.5 eV, while those carbons
o-bonding to oxygen in the polyether matrix and the ester portion of the
urethane interface form the 286.5-eV shoulder. The base carbon shoulder at
285 eV represents the remaining carbons bonding either to carbon or nitro-
gen atoms. Therefore, the 289.5-eV shoulder is characteristic of the urea
domains and urethane interface, while the 286.5-eV shoulder is more charac-
teristic of the polyether matrix.

The surfaces of polyether-urethane-urea films formed in contact with
the glass plate or the air were studied using ESCA. The ratios of the peak
areas for the three carbon shoulders are given in Table I, along with the
theoretical ratios of the carbon atoms participating in the three types of bonds
per repeat unit as a representative of a bulk sample. The glass and air surfaces
of PEUU 700 and PEUU 1000 show an increase in ether on both surfaces
compared to the theoretical ratios. PEUU 2000 surfaces show an increase in
urethane and urea carbonyls as compared to ether oxygen. However, the
information obtained using ESCA does not distinguish between complete
phase separation or homogeneous mixing, since the two extremes could still
have the same population of groups on the surface. All the information

Table 1. Ratios of ESCA Carbon 1s Bands

Surface C-0/C-0 c-o/c-C C=0/C-C
PEUU 700 glass 11.18 0.91 0.08
PEUU 700 air 8.30 0.67 0.08
PEUU 700 theory 6.00 0.60 0.10
PEUU 1000 glass 11.41 1.09 0.10
PEUU 1000 air 16.55 1.07 0.06
PEUU 1000 theory 9.00 0.78 0.09
PEUU 2000 glass 10.62 1.32 0.12
PEUU 2000 air 13.63 1.12 0.08
PEUU 2000 theory 17.50 1.11 0.06
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concerning the surface chemical and morphological structures concerns only
the population of the various chemical structures present, and not the inter-
molecular and intramolecular interactions leading to various degrees of phase
separation and purity.

FTIR coupled with internal reflectance allows the study of the chemical
groups as well as the intermolecular and intramolecular interactions occur-
ring with varying degrees of phase separation. The depth of penetration
using a 60° germanium internal reflectance crystal at an incident angle of 60°
is within the first 2000 A of the surface (41). Previous studies of PEUU 1000
using different internal reflectance crystals and angles have shown an in-
crease in hydrogen bonding of the urethane carbonyl Amide I with de-
creasing depth of penetration. Therefore, the interface region is narrower
within the surface as implied by the increase in urethane carbonyls in the
hydrogen-bonded state. The surface FTIR studies also confirmed the in-
crease in ether on the surface of PEUU 1000 compared to the bulk deter-
mined in the ESCA studies (4-6).

The 1800-900 cm ™! spectral regions for the three polymers obtained
with the 60° germanium internal reflectance crystal are shown in Figure 7.
Table II tabulates the percentage of urethane Amide I in the hydrogen-
bonded state, as well as the absorbance ratio of the urethane Amide I band
to the asymmetric stretching ether for the three surfaces and the bulk struc-
tures. The percentage of urethane Amide I in the hydrogen-bonded state on
the surface is higher compared to the bulk for all three polymers, thus
indicating a narrower interface region on the surface. The degree of increase
in hydrogen bonding between surface and bulk was greater as the molecular
weight of the polyether segment increased (2% for PEUU 700, 5% for PEUU
1000, and 8% for PEUU 2000). The ratio of the urethane Amide I to ether
asymmetric stretching (indicating the relative concentration of interface on
the surface) decreases for the surface as compared to the bulk, as the molec-
ular weight of the polyether segment increases (40% for PEUU 700, 21% for
PEUU 1000, and 5% for PEUU 2000). The FTIR data confirm the trend
suggested by the ESCA data.

The urethane interface has significant mixing with the polyether matrix,
although a limited degree of mixing also may occur with the urea segment.
The degree of mixing increases with the molecular weight of the polyether
segment as indicated from the amount of hydrogen bonding for the urethane
carbonyls. As the surface of each copolyurethane is approached, the interface
region narrows, as shown by increased hydrogen bonding of the Urethane I.
The urea segments remain essentially completely phase separated, as evi-
denced by the complete hydrogen bonding of the urea carbonyls reflected in
the urea Amide I band. The interface region on the surface narrows with
decreasing polyether molecular weight, compared to the bulk for each partic-
ular polyether-urethane-urea.
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Figure 7. Internal reflectance spectra (1800-900 cm ~") of
copolyether-urethane—ureas.

In Biomaterials: Interfacial Phenomena and Applications; Cooper, S., € a.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1982.



Publication Date: July 27, 1982 | doi: 10.1021/ba-1982-0199.ch009

9. KNUTSON AND LYMAN Polyether Segment Molecular Weight 131

Table II. Urethane Amide I Band

PEUU % Hydrogen Bonded Urethane/Ether
700 bulk 41! 0.98
700 surface 43 0.58
1000 bulk 39 0.72
1000 surface 44 0.51
2000 bulk 35 0.37
2000 surface 43 0.32

'Standard deviation is less than 0.3% hydrogen bonded.

In summary, the surface chemical and morphological structures of block
copolyether-urethane-ureas may be determined by ESCA and FTIR coupled
with internal reflectance techniques to probe the surface and bulk structures.
These ESCA and FTIR data are being used to model the domain—interface
structure of these copolyurethanes and their interaction with blood protein.
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Hydrogel Formation from
Copolyether—Urethane—Ureas Salt
Complex

Morphology Effects of Lithium Bromide

R. BENSON, S. YOSHIKAWA, K. KNUTSON, and D. J. LYMAN

University of Utah, Department of Materials Science and Engineering, Salt Lake
City, UT 84112

Complexation of lithium bromide (LiBr) with copolyether—
urethane—ureas led to the formation of hydrogels whose water
absorption varied from 2 to 200%. Water absorption depended
directly on the concentration of LiBr and the weight percent of
the urethane—urea segment. Dynamic mechanical measure-
ments, differential scanning calorimetry, and Fourier trans-
form infrared spectroscopy were used to study the interaction
of the LiBr with the copolyurethanes and the morphology of
the resulting hydrogels. LiBr acted as a spacer through inter-
actions with the urethane groups, thus freeing the urea seg-
ment from hydrogen bonding. The removal of LiBr led to a
morphology that differed from films containing no LiBr in
their casting solution.

he addition of lithium salts can alter the melting, flow behavior, and
T mechanical properties of aliphatic polyamides (I—4). These effects have
been attributed to the formation of a labile network resulting from the salt
interacting with the amide group of the polymer. Subsequent work using
polycaprolactam lithium chloride demonstrated a direct binding of the lith-
ium ions to the carbonyl oxygen (5).

Earlier, we reported that complexes of lithium bromide (LiBr) with
copolyether-urethane—ureas led to the formation of hydrogels (6). The water
absorption curves for these hydrogels indicated the existence of two modes
of absorption: an initial water absorption that depended on the concentration
ratio of LiBr to the urethane—urea segment (hard segment) of the block
copolymer, and the water uptake at higher salt concentration which was
attributed to the formation of voids in the film.

0065-2393/82/0199-0133%06.00/0
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In this chapter we discuss the nature of the interaction of LiBr with
several segmented copolyether-urethane-ureas and the morphological
changes resulting from these polymer-salt complexes.

Experimental

Materials. The copolyether-urethane-ureas were prepared from poly-
propylene glycol, methylene bis(4-phenylisocyanate), and ethylenediamine using a
modified solution polymerization technique (7). The polypropylene glycols used had
molecular weights of 700, 1000, and 2000; the resulting copolymers were coded
PEUU 700, PEUU 1000, and PEUU 2000. Inherent viscosities in N,N-dimethyl-
formamide at 30°C and 0.5% concentrations were 0.47, 0.65, and 0.50, respectively.

Hydrogel Preparation. Films were prepared by solvent casting 10% (by
weight) solutions of the copolymers in N,N -dimethylformamide (with anhydrous LiBr
added in varying concentrations to the solution) onto glass plates. The films were
dried in a forced air draft oven at 75°C for 1 h and then dried for an additional 24 h
under vacuum (0.1 mm mercury). The hydrogels were formed by immersing the
solvent-cast films in water (which was changed daily) over a 2-week period.

Mechanical Properties. The stress—strain curves were determined with an
Instron tensile tester (Table Model 1130). The crosshead speed was 50 mm/min. The
measurements were performed on wet 1.3-cm X 0.4-cm dog bone samples at room
temperature.

The dynamic mechanical measurements were made using a Vibron DDV-II. The
determinations were carried out using samples dried at room temperature and 1 mm
mercury at frequencies of 110, 11, and 3.5 Hz. The sample size was 3.0 cm X 0.5
cm X 0.01 cm, and the temperature ranged from —170° to 200°C, with a heating rate
of approximately 1°C/min.

Infrared Spectroscopy. Spectra over the 4000-700 cm ' region were obtained
at 1-cm ™! resolution and 1000 scans per sample using a DIGILAB 14B/D Fourier
transform infrared spectrometer (FTIR). Spectra of the copolyurethanes with LiBr
still incorporated within the films were obtained by transmission from films cast
onto 25 X 2-mm round ZnSe crystals. The copolyurethane hydrogels with the LiBr
extracted from the films were obtained by internal reflection using a 45° ZnSe crystal
at a 45° incident angle. Blank crystal spectra were obtained and subtracted to give the
spectra of the copolyurethane films.

Energy Dispersive Analysis of X-Rays (EDAX). Analysis for the presence of
LiBr in slices of the dry extracted hydrogel was performed using a Cambridge scan-
ning electron microscope (SEM) equipped with an EDAX attachment. Each sample
was counted for over 200 s at a 200 X magnification.

Water Absorption Determination. The films to be measured for water absorp-
tion were soaked in deionized water for 48 h, then removed and placed on a dry paper
towel. Another towel was immediately placed on top of the film, and a constant gentle
pressure was applied. After placing the film on a second dry paper towel and repeat-
ing the procedure, the film was then weighed immediately. The wet films were dried
in a vacuum desiccator for 24 h at 0.1 mm mercury and 55°C. The dry film was
weighed and the water absorption was calculated as:

wet weight — dry weight
wet weight

Differential Scanning Calorimetry (DSC). A Perkin-Elmer DSC-II was used
to measure the temperatures at which various dissociations occurred in sections cut

X 100 = % water (by weight)
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from nonextracted LiBr—PEUU 700 films. The temperature range examined was from
—168° to 400°C, with a heating rate of 10°C/min.

The dissociation temperature of a urethane model compound based on
p-tolylisocyanate and 2-propanol was studied also. One gram of the urethane model
compound was dissolved in N,N -dimethylformamide containing 250 mg of anhydrous
LiBr. An aliquot of this solution was transferred to a DSC sample pan and dried at
75°C in a forced air draft oven. The thermogram was then measured. :

Results and Discussion

Preliminary studies have shown that hydrogels can be formed from
hydrophobic copolyurethanes by incorporating inorganic salts into the cast-
ing solutions. Apparently, the hydrogel behavior of the films after removal of
the salt resulted directly from changes in their bulk morphology. Water
absorption curves for the extracted hydrogels demonstrated the magnitude
of the increased sorption properties of the copolyurethanes resulting from
these morphological changes (Figure 1). The water absorption properties
depended directly on the concentration of LiBr in the casting solution, and
the weight percent of the hard segment (urethane-urea segment) in the

%

wt.%

3

Water Absorption

0...4_.;;1.

Lithium Bromide wt%

100 %

Figure 1. Water adsorption vs. concentration of LiBr for hydrogels (6).
Key: ®, PEUU 700; o, PEUU 1000; and O, PEUU 2000.
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copolymer. The discontinuity in the curves occurring at LiBr concentrations
of 18, 14, and 6 wt % for PEUU 700, PEUU 1000, and PEUU 2000, re-
spectively, coincided with a 2:1 molar ratio of LiBr to copolymer hard seg-
ment (Table I).

Tensile strengths of PEUU 700, PEUU 1000, and PEUU 2000 hydrogels
also decreased rapidly with increased concentrations of LiBr (Figure 2), with
the decline being most pronounced for PEUU 700 hydrogels. The range in
salt concentrations over which these maximum declines in tensile strength
occurred coincided with the range in which maximum water absorption
changes also occurred.

To understand the interaction of LiBr with the copolyurethanes and the
resulting morphological changes, nonextracted samples of PEUU 700 were
studied, because this copolyurethane exhibited the largest variation in water
absorption and tensile strength as a function of salt concentration.

Dynamic mechanical measurements were performed on nonextracted
PEUU 700 films in which salt concentrations ranged from 0 to 29 wt %. The
loss tangent curves for samples containing LiBr had a peak at approximately
170°C. Figure 3 shows selected samples. The samples containing no LiBr did
not have a peak in this region. The peak at 170°C was attributed to the
dissociation of the complex formed from LiBr and the hard segment of the
copolymer. The intensity of this dissociation peak increased as the salt con-
centration increased from 0 to 19 wt %, but beyond 19 wt % LiBr, no
apparent increase was evident. To confirm the assignment of the 170°C peak
to the dissociation of the LiBr-hard segment complex in the dynamic me-
chanical curves, the LiBr—PEUU 700 samples also were analyzed by DSC
(Table II). The LiBr—PEUU 700 samples exhibited peaks in the 181°-188°C
region. No increases in dissociation temperatures were observed from com-
plexes having a salt concentration higher than 25 wt %. The slightly higher
dissociation temperatures observed in the DSC experiments (188°C) as com-
pared to 170°C in the dynamic mechanical experiments could be due par-
tially to a faster heating rate. The DSC experiments were conducted with a
heating rate of 10°C/min as compared to 1°C/min in the dynamic mechanical
experiments. However, because the DSC test sample is under no stress, this
heating rate would also contribute to a higher dissociation temperature in the

Table 1. Water Absorption of PEUU at Saturation Point

Sample % Hard Segment  LiBr Weight % N!  Water (%)
PEUU 700 44.1 18 2.65 200
PEUU 1000 35.3 14 2.65 140
PEUU 2000 21.7 6 1.82 62

'N is the molar ratio of LiBr to hard segment.
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Figure 2. Tensile strength vs. concentration :}f iBr for hydrogels. Key: A,
PEUU 700; o, PEUU 1000; and O, PEUU 2000.

samples. Since preliminary infrared studies (discussed later) indicated the
LiBr interactions were with the urethane group as opposed to the urea group
of the hard segment, a urethane model compound complexed with LiBr also
was studied by DSC. The similar dissociation temperature for the urethane
model compound complexed with 25 wt % LiBr and the PEUU 700 com-
plexed with 25 wt % LiBr indicated that the LiBr was indeed interacting with
the urethane groups of the hard segment.

FTIR was used to explore the dipolar interactions between the urethane
and urea groups of the hard segments with LiBr. The 3600-2600 cm ™
regions of the infrared spectra of PEUU 700 with 5, 25, and 50 wt % LiBr are
shown in Figure 4. Previous studies (8,9) of PEUU 700 without LiBr as-
signed the hydrogen-bonded N-H stretching vibrational modes to the band
absorbing at 3320 cm ™. The symmetric and asymmetric stretching vibra-
tional modes of the CH; and CH, groups form the bands absorbing in the
3000-2800 cm ™' spectral region. The urea and urethane groups are com-
pletely hydrogen bonded, with the N-H vibrational frequencies overlapping.
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Figure 3. Loss tangent (tan delta) vs. temperature for LiBr—-PEUU 700
complexes at 11 Hz.

Table II. DSC Dissociation Temperatures for LiBr—-PEUU 700

Complexes
Sample LiBr (Weight %) Dissociation Temperature (Tp)
PEUU 700-4 4 181
PEUU 700-9 9 182
PEUU 700-25 25 188
PEUU 700-29 29 187
Urethane'-LiBr 25 189
'Urethane model compound (0}
|
CH;- -NHCOCH(CHj,),
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The effects of increasing concentrations of LiBr incorporated within the
polymer films due to dipolar interactions with the hard segment are noted in
the N-H stretching regions. At 5 wt % LiBr, the hydrogen-bonded N-H
stretching band absorbing near 3300 cm ™! is asymmetric, with an emerging
weak lower wave number shoulder. At 25 wt % LiBr, the 3250-cm ™! shoulder
increased in absorbance, coupled with a broadening of the higher wave
number shoulder between 3550-3350 cm™'. At 50 wt % LiBr, the N-H
stretching band split into two overlapping shoulders of nearly equal intensity
absorbing near 3450 and 3250 cm ..

25%

ABSORBANCE

3400 3200 3000 2800

WAVENUMBERS (CM-'l )

Figure 4. Transmission spectra (3600-2600 cm ~") of LiBr—PEUU 700
complexes.

In Biomaterials: Interfacial Phenomena and Applications; Cooper, S., € a.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1982.



Publication Date: July 27, 1982 | doi: 10.1021/ba-1982-0199.ch010

140 BIOMATERIALS: INTERFACIAL PHENOMENA AND APPLICATIONS

The 1800-1500 cm ~* regions of the infrared spectra of PEUU 700 with
5, 25, and 50 wt % LiBr are shown in Figure 5. While the N-H stretching
vibrational modes of the urethane and urea groups in PEUU 700 overlap, the
carbonyl stretching Amide I vibrational modes are well separated. Previous
studies (8, 9) assigned the urethane carbonyl stretching vibrational modes in

5%

w

o

=

<

o

I~

(=4

n

@

< 25%
50%

L] [} [ L) .

1700 1600
WAVENUMBERS (cn“)

Figure 5. Transmission spectra (18001500 cm ~*) of LiBr—PEUU 700
complexes.
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the nonhydrogen-bonded state to the band absorbing at 1730 cm ™!, with
hydrogen-bonded vibrational modes absorbing as a weaker shoulder at 1712
cm™!. The presence of free urethane carbonyls despite complete N-H hydro-
gen bonding results from a dipolar interaction between the urethane N-H
groups and polyether oxygens. The urea carbonyls are completely hydrogen
bonded, absorbing at 1635 cm™'. The 1600-cm™' band arises from ring
breathing vibrations of the aromatic rings. The urethane and urea Amide II
vibrations overlap to form the complex band absorbing between 1600-1500
cm™'. The addition of 5 wt % LiBr resulted in a splitting of the hydrogen-
bonded urethane Amide I shoulder to form two shoulders absorbing at 1705
and 1680 cm™'. Increasing the salt concentration to 25 wt % LiBr further
increased the absorbance of the hydrogen-bonded shoulders, and shifted the
lower wave number 1680-cm ™! shoulder to 1665 cm™'. The urea Amide I
band at 1635 cm ™! was absent. Increasing the salt concentration to 50 wt %
LiBr increased the absorbance of the 1665-cm™' hydrogen-bonded band.

Previous model compound studies (8,9) showed a lower wave number
shift of the N-H bending hydrogen-bonded band, coupled with the splitting
of the hydrogen-bonded urethane Amide I shoulder to form an additional
1680-cm ! shoulder. This result indicated a stronger hydrogen bond between
the urethane carbonyls and N-H groups. A dipolar interaction between the
LiBr and the urethane groups might occur, as evidenced by the presence of
the lower wave number urethane Amide I and N-H stretching shoulders.
Increasing LiBr concentrations result in increased absorbances of these
shoulders. Preliminary calculations of the repulsive forces between LiBr and
the urethane groups as opposed to the urea groups, further support preferen-
tial interactions of the LiBr with urethane rather than urea groups. The size
of the salts interacting with the urethane groups would preclude hydrogen
bonding of the urea groups. This concept is supported by the absence of the
hydrogen-bonded urea Amide I coupled with a higher wave number N-H
stretching shoulder with increased salt concentrations. Free urea Amide I
vibrational modes absorb at higher wave numbers that would overlap with
the lower wave number hydrogen-bonded urethane carbonyl shoulder. The
higher wave number shoulder in the N-H stretching region would be char-
acteristic of free urea N-H groups.

We then determined if this spacing effect of the LiBr was retained after
extraction of the salt to form the hydrogel. To eliminate the possibility that
sufficient LiBr remained to prevent an altered morphology from developing,
EDAX was performed on samples cut from the PEUU 700 hydrogels. Less
than 0.2% of the salt was retained in the hydrogel following the extraction
process. Therefore, the change in water absorption and decreased tensile
strength properties resulted directly from the change in copolyurethane
morphology rather than from the retention of LiBr.

Dynamic mechanical measurements were then made to determine if the
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extraction of LiBr caused an additional change in morphology. The storage
modulus (E’) and loss modulus (E”) curves for the hydrogels formed from
solutions containing 10 and 25 wt % LiBr and the original hydrophobic
copolyurethane are shown in Figure 6. The E” curves for all samples ex-
hibited two loss peaks. The peak at 0°C was designated as the B-relaxation
that arose from the motion of the soft segments. The higher temperature
a-relaxation peak was related to the relaxation of soft segments encountering
more restriction to movement than those giving rise to the B-peak. The
a-relaxation peaks shifted to higher temperature in the hydrogels, thus indi-
cating that more restrictive motions were encountered by the soft segments
in these materials. The glass transition region of the E” curves broadened
only slightly with increasing LiBr concentrations. Although no gross changes
in morphology of the hydrogels occurred as compared to the PEUU 700 films
cast from solutions without LiBr salts, sufficient minor changes caused an
increase in the stiffening of the polyether segment. This stiffening was most
likely in the interface region of the block copolymers.

The 1800-1500 cm ™! spectral regions of the PEUU 700 hydrogels
formed after extraction of 10 and 25 wt % LiBr are shown in Figure 7. The
urethane carbonyl Amide I vibrational modes absorb in the 1700 cm™' re-
gion. The absorbance of the 1725-cm ™! shoulder indicates a significant por-
tion of the urethane carbonyls returned to the nonhydrogen-bonded state
with extraction of the LiBr; however, a higher percentage of carbonyls re-
mained hydrogen bonded as compared to films cast from solutions without
LiBr. In addition, a portion of the hydrogen-bonded carbonyls remained in
a stronger hydrogen-bonded state than noted in the hydrophobic PEUU 700
films, as implied by the emerging 1680-cm™" shoulder. The existence of a
portion of urethane carbonyls participating in a stronger than normal hydro-
gen bond was confirmed by a lower wave number shoulder on the hydrogen-
bonded N-H stretching band absorbing at 3300 cm~'. The urea Amide I
band absorbing at 1635 cm ™! coupled with the absence of a higher wave
number shoulder on the N—H stretching band confirmed that ureas returned
to essentially complete hydrogen bonding.

When LiBr is extracted, the urea groups close to each other re-form
essentially complete hydrogen bonding. However, a small portion of ure-
thane groups form a stronger hydrogen bond than noted in the original
hydrophobic PEUU 700. Because the LiBr urethane complex is much less
mobile, the hard segments cannot undergo the necessary reorientation with
extraction of the LiBr to re-form the morphology seen in the original hydro-
phobic films.

Thus, the addition of LiBr to the copolyurethane casting solution does
allow the formation of films having morphologies that cause these hydro-
phobic polymers to form hydrogels.
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Figure 7. Internal reflectance spectra (1800-1500 cm ') of hydrogels
(PEUU 700 without LiBr).
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The Fate of Surface Bound Heparin

M. F. A. GOOSEN and M. V. SEFTON

Department of Chemical Engineering and Applied Chemistry, University of
Toronto, Toronto, Ontario, M5S 1A4, Canada

Displacement by plasma of radiolabeled thrombin and radio-
labeled thrombin—antithrombin 111 inactive complex from a
heparinized surface was measured and found to be significant;
for example, removing 63% of the thrombin and 90% of the
complex that could not be removed by phosphate-buffered
saline alone. Heparin-poly(vinyl alcohol) (PVA) gel beads with
a very low heparin release rate, prepared by acetal coupling of
the heparin to the PVA, adsorbed thrombin and potentiated
the inactivation of thrombin by antithrombin I11, as measured
by both thrombin time and chromogenic substrate assays.
These results indicate that surface bound heparin retains its
biological activity after immobilization and does not become
saturated with inactive thrombin—antithrombin II1 complex.
These results support the argument that heparinization can be
an important means of preparing the materials needed for the
development of improved cardiocirculatory-assist devices and
blood handling procedures.

The National Heart, Lung, and Blood Institute (NHLBI) Task Force on
Biomaterials has reiterated the need for the development of blood-
compatible materials since “progress in this field is a condition for advances
in the application of cardiocirculatory-assist devices and other procedures
which require continuous or intermittent handling of blood” (I). For exam-
ple, the task force has specifically identified the development of small-
diameter blood vessel prostheses and chronic blood access catheters as prior-
ity applications of blood-compatible materials. Both of these devices are used
in low-flow situations where red thrombus formation (i.e., intrinsic clotting
system activation) predominates (2).

One of the techniques used with varying degrees of success to produce
nonthrombogenic materials (and particularly to prevent intrinsic clotting
system activation) has been heparinization.
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Numerous methods have been used to couple heparin, ionically or
covalently, to polymer surfaces. Ionic bonding, whether by direct qua-
ternization of suitable functional groups on the polymer surface (3, 4), by the
addition of quaternary ammonium-heparin complexes (5-7), or by the co-
polymerization of cationic or tertiary amine monomers (8, 9), results in
materials with excellent short-term compatibility. Covalent coupling (10,
11), on the other hand, frequently has inactivated the heparin, resulting in
only very limited thromboresistance. However, the covalent coupling of
heparin to poly(vinyl alcohol) (PVA) through an acetal bridge has resulted in
materials that appear to retain long-term blood compatibility in vitro (12, 13)
and in arteriovenous (AV) shunts in dogs (14, 15). Similar thromboresistance
without apparent heparin elution has been reported for heparinized poly-
methyl acrylate (16) and Ce**-initiated heparin—methyl methacrylate graft
copolymers (17). The reported nonthrombogenic activity of cyanogen
bromide-bonded heparin (I18) may, however, be complicated by the con-
tinuous loss of heparin from this surface (19). The covalent binding of a
modified heparin is reported elsewhere in this volume (20).

Ionically heparinized materials or materials with a steady leakage of
heparin are suitable for and have been used with success in short-term
applications [e.g., temporary shunts during vascular surgery (21) and others]
(22, 23). However, the continuous loss of heparin from the surface of a
heparinized material would preclude its use as a long-term implant. Un-
fortunately, this statement has been interpreted to suggest that in the ab-
sence of heparin loss and the corresponding absence of a heparin micro-
environment at the blood-material interface, the surface-bound heparin
should not be effective in preventing thrombogenesis. Our experiments with
immobilized heparin (12, 13, 24) and the work of others (17, 25) have shown
that such a conclusion is invalid. Some covalently heparinized materials, for
example, heparin—PVA, can be effective in preventing thrombogenesis, like
heparin in solution, by the accelerated inactivation of thrombin through the
formation of surface-bound thrombin—antithrombin III inactive complex.

Careful examination of the possible fates of the bound heparin and the
bound inactive complex suggests hypothetical mechanisms which, if effec-
tive, could limit the utility of heparinized materials (Table I). For example,
either the surface may become saturated with a heparin complex that can no
longer accelerate the inactivation of thrombin, or consumption of anti-
thrombin, prothrombin, or other clotting factors may result, leaving the
blood systematically hypocoagulable.

In this chapter we present the results of an in vitro investigation into the
fate of surface bound heparin and bound inactive complex to assess the
concerns with long-term use of heparin. Heparin was immobilized onto PVA
using a covalent acetal coupling procedure (I12) to produce a hydrogel
(~77% wiw water) in which the heparin appears to be bound through the
amino acid terminus of the molecule (26). Although the detailed structure of
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Table 1. Conceivable Fates of Surface-Bound Heparin

® Heparin is lost from surface to create a heparin microenviron-
ment at the blood/material interface.

® Heparin remains on the surface, but becomes saturated with
inactive complex.

® Heparin acts catalytically and does not become saturated, but
a high production rate of inactive complex causes a systemic
hypocoagulability.

® Heparin does not become saturated, and inactive complex for-
mation is maintained to within tolerable levels.

the linkage can only be hypothesized, like other acetal bonds, it is stable at
pH 7.4 (12): the elution rate of heparin from heparin—-PVA films into
phosphate-buffered saline (PBS) or 3M NaCl was on the order of 107°
pg/cm®-min (12, 27). The gel has been used by itself as a film or ground into
fine beads (27), or more importantly, as a coating on an appropriate sub-
strate. The coating has been applied, for example, to the inside of surface-
hydroxylated styrene-butadiene—styrene (SBS) block copolymer tubing, for
the preparation of small-diameter prostheses (12), and to the inside of ultra-
filtration hollow fibers used in an artificial endocrine pancreas (24).

Experimental

Heparin—-PVA Beads. Heparin-PVA films were prepared (12) from an aqueous
solution containing 10% (w/w) PVA (20% acetylated PVA, Gelvatol 20-60, Monsanto
Canada Litd.), 5% MgCl, -6 H;0, 0.5% glutaraldehyde, 3% formaldehyde, 4% glycer-
ol, and 1% sodium heparin (porcine mucosal, 176 USP U/mg, Canada Packers Ltd.).
The films were ground at 77 K to form beads within a nominal particle diameter range
0f 105-250 pm (27). Control beads were prepared without heparin. The elution rate
of heparin from the beads suspended in 0.05M phosphate-buffered 0.15M NaCl (PBS)
was measured by adding toluidine blue to samples of the used wash solution and
quantifying the absorbance change at 600 nm (26). The detection limit of this assay
is 2 ppm heparin, which means that heparin elution rates as low as 1 X 107% pg/g wet
gel-min can be determined conveniently.

In Vitro Clotting Tests. The plasma recalcification time of citrated human
plasma was determined in the presence of heparin—PVA beads and control PVA beads
without heparin. Various amounts (10-200 mg) of gel were incubated with 0.5 mL of
plasma at room temperature for 5 min. After the addition of 0.5 mL of 0.025M CaCl,,
the time to clot was noted by tilting the test tube gently each minute, until the beads
clumped together or were found to stick to the test tube wall.

The thrombin time was determined similarly by incubation of 2 IU of crude
bovine thrombin (10 IU/mL, Miles Laboratories) with the beads for 5 min at room
temperature in an albumin-coated glass tube, followed by 0.2 mL of citrated human
plasma. The time to clot was noted by tilting the test tube gently every few seconds.
PBS, after incubation with heparin-PVA beads for 5-60 min, was analyzed for the
presence of heparin using both toluidine blue and the thrombin time test (PBS in
place of gel beads).
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Thrombin Affinity. The affinity of thrombin for heparin—-PVA and PVA beads
was analyzed by loading 62 IU of crude bovine thrombin in PBS (96 IU/mg, Park
Davis Co.) on chromatography columns (1.6-cm diameter X 2.5 cm) packed with the
beads. The columns were washed with 100 mL of PBS and/or 20% (w/w) bovine
albumin in PBS (Miles Lab.). The residual thrombin activity bound to the columns
was measured by loading 0.5 mg chromogenic substrate (0.5 mg/mL PBS; $2238,
Ortho Diagnostics, or Chromozym TH, Boehringer-Mannheim) onto the column and
measuring the change in effluent absorbance at 381 nm. In some experiments, 3 mg
of crude antithrombin III (15 mL of citrated human plasma, heat defibrinated at 54°C
for 5 min) was used to inactivate the bound thrombin. The effect of precoating the gel
columns with 20 mL of 10% (w/w) bovine albumin in PBS on purified human
a-thrombin binding (3.53 IU/mg, courtesy of J. W. Fenton II, N.Y. State Depart-
ment of Health, Albany) also was determined. The residual thrombin activity is
reported as color yield: the ratio of color produced by enzymatic action to the total
color possible from the load of chromogen.

Bound Thrombin/Antithrombin III Exchange. To determine whether the
surface bound heparin becomes saturated with inactive complex, the ability to dis-
place bound inactive complex and thereby regenerate the heparin was assessed b