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Preface

This book contains papers published by Professor Ruckenstein and his coworkers on the theoretical
and experimental investigation of wetting of solid surfaces. It is one of two standalone books that
comprise Wetting: Theory and Experiments, Two-Volume Set, which contains six chapters, each of
which is preceded by a short introduction. Each volume making up the set is available to be read and
understood on its own. Reading both volumes together provides the reader with a comprehensive
view of the subject. The papers of the chapters are selected according to the specific features being
considered and they are arranged in logical rather than chronological order. The main attention is
given to the wetting on the nanoscale (nanodrops on solid surfaces, liquid in the nanoslit) considered
on the basis of microscopic density functional theory, and to dynamics of fluid on the solid surface
considered on the basis of hydrodynamic equations. Along with this, experimental studies of wet-
ting related to various applications are presented. A description of the contents of each volume
within the Set follows.

Wetting Theory (ISBN: 9781138393301):

In Chapter 1, various microscopic processes (static and dynamic) in a liquid in contact with a solid
are considered. They are the flow of liquid along horizontal and inclined surfaces, slipping of the
contact line of a liquid on a solid, etc.

Chapter 2 is about the symmetry breaking of fluid density distribution in nanoslit between
parallel solid walls. One component classical and quantum fluids and binary mixtures are consid-
ered and conditions for symmetry breaking to occur are examined.

In Chapter 3, the microscopic approach is applied to the treatment of macroscopic drops on
smooth or rough, planar or curved, solid surfaces. It is based on fluid—fluid and fluid—solid interac-
tion potentials and considers the drop equilibrium state as that having the minimum of total poten-
tial energy. The concept of microscopic contact angle is introduced and both macroscopic (classical)
contact and microscopic angles are calculated.

In the next chapter, Chapter 4, a liquid drop on a smooth or rough planar solid surface is exam-
ined on the basis of a microscopic nonlocal density functional theory in canonical ensemble. The
variety of characteristic features are examined including nonuniform fluid density distribution
inside the drop, drop profile, microscopic contact angle, sticking force, etc. The results are com-
pared with predictions of classical theories for macroscopic drops and similarities and differences
between them are analyzed.

In the last chapter, Chapter 5, the theory of the rupture of liquid and solid films is developed,
first in the linear approximation, and then extended to the case of perturbations of finite amplitude.
The theory provides, in particular, the conditions for the instability, the dominant wavelength of the
disturbances, and the time of rupture of the films. Along with this, the rupture of liquid films sup-
ported on a solid surface is examined on the basis of a thermodynamic approach which considers
the change of the free energy of the film after the formation of a hole in it. The theory is applied to
the practically important problem of tear film stability and rupture.

Wetting Experiments (ISBN: 9781138393332):

This volume focuses on experimental studies of wetting that are related to biological problems,
polymers, and catalysts. The biology-related studies are devoted to the problem of selecting syn-
thetic materials for use in biological media. The polymers are examined to estimate experimentally
various surface characteristics such as the ability of polymeric solids to alter their surface structures
between different environments in order to minimize their interfacial free energy. The investigation
of catalysts concentrates on their physical and chemical changes, formed of small crystallites of
Pt, Pd, Ni, Co, Fe, or Ag supported on alumina.

vii
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’I Biology Related Experiments

Eli Ruckenstein and Gersh Berim

INTRODUCTION TO CHAPTER 1

Chapter 1 consists of four sections and contains biology-related experimental studies of wetting.
These studies are devoted to the problem of selecting synthetic materials for use in biological media.
In Sec. 1.1, the suitable methods to deposit thin films on substrates of interest (such as the apatitic
tooth surface or stainless-steel heat exchange surfaces) are developed. In Sec. 1.2, a surface ener-
getic criterion of biocompatibility of foreign surfaces is suggested, which is based on an analysis
of the surface interactions between a typical biological fluid (i.e. blood) and synthetic surfaces. In
the second part of this investigation (Sec. 1.3), it is shown that the experimental approach involving
the radio frequency sputter deposition of thin solid films of tightly adhering polymeric compounds
on materials with the desired bulk characteristics is a promising method of tailoring the surface
properties of many types of synthetic materials for use in biological environments. In the final part
of this investigation (Sec. 1.4), the possibility of affecting a drastic reduction in the solid-water
interfacial free energy of the sputtered polymer surfaces by physical and/or chemical modification
of their surfaces and thereby improving their biocompatibility is illustrated.
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1. INTRODUCTION

Surface interactions play an important role in several situations such as remineralization of teeth (1),
thrombus formation (2—4), metastasis (5), fouling of heat transfer surfaces by food fluids (6), and
the deposition of Brownian particles or cells on collector surfaces (7-9). In all these cases, deposit
formation on various types of substrates is involved.

Multiple internal reflection spectroscopy (10) is a very sensitive approach to nondestructively
characterize either in vivo or in vitro films deposited on artificial substrates. In the application
of this technique, the choice of a suitable internal reflection element is of great importance.
The internal reflection element must not only simulate the surface of interest, but must also be
transparent to the appropriate radiation (infrared, ultraviolet, or visible) over a wide range of
frequencies. Frequently, however, it is found that many surfaces of interest (such as the apa-
titic tooth surface or stainless steel heat exchange surfaces) are unsuitable as internal reflec-
tion elements. To overcome this problem, germanium internal reflection elements have been
widely used to characterize the films formed in various environments. Recently, oral in vivo
films were also characterized on germanium internal reflection elements of varying surface
energies (11). Though germanium is an ideal substrate for studies of this kind, it still does not
accurately mirror the properties of the real surfaces of interest, such as the tooth surface in the
oral environment.

* Journal of Colloid and Interface Science. Vol. 96. No. 1, p. 245, November 1983. Republished with permission.
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A Nondestructive Approach to Characterize Deposits on Various Surfaces 3

In this paper, we suggest an approach by which it is possible to study nondestructively, the
deposits formed on real surfaces of interest, by using multiple internal reflection spectroscopy. This
involves the deposition of thin solid films of the substrata of interest on suitable internal reflection
elements. For illustrative purposes, we provide details concerning the preparation and characteriza-
tion of a hydroxyapatite film on a germanium internal reflection element and the use of multiple
internal reflection infrared spectroscopy to detect the molecular structure of salivary components
adsorbed on the apatite surface.

2. DEPOSITION OF HYDROXYAPATITE ON GERMANIUM SURFACES

Hydroxyapatite (Ca,,(PO,)s(OH),) forms the major constituent (~95%) of the outermost part of
the human tooth enamel (surface enamel). The actual tooth contains 1% of organic material which
also play an important role in the salivary adsorption processes. However, here we illustrate our
procedure with pure hydroxyapatite. To identify the adsorbed species on hydroxyapatite coated ger-
manium internal reflection elements by multiple internal reflection infrared spectroscopy, the apatite
coating must be considerably thinner than the depth of penetration of the infrared beam. The depth
of penetration (d,) of the beam can be calculated from (10)

M

A E—
" o (sin’0 k)"

where A, is the wavelength of the radiation in the denser medium, 6 is the angle of incidence, and
n,, (=n,/n,) is the ratio of the refractive indices of the rarer and denser media. Germanium is trans-
parent to infrared radiation in the wavelength range of 2 to 12 ym. At the lowest wavelength (2 um)
the value of d; for germanium surfaces coated with hydroxyapatite is of the order of 10° A, for 6 = 45°,
Therefore, to detect the adsorption of salivary components on hydroxyapatite, the apatite coating
must be at least less than 1000 A thick.

The deposition of multicomponent compounds such as hydroxyapatite, poses one major problem,
namely, that of preserving the chemical composition of the bulk material when it is coated as a
thin solid film on a substrate. During vacuum evaporation, these materials tend to fractionate, giv-
ing rise to chemically dissimilar films. To overcome these limitations, we tried sputtering, a tech-
nique which is widely recommended for the deposition of multicomponent materials. Sputtering
also often gives rise to films which are more tightly adherent than those obtained by evaporation.
In this technique, energetic particles bombard the surface of any material and eject surface atoms
from it. Under sufficiently high vacuum, the sputtered atoms travel until they strike another surface
and deposit there. For conducting materials, dc sputtering can be used, while for insulators, such as
hydroxyapatite, radiofrequency sputtering is necessary.

To sputter the powder form of hydroxyapatite, we used a sputter-up configuration, in which, the
target (hydroxyapatite, Bio-Gel HTP, Bio-Rad Labs, Richmond, Calif.) was pressed well on an alu-
minum plate and the plate was placed below the substrate (germanium internal reflection element)
in the sputtering chamber, as shown in Fig. 1. Argon was used as the sputtering gas. Typical condi-
tions adopted for sputtering were (a) rf power of 500 W, (b) pressure of 10 to 15 um in the chamber,
(c) target to substrate spacing of 2.5 cm, and (d) sputtering time of 2 hr.

The above conditions led to the reproducible deposition of tightly adherent films of this
compound.
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Metal Backing

_~~ Electrode

Substrate (Germanium
internal reflection
element)

Dark Space

Aluminum Plate —:F l

with Hydroxyapotite r

Powder
% R-F Generator

FIG. 1.  Essential features of the radiofrequency sputtering setup.

3. CHARACTERIZATION OF HYDROXYAPATITE
FILMS ON GERMANIUM SURFACES

The sputtered films of hydroxyapatite were characterized for their molecular structure, cal-
cium to phosphorus ratio, surface texture and thickness, by multiple internal reflection infrared
spectroscopy, energy dispersive X-ray analysis, scanning electron microscopy and ellipsom-
etry, respectively. The infrared spectrum in Fig. 2 reveals the presence of the phosphate group
(characteristic absorption band at 1070 cm™') in the sputtered film. A comparison of this
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FIG. 2. Multiple internal reflection infrared spectrum of a film of hydroxyapatite, deposited on a Ge internal
reflection element, under the following conditions: (a) rf power of 500 W, (b) pressure of 10 to 15 ym in the
chamber, (c) target to substrate spacing of 2.5 cm, and (d) sputtering time of 2 hr.
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TABLE |
Results of Energy Dispersive X-Ray Analysis

(Ca/P) Ratio

Material | 2 3 4

Hydroxyapatite film on 1.977 1.981 1.99 1.999
germanium

Hydroxyapatite powder 2.006 1.982 2.021 1.979

(Bio-Gel HTP, Bio-Rad)

(Ca/P),,,
1.987

1.997

Remarks

Count time was 192 sec for all
readings

Count time was 20 sec for all
readings

spectrum with that of pure hydroxyapatite powder placed on a germanium internal reflection
element showed that the molecular structure of the solid film was very close to that of the bulk
material. The calcium to phosphorus ratios of a thick film formed in a 3.5 hr sputtering run,
are listed in Table I, along with the ratios of the bulk powder. It can be seen that the average
(Ca/P) ratios of the film formed by sputtering, differed only by 0.5% from that of the bulk
powder. This provides satisfactory evidence that the chemical composition of the solid film is
very close to that of hydroxyapatite. By scanning electron microscopy, it was found that the
films were deposited uniformly over the exposed region of the substrate, as shown in Fig. 3.

FIG. 3. SEM picture of the hydroxyapatite film of Fig. 2.
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Film thicknesses measured by ellipsometry showed them to be considerably less than 1000 A
thick (about 200 A for films formed in 2 hr sputtering experiments).

4. DISCUSSION

To test the usefulness of the sputter coated germanium internal reflection elements, an experiment
was performed, in which, saliva flowed for 15 min between two parallel surfaces of apatite coated
germanium internal reflection elements. The flow conditions of saliva resembled those encoun-
tered in the oral cavity. The test plates were then rinsed with distilled water for 7.5 min (to remove
loosely adhering deposits) and air dried. An infrared spectrum of one of these dried surfaces is
shown in Fig. 4, where protein adsorption is indicated (characteristic absorption bands at 3300,
1650, and 1550 cm™) on the hydroxyapatite surface. This shows the applicability of multiple inter-
nal reflection spectroscopy to characterize deposits formed on surfaces which closely resemble the
real ones.

This approach, namely, to use appropriate procedures to deposit thin films of the substrata
of interest on internal reflection elements and then to characterize the deposits formed on these
surfaces by nondestructive techniques, promises to be a very useful method of studying the
surface interactions in many environments. Studies on the mechanisms involved in the biofoul-
ing of heat exchangers in the dairy industry and marine environment and the adsorption of
surfactants on minerals in surfactant enhanced oil recovery, seem particularly well suited to
this approach.

MICROMETERS ( um)
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FIG. 4. Multiple internal reflection infrared spectrum of an apatite coated germanium internal reflection
element, after it was exposed to saliva flowing at 1.2 ml/min for 15 min, rinsed with distilled water for 7.5 min,
and air dried.
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1. INTRODUCTION

In the selection of biomaterials for use in long-term biomedical applications, two important criteria
are involved, namely (i) the blood compatibility of the foreign surface and (ii) suitable mechanical
properties for the specific blood contact application. By blood compatibility, it is meant that, when
a foreign surface is placed in contact with blood, it should not provoke adverse responses, such as
thrombosis, destruction of the cellular components of blood, alteration of plasma proteins, damage
to adjacent tissue, and toxic and allergic reactions.

Several materials have been tried to date in the continuing search for a suitable biomaterial and
although many of them exhibited some desirable virtues (like a satisfactory degree of antithrombo-
genicity or good mechanical properties or short-term blood compatibility), none of them has emerged
as truly outstanding in terms of fulfilling the rather rigorous twin requirements of long-term blood
compatibility as well as good mechanical strength. Some examples of biomaterials which have shown
promise for use as blood-contacting devices, but are still far from being biocompatible on a long-term
basis, include the following: (a) hydrogels or grafted hydrogels, such as those based on poly (hydroxy-
ethyl methacrylate) and polyacrylamide, (b) LTI (low-temperature isotropic) carbons, (c) silicone—
urethane copolymers (such as “Avcothane”), and (d) segmented polyurethanes (such as “Biomer”).

A central feature of the search for new and better biomaterials has been the tendency to empiri-
cally correlate the performance of materials which have already been tested as blood-contacting
devices (in either in vivo, ex vivo, or in vitro tests), with some characteristic properties of these mate-
rials. Many such correlations have been based on the surface properties of biomaterials, which is not
surprising, in view of the fact that adsorptive events at the blood—biomaterial interfaces undoubtedly
play a major part in determining the blood compatibilities of foreign surfaces. One of the earliest of
such correlations was proposed by Baier (1), who suggested that, materials which possess a critical
surface tension (Y,) in the range of 20-30 dyn/cm would be more blood compatible than those with
either lower or higher critical surface tensions. Nyilas et al. (2) have suggested that the polar com-
ponent fraction of a solid’s surface free energy (yg /Ys) is primarily responsible for its performance
as a biomaterial. Kaelble and Moacanin (3) conclude that materials with high dispersion and low
polar surface free energies will be more blood compatible than those with low dispersion and high
polar surface free energies. Akers el al. (4) have defined a zone of biocompatibility, comprising a
range of values of polar and dispersion components of solid surface free energies. Ratner et al. (5)

* Journal of Colloid and Interface Science. Vol. 101, No. 2. p. 436, October 1984. Republished with permission.
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have suggested that a balance of polar and apolar sites on a surface may be important for its blood
compatibility. Though each of the above empirical correlations may explain the observed behav-
ior of some biomaterials, none of them can satisfactorily account for the performance of a wide
variety of biomaterials tested to date. This fact led Bruck (6) to conclude that the surface energetic
properties of materials cannot be correlated with their blood compatibilities. However, the above
mentioned correlations [with the exception of ref. (3)] emphasize only the surface properties of the
biomaterials, namely, either their total surface free energies, or the fractional contributions of their
component surface free energies, as parameters with which their blood compatibilities could be
related. But, in fact, all biomaterials interact with blood, which is a complex fluid and whose stabil-
ity under normal conditions is governed by a delicately maintained equilibrium between its various
components. Therefore, when a foreign surface is placed in contact with this fluid, the responses
of its components to the presence of the “stranger” in their midst will be determined not only by
the surface properties of the biomaterial but also by those of blood. Thus, it becomes necessary to
consider the surface properties of both the biomaterial and blood as important determinants of the
performance of the former as a blood contacting device.

It is the objective of this paper to suggest a surface energetic criterion of blood compatibility of
foreign surfaces, which is based on an analysis of the surface interactions between the two media
(blood and biomaterial). More specifically, it will be shown that, in order to achieve satisfactory
blood compatibility, the magnitudes of the individual surface free energy components of a biomate-
rial, namely, the polar and dispersion components of the solid surface free energy, must separately
be sufficiently near to their respective surface free energy counterparts of blood, so as to cause a
low (but not very low) blood—biomaterial interfacial tension. Based on an analogy with the highly
biocompatible cellular elements of blood, it will be shown that a spectrum of combinations of polar
and dispersion components of solid surface free energies can result in both satisfactory blood com-
patibility of biomaterials as well as mechanical stability of the blood-biomaterial interface.

Second, the possibility of improving the surface properties of polymeric materials, in order to
enhance their blood compatibilities, will be discussed.

2. SURFACE INTERACTIONS BETWEEN BLOOD AND BIOMATERIAL

In order to analyze the surface interactions between blood and a biomaterial, it will be neces-
sary to briefly review the adsorptive events which take place when a foreign surface is exposed to
blood. Almost instantaneously upon encountering a foreign surface, specific blood proteins, mainly
fibrinogen, adsorb onto the solid surface (7). Continued adsorption of proteinaceous components
takes place until a film of proteins has covered the surface of the biomaterial. Adhesion of the
cellular components of blood begins only after this protein film has built up to a critical thickness,
which varies for different substrates, depending on the surface properties of the materials. Platelets
are known to be the first cellular components to adsorb onto the proteinated solid surface. These
adherent platelets can flatten and become activated, which then leads to their irreversible aggrega-
tion (with other platelets from blood) and a chain of highly unpredictable events involving several
components of blood, and culminating in the formation of either a red thrombus (interwoven mesh
of red blood cells in fibrin) or a white thrombus (interwoven mesh of white blood cells in fibrin).
From this highly simplified picture of the encounter between a thrombogenic foreign surface and
blood, it is evident that the cellular components of blood, which are chiefly responsible for thrombus
formation, do not interact directly with the surface of the biomaterial. Therefore, the influence of the
substrate is conveyed to the cells only through the preadsorbed protein film. This then poses the follow-
ing questions, in connection with the pursuit of relating the surface properties of biomaterials with their
blood compatibilities: (i) How do proteins interact with solid surfaces? (ii)) What are the consequences
of the surface-induced conformational changes of initially adsorbing blood proteins on the events of
cellular adhesion and thrombosis? In an attempt to answer the above questions, let us consider more
specifically, the surface interactions of a biomaterial with the initially adsorbing plasma proteins.



10 Wetting Experiments

When a foreign surface is placed in contact with blood, a new interface is created in the envi-
ronment of the latter. Therefore, there is a thermodynamic driving force for minimizing the blood-
biomaterial interfacial tension. As a result of this, the most surface active components of blood,
namely, proteins (mainly fibrinogen), adsorb at the solid—liquid interface almost instantaneously
following the contact of the foreign surface with blood. Upon adsorption, the first layer of proteins
may denature on the solid surface, depending on the magnitude of the blood-biomaterial interfacial
tension. If this interfacial tension is high, the adsorbed proteins will anchor at multiple sites on the
solid surface, in order to interact strongly with the solid surface and thereby decrease the solid-
liquid interfacial tension. Therefore the adsorbed proteins will be considerably denatured in this
case. On the contrary, if the blood-biomaterial interfacial tension is low, the adsorbed proteins will
undergo minimum distortion of their native configuration.

Let us first consider the case in which the initially adsorbed proteins are considerably dena-
tured on the solid surface, as a result of a high solid-blood interfacial tension. These denatured
proteins will be rigidly attached to the solid (at multiple adsorption sites on the solid surface) and
the proteinated solid surface will now form a new interface with blood plasma. The interfacial
tension at this new interface will also be quite high, though it will be smaller than the initial
blood-biomaterial interfacial tension, for the following reason: The solution state configuration of
proteins in blood plasma must be optimal in terms of increasing their interaction with the solvent
and thereby minimizing the free energy of the system. This means that, in their solution state
configuration, the hydrophylic portions of the blood proteins will be oriented toward the aque-
ous phase (subject to steric constraints). However, when these proteins adsorb at multiple sites
on solid surfaces, their configuration is altered and, therefore, a large part of their hydrophylic
portions may not be exposed to the aqueous phase. As a result of this, the adsorbed (denatured)
proteins will no longer interact as strongly with blood plasma and therefore the interfacial ten-
sion between the denatured protein covered solid surface and the surrounding medium will not
be small. Due to this interfacial tension, there will be a further driving force for the adsorption
(followed by denaturation) of a second layer of proteins, resulting in the creation of another
interface with the medium and likewise, a succession of new interfaces will thus be presented to
the components of blood within the first few minutes of their encounter with a foreign surface.
Consequently, a sequence of hierarchical adsorption of blood components takes place, with the
most surface active components preferentially adsorbing at each stage, until, finally, platelets
begin to adsorb. Since the proteinated surface-blood interfacial tension is still high, it is likely
that the adsorbed platelets will flatten and thereby become activated, thus releasing agents such
as ADP. Due to this release, the platelets will interact more strongly with the proteinated solid
surface, which causes their further activation. Platelet adsorption and activation generally herald
the beginning of a chain of highly unpredictable and poorly understood events, involving several
components of blood and culminating in thrombosis.

Contrary to the above example, let us consider the case in which the blood—biomaterial inter-
facial tension is relatively low. In this situation, the driving force for adsorption will be smaller
because the interactions in the adsorbed state (protein-plasma and proteinsolid) are not too different
from the interactions which exist between proteins and plasma in the bulk. Moreover, the confor-
mation of the initially adsorbed proteins will not be very different from that of their solution state,
because the latter configuration offers a greater entropic freedom. Therefore, the adsorbed proteins
will retain much of their interactions with blood plasma in this case (because only a small part of
their surface will be attached to the solid). As a result of this, the interfacial tension between the
protein covered solid surface and blood plasma will be relatively small and so there will not be a sig-
nificant driving force for the further adsorption of blood components. This provides a much higher
blood compatibility to a foreign surface than in the previous case. However, if the blood-biomaterial
interfacial tension is very low, the plasma proteins may not even adsorb to any significant extent on
the surface of the biomaterial. As a result of this, one will not witness the formation of a cascade of
interfaces or ultimate thrombosis on such surfaces.
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From the above discussion, it is clear that the surface properties of a biomaterial must be selected
with the view of minimizing the blood—biomaterial interfacial tension and thereby minimizing the
denaturation of the initially adsorbing plasma proteins as well. Though an interfacial tension of zero
will be ideal for blood compatibility of a foreign surface, it will be undesirable from the point of
view of the mechanical stability of the blood-biomaterial interface. This is because, at very low
interfacial tensions, any interface will be highly susceptible to perturbations (see Appendix 1). In
other words, mechanically or thermally induced corrugations of such an interface will tend to grow
in time. Due to this, some of the surface components of the solid can dissolve into blood and/or
blood can be absorbed into the solid, events which can trigger the thrombotic sequence and thereby
render the foreign surface incompatible with blood. Therefore, for satisfactory biocompatibility of
a foreign surface, the blood biomaterial interfacial tension must be sufficiently low (but not very
low) in order to comply with the dual requirements of a low driving force for the adsorption of
blood components and a mechanically stable blood-biomaterial interface. In order to estimate a
suitable non-thrombogenic value of the blood-biomaterial interfacial tension, one can note the high
compatibility as well as the interfacial stability of the cellular elements, with blood plasma. The
cell-medium interfacial tension is generally considered to be of the order of 1-3 dyn/cm, though
for certain cells, it can be as low as 0.1 dyn/cm (8,9). How well these measured interfacial tensions
portray the actual values is a matter that needs confirmation. Therefore, it seems reasonable to
suggest that the blood-biomaterial interfacial tension should also be maintained close to this range
(ysL =1—-3 dyn/cm) in order to ensure the compatibility of a foreign surface as well as the mechani-
cal stability of its interface, with blood plasma.

3. BLOOD-BIOMATERIAL INTERFACIAL TENSION

Now, an expression which relates the surface energetic properties of a biomaterial to its blood com-
patibility, will be derived. Assuming that the principle of additivity of different interactions is valid,
the total surface free energy of the biomaterial, denoted by 7, and that of blood, denoted by 7;, can
each be represented as the sum of several independent contributions, such as those arising from
dispersion forces, dipole interactions, hydrogen bonding, etc. (10). Therefore,

Ys=YE+yS +ys +- [1]
and
=yl iyl o 2]

where the superscripts p, d, and h denote the polar, dispersion, and hydrogen bonding contribu-
tions, respectively, to the surface free energies. Similarly, the expression for the work of adhesion
between the solid and liquid phases, W, can also be expressed as the sum of several contributions,
as follows:

WsL =ys+yL—7sL 3]
=W +WsL +Wsl +---,

where g, is the solid-liquid interfacial tension. The dispersion component of the work of adhe-
sion could be related by a geometric mean expression of the form, Ws = 2(yﬁy§ )1/2 (10). Kloubek
(11) has shown that a geometric mean expression could be used for the polar component of the
work of adhesion as well, i.e., W] = 2(yﬁy§)l/2. Fowkes (12) has emphasized that hydrogen bonding
interactions are only a subset of acid-base interactions and that the latter cannot be predicted by a
geometric mean expression. Instead, the acid-base interactions could be predicted from the equa-
tion of Drago (13, 14). In the systems considered by Fowkes, the contribution of polar interactions
was negligible in comparison to those of acid-base interactions and, therefore, he regarded the total
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work of adhesion as arising only from that due to dispersion and acid-base interactions. However, he
noted that polar interactions can be considerable in solvents of high dipole moment. Since blood is
a good example of such a system, one can expect a significant contribution from polar interactions
between blood and a biomaterial, if the latter has sufficient polarity. Though acid-base interactions
may also contribute to the work of adhesion between blood and a biomaterial, it is currently not
possible to estimate the magnitude of such interactions when they are present alongside with disper-
sion and polar interactions. In addition, the following contributions to the work of adhesion between
blood and a biomaterial are neglected: (1) the contribution of the double layer, which is always pres-
ent in the vicinity of a solid surface in contact with blood (15, 16) and (2) that of the polarization
layer generated in the liquid, by the dipoles present on the solid surface (17). Therefore, this analysis
will be restricted to only those types of biomaterials which interact with blood largely by means of
nonspecific interactions, such as dispersion and polar forces. For these cases, the work of adhesion
between blood and a biomaterial can be approximated by

Ws, =W3 +Wai,
= 2{(v£v§ )"+ (i )Uz}.

From Egs. [3] and [4], an expression for the blood-biomaterial interfacial tension follows as

(4]

YsL =7Ys t7YL

5
—2{(YEY§)1/2+(YiY§i)I/Z}. (5]

This equation can be further transformed by observing that ys=y2+ys and y. =P +y{
(see Appendix 2), to obtain (18)

= {()" ()]
W)™ (0)"

This equation is quite revealing from the point of view of blood-biomaterial interfacial tension
considerations. It shows that, Y, can have its minimum, which is zero, when y? =y} and v§ =y{.
When yg; =0, a biomaterial can be theoretically expected to remain in perfect compatibility with
the components of blood, without promoting any adhesive events. However, as mentioned before,
one must attempt to maintain a blood-biomaterial interfacial tension of the order of 1-3 dyn/cm, in
order to ensure the mechanical stability of the blood—biomaterial interface as well as the compat-
ibility of the foreign surface in the environment of blood.

Equation [6] shows that several combinations of polar and dispersion components of solid sur-
face free energies can lead to a blood-biomaterial interfacial tension (ySL) of about 1-3 dyn/cm.
To graphically illustrate this spectrum of combinations of blood compatible surface free energy
components, it can be seen from Eq. [6] that a plot of (v} )1/2— (78 )1/2 Vs (ydL )1/2— (vs )1/2 describes the
locus of all points on a circle of radius (YSL )1/ g Figure 1 shows such a plot. The shaded area in this
figure represents the zone of suggested biocompatibility (i.e., blood compatibility of the biomate-
rial as well as mechanical stability of the blood-biomaterial interface). Table I shows a few typical
combinations of surface free energy components, taken from that zone of Fig. 1. From this table
it can be seen that, even solids whose total surface free energies differ considerably (for example,
a surface such as C with a ys of 46.7 dyn/cm and a surface such as C’ with a ¥ of 104.49 dyn/cm)
can bear the same interfacial tension with blood and thereby remain equally compatible with blood.
This happens because the individual surface free energy components (y% and y§) of the solids are

(6]
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FIG. 1. Plot of Eq. [6]. The circles of this figure represent the locus of all points (different combinations
of y% and y§ values), which give rise to the same value of blood- biomaterial interfacial tension (i.e., yg = 1,
3,5, 0r 10).

in suitable conformity with those of their respective counterparts of blood (v} and y{). From this,
it is clear that, neither the total surface free energy of the solid (ys), nor the fractional contributions
of the solid’s component surface free energies fyg/y&yg/yg) can be considered as indicators of its
blood compatibility. Rather, one must separately consider the polar and dispersion components
of a solid’s surface free energy, in relation to their respective surface free energy counterparts of
blood, in attempting to correlate the surface energetic properties of biomaterials with their blood
compatibilities.

As early as 1973, Andrade (19) postulated that a minimum blood—biomaterial interfacial ten-
sion (preferably zero) can provide ideal blood compatibility to a biomaterial. He considered that
this situation can be brought about by using materials such as hydrogels, whose high water con-
tents can lead to low values of blood—biomaterial interfacial tensions. Andrade regarded the total
surface free energy of the solid as the parameter to be related with the blood—material interfacial
tension. However, Eq. [6] shows that, even if the total surface free energies of different solids are

TABLE |

Typical Combinations of Surface Free Energy Components
and the Corresponding Solid-Water Interfacial Tensions
from the Biocompatible Zone of Fig. 1

Surface 8 Yg ¥s Ysw
(from Fig. 1) (dyn/cm) (dyn/cm) (dyn/cm) (dyn/cm)
A 50.8 8.63 59.43 3

A’ 50.8 40.97 91.77 3

B 29.11 21.8 50.91 3

B’ 78.49 21.8 100.29 3

C 34.84 11.86 46.7 3

(o4 69.76 34.74 104.49 3

D 69.76 11.86 81.62 3

D’ 34.84 34.74 69.58 3
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equal to that of water (72.6 dyn/cm), they can give rise to different interfacial tensions with water,
depending on the magnitudes of their individual surface free energy components. For example, let
us consider two hypothetical surfaces, A and B, whose total surface free energies are both equal to
72.6 dyn/cm, but whose polar and dispersion components differ considerably, as follows: y§ =15
dyn/cm, Y4 = 57.6 dyn/cm, yh =45 dyn/cm, and y§ = 27.6 dyn/cm. From Eq. [6], it can be seen that
the interfacial tensions of these two surfaces with water are: 19 dyn/cm for surface A and 0.5 dyn/
cm for surface B. This illustrates the fact that any attempt to relate the surface energetic properties
of materials with their blood compatibilities on the basis of interfacial tension considerations must
be based on an appropriate matching of the respective individual surface free energy components
of both the biomaterial and blood.

The above considerations are valid for solid surfaces which interact with blood via dispersion as well
as polar forces. We will consider below the case of a special class of materials, namely, nonpolar solids,
which contain little or no polarity and, therefore, can interact with blood only via dispersion forces.

4. BLOOD COMPATIBILITY OF NONPOLAR SOLIDS

Many solids which are considered nonpolar are also usually low surface free energy materials. Since
a number of these low surface energy, nonpolar materials (especially polymers) possess some desir-
able qualities for blood contact applications (like good mechanical strength, chemical inertness to
blood components, nontoxicity, etc.), they have been widely tried as biomaterials, with the expecta-
tion that their low surface free energies would induce minimal adhesion of blood components on
their surfaces. The results, however, have been contrary to such expectations. For example, Teflon is
a low surface energy material, which is relatively nonpolar. Though this material has a high degree
of inertness to many chemicals, its blood compatibility has been found to be poor (6). The reason for
this can be explained by examining Eq. [6]. For nonpolar solids, y2 = 0, y§ = v and Eq. [6] reduces to

N 12)? .
YsL = (YL) —(ys)" |+ (7]

This equation shows that, for the case of nonpolar surfaces, the blood—biomaterial interfacial ten-
sion attains a minimum value when ys = v{. However, the magnitude of this minimum is equal
to v} [=50.8 dyn/cm, considering the surface tension properties of water and blood plasma to be
equal (3)]. This represents a considerable blood—biomaterial interfacial tension, well outside the
range of 1-3 dyn/cm that is considered suitable for providing satisfactory blood compatibility to a
foreign surface. From this, it is clear that, nonpolar surfaces (like Teflon) can never remain in long
term compatibility with blood.

Schrader (20) has also used Eq. [7] to note that ys; has a minimum when y5 = ydL and he has used
this fact to explain the experimental observations of Baier (21) concerning the existence of minimal
bioadhesion on solids whose critical surface tensions (yc) range from 20 to 30 dyn/cm. Even though
Eq. [7] was used by both of us, our conclusion concerning the blood compatibility of nonpolar solids
is distinctly different from that of Schrader.

5. CHARACTERIZATION OF BIOMATERIAL SURFACES

One important consideration remains to be emphasized in order to ensure an unambiguous interpre-
tation of any surface energetic criterion of blood compatibility of foreign surfaces. It has been noted
that many solids possess the tendency to rearrange their surface structures in response to their local
environments (22,23). This observation is particularly applicable to polymeric surfaces, many of
which possess sufficient mobility to adopt different surface configurations in different environments.
As aresult of this, such materials may be hydrophobic when exposed to air (unhydrated state), but in
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the aqueous environment (hydrated state), they will display a reasonable hydrophilicity. This behav-
ior is much more pronounced in the case of many hydratable and mobile polymers, like hydrogels
(24) and polydimethyl siloxane (25), respectively. Even some relatively rigid polymers like poly-
methyl methacrylate seem to display this type of behavior (23). An important implication of this
is the fact that the polar and dispersion components of the surface free energies of such solid sur-
faces can be grossly different in the aqueous environment (hydrated state) in comparison to the air
environment (unhydrated state). A recent study by Ko ez al. (26) provides a good illustration of the
above consideration. These authors determined the individual surface free energy components of
several grafted copolymers of hydroxy ethyl methacrylate (HEMA) and ethyl methacrylate (EMA)
of varying compositions and water contents, in both the hydrated and unhydrated states. The values
obtained for some solid surfaces in the two environments are listed in Table II. Unprimed quanti-
ties refer to the surface free energies in the hydrated state, while the primed symbols represent the
surface free energies in the unhydrated state. It can be seen that, for all the solid surfaces, the polar
component of the solid’s surface free energy is increased and its dispersion component is decreased
in the hydrated state, in comparison to the unhydrated state. However, in general, the change in the
polar component is much more pronounced than that of the dispersion component. The solid—water
interfacial tensions, ygyw, of these surfaces, calculated from Eq. [6], for both the cases (hydrated as
well as unhydrated solids), are also included in Table II and plotted in Fig. 2. From Fig. 2, it can be
seen that the values of the individual surface free energy components in the unhydrated state can
cause a misleading estimate of their blood compatibilities. For example, the experimental results
of Ratner et al. (5) revealed that a grafted copolymer of poly(hydroxy ethyl methacrylate) and
poly(ethyl methacrylate) which contained about 15% water had the highest blood compatibility in
comparison to surfaces which contained either higher or lower water contents. These authors did
not determine the individual surface free energy components of their materials. However, from the
measurements of Ko et al. (26) for similar surfaces, the values obtained for a solid surface which
contained about 17% water (which is near to Ratner et al’s. 15% water content surface) are included
in Table II. One can see from Table II and Fig. 2 that the interfacial tension of this surface with
water is 0.92 dyn/cm, if it is based on the hydrated solid’s surface free energy components (y§ and
v$), while it is as high as 21.57 dyn/cm, if it is based on the unhydrated solid’s surface free energy
components (y2 and y¢). The former value, which is closer to the actual value, is certainly more
indicative of the high blood compatibility of this material. From this example, it appears that the
surface characterization of biomaterials in their hydrated state only can provide an accurate indica-
tion of their blood compatibilities.

TABLE 11
Water Content, Surface Free Energies, and Solid-Water Interfacial Tensions of Mixtures of
HEMA-EMA Grafted Polyethylene Films, Characterized in Air and under Water?

Water

HEMA  content 1! 7! ' T Yo T
(%) (%) (dyn/em) (dyn/em) (dyn/em) (dyn/em) yl/yl ¥’/ (dynfem) (dyn/em)
0 1711 39.1 _ 3.7 243 _ 6.57 29.59 _

20 20405 426 75 3.8 44.6 5.68 11.74 30.26 3.93
40 35+03 41 4.4 44 47 9.32 10.68 28.31 6.68
50 8.0+ 1.6 53.1 83 1.8 48.4 640  26.89 4033 3.23
60 8.6+ 0.6 50.7 10.6 2.0 492 478  24.60 38.65 2.01
80 173+ 0.3 424 13.8 8.2 49.8 3.07 6.07 21.57 0.92
100 25.6+0.8 35.9 14.6 20.0 50.0 245 2.50 8.80 0.72

¢ From Ref. (26).
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FIG. 2. Solid-water interfacial tension, calculated on the basis of the surface free energy components of the
hydrated as well as unhydrated surfaces of HEMA-EMA grafted polyethylene films, which were measured
by Ko et al. (26).

In this connection, it is necessary to mention some of the limitations of the techniques [like
Hamilton’s technique (27)] which are currently used to evaluate the polar and dispersion surface
free energy components of biomaterials in the hydrated state. In all such techniques, the solid-
fluid-water contact angles of only two fluids (i.e., either two water immiscible liquids or one water
immiscible liquid and one vapor) are used for the evaluation of the polar and dispersion surface free
energy components of the hydrated surface. It is well known that the magnitudes of the individual
surface free energy components (polar and dispersion) of unhydrated solids are sensitive to the test
liquids used for measuring the solid-liquid-air contact angles. For this reason, the contact angles
of several pairs of test liquids are used to calculate the average polar and dispersion surface free
energy components of solids in the unhydrated state (18, 28). In the light of this fact, it may perhaps
be important to rely on the solid-fluid-water contact angles of several pairs of test fluids, in order
to arrive at a more accurate estimate of the polar and dispersion surface free energy components of
solids in the hydrated state also. In addition, it must be noted that, due to the lack of general validity
of the expressions which are used to evaluate the individual surface free energy components, there
may be some uncertainty in the calculated values of % and v§.

6. DISCUSSION OF THE SURFACE ENERGETIC CRITERION
OF BIOCOMPATIBILITY OF FOREIGN SURFACES

We will now discuss the performance of some prominent biomaterials, in relation to their surface
energetic properties. For this discussion, we will consider the following materials, whose blood com-
patibilities range from excellent to poor: (i) hydrophilic, cross-linked polymeric gels (hydrogels), (ii)
LTI (low temperature isotropic) carbons, (iii) ethyl cellulose perfluorobutyrate, (iv) “Avcothane,” (v)
“Biomer” polyurethane, (vi) polyalkylsulfone, (vii) Teflon, and (viii) glass. Hydrogels have shown
good promise for blood contact applications since the early sixties (29). Their poor mechanical
properties are also being overcome by covalently grafting them onto the surfaces of materials (like
polymers) which possess suitable mechanical properties. Ratner ef al. (5) recently evaluated the
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performance of several grafted hydrogels, by conducting different blood compatibility tests on
them. Relevant to this discussion is their results on a series of p (HEMA-EMA) copolymers of
varying water contents. In this series of copolymers, they observed that the 1:1 p (HEMA-EMA)
graft, which contained about 15% water, showed superior blood compatibility in comparison to
surfaces which contained either higher or lower water contents. This result was observed in both
the tests conducted on such materials, namely, the low shear rate vena cava ring test and the high
shear rate A-V shunt test. This fact led to Ratner er al’s. hypothesis that a balance of hydrophylic
and hydrophobic sites on a surface may be important for the blood compatibility of a biomaterial.
As noted before, this superior blood compatible surface is likely to bear an interfacial tension of
about 0.92 dyn/cm with water.

The experimental results of Ratner et al. (5) thus lend support to our point of view that, just as a
high blood—biomaterial interfacial tension (such as that caused by the low water content (p (HEMA-
EMA)) surfaces) is undesirable for the blood compatibility of the foreign surface, a very low blood-
biomaterial tension (such as that caused by the high water content [p (HEMA-EMA) surfaces] is
also equally detrimental to the performance of the biomaterial. A high thermodynamic driving
force for the adsorption of blood components is responsible for the low blood compatibility of the
p (HEMA-EMA) surface in the former case, while in the latter case, the poor mechanical stability
of the blood-biomaterial interface may be the cause of adverse effects such as the dissolution or
leaching of some of the surface components of the solid into blood and/or the absorption of blood
into the solid, events which are capable of triggering the thrombotic sequence and thereby result-
ing in the poor blood compatibility of the foreign surface. From this, it appears that an optimum
blood-biomaterial interfacial tension [which is sufficiently low (but not very low)] can provide a sat-
isfactory blood compatibility to a foreign surface. Of course, the exact range of optimum interfacial
tension values must be determined by suitable experiments (it may vary slightly from the range of
1-3 dyn/cm suggested here).

Let us next consider the case of LTI (low-temperature isotropic) carbons, whose blood
compatibility is excellent (6). The surface of this material has been characterized only in the
unhydrated state, for its polar and dispersion surface free energy components (3), which are as
follows: y2 =4.16 dyn/cm and y§ = 54.46 dyn/cm. As noted earlier, the polar surface free energy
component of a number of solids is grossly underestimated and the dispersion component is
usually overestimated in the unhydrated state (in comparison to the hydrated state). This fact
is evident from the study of Ko ez al. also (26). This is because many solids possess the ability
to reorient their surface structures and maintain a minimum interfacial energy with the sur-
rounding medium, so as to comply with the thermodynamic requirement of minimizing the free
energy of the system. This behavior has been demonstrated for the case of hydrogels by Holly
and Refujo (24). Subsequently, Yasuda et al. (22) have demonstrated (by means of contact angle
hysteresis experiments) that the concept of orientation of surface molecules at an interface is also
applicable to some other polymer surfaces (like oxygen-plasma treated polypropylene). More
recently, Andrade et al. (23) have shown (by means of contact angle hysteresis experiments)
that, even a rigid, hydrophobic polymer surface, such as polymethyl methacrylate, could display
modest hydrophilicity under water due to interfacial restructuring in the aqueous environment.
In the light of these observations, it appears plausible to suggest that the surface structure of
LTI carbons may also be significantly altered in the blood environment (in comparison to the
air environment) so as to maintain a sufficiently low interfacial tension with blood, which can
provide this material with a high blood compatibility. Note that some specific interactions such
as the acid-base interactions may also play a role. Based on the same reasoning, one may be able
to account for the excellent blood compatibility of ethyl cellulose perfluorobutyrate (6), the good
blood compatibilities of “Avcothane” and “Biomer” polyurethane (6) and the moderate—good
blood compatibility of polyalkylsulfone (6).

The characterization of these biomaterial surfaces (for their polar and dispersion surface free
energy components) in the aqueous environment can confirm the validity of the above explanation.
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Let us now discuss the blood compatibilities of two materials which differ considerably, among
other things, in their polar surface free energies. Teflon is a classic example of a low surface energy,
nonpolar surface, whose blood compatibility is poor (6). The surface of this material remains non-
polar even in the aqueous environment (27). Therefore, as mentioned earlier, any nonpolar surface
will bear a very high interfacial tension with blood plasma (yg; > 50.8 dyn/cm), as a result of which,
its blood compatibility will be poor, as is indeed the case with Teflon. Another example of a throm-
bogenic material is glass, which has been characterized only in the unhydrated state, in which its
surface free energy components are as follows (19): Y& =90 dyn/cm and y¢ =80 dyn/cm. Since this
material presents such a highly polar surface character even to an apolar phase like air, one can con-
clude that it has a very rigid surface structure and so it cannot undergo significant surface restructur-
ing in the aqueous environment. Therefore, if it is assumed that the unhydrated surface free energy
components of this material will be valid for its hydrated state also, then one can note that this
material will bear a very high interfacial tension with blood (y5; = 23.8 dyn/cm), and consequently,
it will be thrombogenic, as is the observed case.

7. THERMODYNAMIC AND KINETIC CONSIDERATIONS IN
THE BLOOD COMPATIBILITY OF FOREIGN SURFACES

It is necessary to mention that the surface energetic criterion suggested in this paper is based on
thermodynamic considerations and, therefore, it is valid for the long-term blood compatibility of
foreign surfaces. In some instances, however, it is possible for a biomaterial to remain in compatibil-
ity with blood for a fairly long time, even when this thermodynamic criterion of biocompatibility is
not satisfied. This may take place due to many factors like steric repulsion, double layer forces, hydra-
tion forces, etc., which can give rise to the “kinetic compatibility” of a biomaterial for a reasonable
length of time, much like the well-known kinetic stability of thermodynamically unstable colloidal
suspensions (30-32). The following observations illustrate this point: Bruck (6) has hypothesized
that the electrical and semiconduction properties of some natural and synthetic polymers may bear a
relationship to their blood compatibilities. This may be due to double layer repulsion. Ikada et al. (33)
suggest that, if a material presents a diffuse interfacial structure (as opposed to a rigid one) when it is
placed in the aqueous environment, then it may exhibit excellent antithrombogenicity. This may arise
as a result of steric repulsion between the solid surface and the adsorbing components. Barenberg
et al. (34) conclude that, if a surface appears as an ordered ionic array, it will invite a thrombogenic
response, while if it appears as a disordered array, only limited thrombogenesis will take place on it.
All these and many other surface properties of materials can result in their compatibility with blood
for varying periods of time (sometimes sufficiently long for practical purposes), thereby providing
a “kinetic compatibility” to a biomaterial. While a low blood-biomaterial interfacial tension can
ensure the long-term blood compatibility of a foreign surface, “kinetic biocompatibility” may often
be adequate for practical purposes.

8. SURFACE MODIFICATION OF POLYMERS BY
ULTRAVIOLET IRRADIATION AND ITS IMPLICATIONS
FOR BIOMATERIAL BLOOD COMPATIBILITY

In order to satisfy the criterion of blood compatibility suggested in this paper, it is necessary to
either find materials whose individual surface free energy components belong to the biocompatible
range (Y5 ~1-3 dyn/cm) or else, it is necessary to modify the surface properties of existing materi-
als, in order to improve their blood compatibilities. The former alternative places a high premium on
a trial and error search for suitable biomaterials. On the other hand, it is a more attractive proposi-
tion to attempt an improvement of the blood compatibilities of existing biomaterials which possess
good mechanical properties.
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FIG. 3. Effect of ultraviolet irradiation (for various exposure times) on the surface free energy components
of poly(diphenyl siloxane) (35). The solid—water interfacial tension is also plotted for different exposure times.
The left-hand side shows the values of £ and yg’ (evaluated by Kaelble’s method), while the right-hand side
shows the values of y£ and yg' (evaluated by Fowkes—Hamilton method).

A number of polymers, like Teflon for example, possess some desirable properties for blood con-
tact applications (such as nontoxicity, good mechanical properties, etc.), but they are incompatible
with blood largely because of their poor surface properties. Moreover, most polymeric biomaterials
have a very small value of y§, which results in their high interfacial tension with blood plasma, since
the latter has a relatively high polar component of surface tension (y{ =50.8 dyn/cm). Therefore, in
order to improve the blood compatibilities of such polymeric biomaterials, it will be necessary to
considerably increase their polar surface free energy components.

The recent study of Esumi et al. (35) shows that ultraviolet irradiation of polymer surfaces can
result in considerable changes in their polar surface free energy components. Therefore, this tech-
nique seems particularly promising for altering the surface properties of several types of polymeric
biomaterials, in order to enhance their blood compatibilities.
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FIG. 4. Effect of ultraviolet irradiation (for various exposure times) on the surface free energy components
of copolymer dimethyl siloxane PS255 (35). The solid—water interfacial tension is also plotted for different
exposure times. The left-hand side shows the values of yg and yg’ (evaluated by Kaelble’s method), while the
right-side shows the values of y§ and ygr (evaluated by the Fowkes-Hamilton method).
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of copolymer dimethyl siloxane PS054 (35). The solid-water interfacial tension is also plotted for the different
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right-side shows the values of y and yg/ (evaluated by Fowkes—Hamilton method).

Figures 3 to 6 and Table III show some of the results obtained by Esumi ef al. (35) regarding the
effects of ultraviolet irradiation on polymer surfaces. The surface free energy components, evalu-
ated by two different techniques, namely, Kaelble’s method (18, 28) and Fowkes-Hamilton method
(27), are shown in these figures. While the former technique was used to calculate the solids’ sur-
face free energy components in the unhydrated state (y§ and y§), the latter method provided the
value of the polar surface free energy component in component in the unhydrated state (yg . For
the hydrated state (y£ ) and the dispersion each combination of component surface free energies,
the value of the solid-water interfacial tension (calculated from Eq. [6]), is also shown in Figs. 3 to
6 and Table III.

Figure 3 and Table III show that, exposure to UV radiation for 1 hr increases the polar surface
free energy component of poly- (diphenyl siloxane) in the hydrated state, from an initial value of
0.37 dyn/cm to a value of 28 dyn/cm. The dispersion component changed far less dramatically
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FIG. 6. Effect of ultraviolet irradiation (for various exposure times) on the surface free energy components
of copolymer dimethyl siloxane PS264 (35). The solid-water interfacial tension is also plotted for different
exposure times. The left-hand side shows the values of yg' and yg' (evaluated by Kaelble’s method), while the
right-side shows the values of Y§ and yg' (evaluated by Fowkes-Hamilton method).



A Surface Energetic Criterion of Blood Compatibility of Foreign Surfaces 21

TABLE 11
Changes in Surface Free Energy Components and Solid-Water Interfacial Tensions of
Polymers as a Result of Exposure to UV Radiation?

Kaelble surface energies Fowkes—Hamilton surface
(dyn/cm) energies (dyn/cm)
Exposure

No. Polymer time (min) ygy ysp' Yow yg’ ve Vsw
1 Poly(diphenyl 0 45.32 1.27 40.26 46.5 0.37 47.12
siloxane) 10 27.36 12.19 13.54 34.27 12.26 14.55

20 20.74 24.58 4.72 30.3 16.48 10.11
30 29.03 23.40 5.76 39.61 25.70 6.87
40 26.58 26.25 4.25 37.54 26.85 591
50 28.81 26.16 4.54 40.11 28.00 6.14
60 28.32 30.34 3.05 40.60 28.00 6.27
2 Copolymer 0 16.09 0.41 42.52 16.48 0.0012 50.68
dimethyl 10 24.84 0.18 45.03 24.56 0.51 41.21
siloxane 20 28.92 0.18 45.43 28.58 2.63 30.77
(PS255) 30 26.62 0.84 38.82 27.42 4.97 24.31
40 29.13 0.72 39.95 29.73 6.98 20.73
50 25.47 1.36 35.68 26.85 7.63 19.32
60 27.09 0.95 38.14 28.00 11.83 13.99

3 Copolymer 0 10.58 1.49 36.90 11.83 0.046 493
dimethyl 10 31.85 0.18 45.88 31.45 0.29 44.30
siloxane 20 31.15 0.53 41.78 31.45 0.70 40.46
(PS054) 30 31.32 0.80 39.71 32.02 1.18 37.47
40 32.01 0.73 40.33 32.59 1.00 38.63
50 32.01 0.73 40.33 32.59 1.39 36.46
60 32.37 0.85 39.55 33.15 1.50 36.03
4 Copolymer 0 14.00 0.54 41.72 14.53 0.26 44.53
dimethyl 10 30.28 0.37 43.19 30.30 1.00 38.24
siloxane 20 28.85 0.91 38.60 29.73 3.37 28.62
(PS264) 30 28.17 1.59 34.82 29.73 5.78 22.92
40 24.13 3.19 28.59 26.85 8.67 17.76
50 22.21 6.00 21.88 26.28 10.99 14.74
60 21.99 6.52 20.92 26.28 11.83 13.81

(from an initial value of 46.5 dyn/cm to a final value of 40.6 dyn/cm after 1 hr of exposure), though
this component was estimated only for the unhydrated solid. As a result of these changes in the indi-
vidual component surface free energies, the solid-water interfacial tension changed considerably,
from an initial value of 47.12 dyn/cm to a value of 6.27 dyn/cm after only 1 hr of exposure to UV
radiation. Though these values of Yy, may not represent the actual values attained by such surfaces
when they are placed in contact with blood (as a result of using the unhydrated solid’s dispersion
surface free energy component), they are expected to reasonably approximate the actual values of
Ysw (Which are based on the hydrated solids’ surface free energy components, Y2 and y4).

Figures 4 to 6 show the effect of ultraviolet irradiation on other types of polymers. Even though
these materials (in Figs. 4 to 6) were relatively nonpolar initially, exposure to ultraviolet radia-
tion caused an increase in their component surface free energies (both y2 and y$), so as to cause
a marked decrease in their interfacial tensions with water. It must be noted that Esumi et al. have
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characterized the surfaces of the UV-irradiated polymers, after 2 days of dark aging (to enable the
escape of volatile irradiation products). However, the long-term stability of these irradiated surfaces
in an aqueous environment (such as that of blood) is not yet known.

It can be seen from Figs. 3 to 6 that the component surface free energies of various polymers are
affected to different extents, by this surface modification technique. But this example is discussed
only to illustrate the possibility that such a technique may be useful in improving the blood com-
patibilities of those polymers that can undergo significant surface modification, as a result of this
treatment.

From Figs. 3 to 6 and Table III, it can be seen that such a surface treatment usually leads to a
considerable decrease of the solid—water interfacial tension. This presents the promising possibil-
ity that the above technique may be useful in enhancing the blood compatibilities of a wide vari-
ety of polymeric biomaterials, whose mechanical properties are already suitable for blood contact
applications.

9. CONCLUSIONS

A surface energetic criterion of biocompatibility of foreign surfaces which is based on two con-
siderations, namely (i) a low blood—biomaterial interfacial tension and (ii) a mechanically stable
blood-biomaterial interface, is suggested. To fulfill both these conditions, a sufficiently low (but
not very low) blood- biomaterial interfacial tension is necessary. Since the cellular elements are
compatible with blood and their interface with the medium (blood plasma) is also mechanically
stable, it is considered that a blood-biomaterial interfacial tension of about the same magnitude
as the cell-medium interfacial tension (Yg; ~ 1-3 dyn/cm) will provide a foreign surface with both
long-term compatibility as well as a mechanically stable interface, with blood. In order to satisfy
these conditions, a suitable correspondence between the respective individual surface free energy
components of the biomaterial and blood is necessary. As a result of this condition, it is possible
that even solids which differ appreciably in their total surface free energies can exhibit equal com-
patibility with blood. It is also noted that nonpolar surfaces (y§ =0) cannot remain in long-term
compatibility with blood.

On the basis of some examples, it is shown that the characterization of biomaterial surfaces (for
their surface free energies) in their hydrated state (as opposed to their unhydrated state) is an impor-
tant requirement for the successful interpretation of any surface energetic criterion of biocompat-
ibility of foreign surfaces.

Finally, a surface modification technique, involving the irradiation of surfaces with ultraviolet
radiation, is suggested as a promising method of improving the surface energetic properties of poly-
meric biomaterials, in order to enhance their blood compatibilities.

APPENDIX 1: INTERFACIAL INSTABILITY AT LOW INTERFACIAL TENSIONS

There are no theoretical treatments concerning the stability to large perturbations of solid-liquid
interfaces, when their interfacial tensions are low. However, the information which is available, in
particular, for the stability to small perturbations, provides support to our considerations on the
stability of the blood-biomaterial interface. Investigations concerning the stability to small pertur-
bations of fluid-liquid and fluid-solid interfaces of sufficiently thin films (<1000 A) supported on
a solid have shown that the time of rupture of the films becomes smaller as the interfacial tensions
of these interfaces decrease. In fact, for liquid films, the available analytical expressions show that
the time of rupture of sufficiently thin films becomes zero for a zero liquid-fluid interfacial tension
(36-38). In the case of sufficiently thin solid films, analytical expressions which relate the time of
rupture to the solid-fluid interfacial tension, are not available. Numerical calculations, however,
appear to suggest that the time of rupture of thin solid films will also become very small when the
solid-fluid interfacial tension attains very low values (39).
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In the case of brittle solids, fracture mechanics demonstrates (40) that the critical stress 6, needed
to initiate crack propagation is given by the expression

12
r

where E is the Young elastic modulus, ¥y, is the interfacial tension, and r is a length characterizing
the crack. This expression also shows (although it is limited to brittle solids only) that at very low
values of Y, , any crack of the interface can grow easily (since G, is small).

In addition, let us note that a thermal perturbation of the interface can also generate large ampli-
tudes of the interfacial fluctuations (41). The mean of the square of the amplitude of the interfacial
fluctuations is proportional to kT/y . Therefore, the effect of the thermal perturbations is expected
to become more pronounced when Yy, is small.

APPENDIX 2: JUSTIFICATION OF THE EXPRESSION 7y, =y} +7v{

The evaluations of Coulson (42) indicate that in water the covalent interactions (& —8.0 kcal/mol)
and overlap repulsions (= +8.4 kcal/mol) nearly cancel each other. As a result of this, the orienta-
tion plus induction interactions (= —6 kcal/mol) and the dispersion interactions (= —3 kcal/mol) are
mainly responsible for the overall interaction energy. For this reason, one can approximate 7y, by
the sum yP +y{.

APPENDIX 3: NOMENCLATURE

Y Surface tension of the liquid, dyn/cm

Vs Surface free energy of the solid, dyn/ cm

Ys..  Solid-liquid interfacial tension, dyn/ cm

Ysw  Solid—water interfacial tension, dyn/ cm

Wy, Work of adhesion between the solid and liquid phases, dyn/cm

Superscripts

! Denotes solid—air interface

d Denotes the dispersion contribution

h Denotes the hydrogen bonding contribution
P Denotes the polar contribution
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’I 3 Surface Characterization
"~ of Solids in the Aqueous
Environment®

Sathyamurthy V. Gourisankar and Eli Ruckenstein

A surface energetic criterion was recently suggested for the selection of blood compatible
surfaces (1). It was based on the thermodynamic consideration that the solid—blood plasma
(i.e., water) interfacial free energy must be sufficiently low (but not too low) in order to ensure
the long-term compatibility of a foreign surface in the environment of blood. In that treatment,
it was also shown that widely differing combinations of polar and dispersion surface free energy
components of solids in the aqueous environment can give rise to the same value for the solid—
water interfacial free energy that is considered suitable for endowing a foreign surface with blood
compatibility (see Table I of Ref. (1)).

The polar and dispersion surface free energy components of solids in an aqueous environment
are usually estimated by underwater surface characterization techniques such as Hamilton’s method
(2) and the two liquid methods (35). While the former technique relies on the measurement of
the contact angle of octane on the solid specimen underwater to obtain an estimate of the polar
surface free energy component of the solid, the latter techniques rely on the measurement of the
contact angles of two water-immiscible fluids (such as octane and air, for example), to estimate both
the dispersion and polar surface free energy components of the solid in the aqueous environment.
As rightly pointed out by Jho (6), these underwater contact angle techniques suffer from the limita-
tion that they do not permit the estimation of the polar surface free energy component of a solid that
is greater than that of water, i.e., 50.8 erg/cm?. In the case of Hamilton’s technique for example, the
polar surface free energy component of the solid under water is given by the expression

2
2= (Yw + You COSG— Vo ) /47 [1]

where 7, is the surface tension of water (=72.6 erg/cm?), ¥, is the surface tension of octane (= 21.8 erg/cm?),
Yow 18 the octane-water interfacial tension (: 50.8 erg/cmz),yﬁ, is the polar component of the surface
tension of water (=50.8 erg/cm?), and ¢, is the solid—octane—water contact angle (measured through
the water phase). From this equation, it is clear that y?, will be a maximum (i.e., 50.8 erg/cm?) when
¢, = 0°. This expression for y?, which is independent of the dispersion surface free energy compo-
nent of the solid under water (yg ), arises as a result of the coincidence that the surface tension of
octane is equal to the dispersion component of the surface tension of water. If alkanes other than
octane are employed, then it is necessary to measure the solid—fluid—water contact angles of a pair of
fluids and solve two simultaneous equations to estimate the polar and dispersion surface free energy
components of the solid in the aqueous environment. It is to be noted, however, that even in the
case of the other alkane probe fluids, the maximum value of y! that can be detected by underwater
contact angle goniometry will not be significantly different from the value of 50.8 erg/cm?. This is
because all the alkane fluids are nonpolar and the values of their surface tensions and interfacial

* Journal of Colloid and Interface Science, Vol 109, No. 2, p. 591, February 1986. Republished with permission.
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tensions with water do not differ much. This limitation does not, however, mean that the underwater
surface characterization technique is incapable of detecting y? values greater than 50.8 erg/cm?. In
order to extend the range of values of y! that can be experimentally detected, the problem is to select
a pair of appropriate probe fluids which will be water immiscible and possess considerably different
interfacial tensions with water than the conventional probe fluids in current use (such as the alkanes
and air). To illustrate this point, let us first inspect Eq. [1], Although this equation is applicable to
the case of octane only, it is still suggestive of the main limiting factor involved in the underwater
surface characterization of solids. This expression shows that the maximum detectable value of Y Vis
limited by the octane—water interfacial tension. Therefore, if we select a probe fluid such as mercury,
which bears a very high interfacial tension with water (yy,_,, = dyn/cm (7)), then it appears possible
to estimate solid polar surface free energy components that are greater than 50.8 erg/cm?. The same
observation was recently made by Andrade (8). The dispersion component of the surface tension of
mercury has been estimated as 200 erg/cm? and its total surface tension is 484 erg/cm? (7). It has
also been suggested that mercury and water interact mainly by means of dispersion forces and that
the dipole-metal image forces are relatively insignificant (7). Therefore it appears reasonable as a
first approximation to consider that the interaction of mercury with most solids will also take place
predominantly by dispersion forces. Based on these considerations, mercury seems to be a poten-
tially useful probe fluid for the underwater surface characterization of solids. However, one more
probe fluid is still necessary to permit the determination of both the dispersion and polar surface
free energy components of the solid in the aqueous environment. In our search for a second probe
fluid which will also be water-immiscible and maintain a high interfacial tension with water, we
find that gallium (which is a liquid metal at room temperature) appears to be suitable for underwater
contact angle characterization of solids. The surface tension of this liquid is 718 erg/cm? (9). Its
individual component surface tensions and interfacial tension with water are unknown at present
but it appears to be a potentially useful probe fluid (along with mercury) for detecting solid polar
surface free energy components that are larger than 50.8 erg/cm?in the aqueous environment. Thus,
in principle, it seems feasible to detect ¢ values greater than 50.8 erg/ cm?, by using some novel
probe fluids such as mercury and gallium. It must be noted though that the probe fluids must be well
characterized for their surface tension components and interfacial tension with water, prior to their
use in underwater surface characterization. In the light of these considerations, the comment of Jho
(6) that the limitation of underwater contact angle goniometry is due to the presence of water and
has nothing to do with the choice of the probe fluid, seems applicable only to the conventional probe
fluids (such as alkanes and air) which are in current use.

Regarding Jho’s comments on the underwater surface characterization of glass, the following
point is to be noted: the values obtained by both Jho (5) and Coleman et al. (10) for the polar and
dispersion surface free energy components of glass under water were close to the maximum values
of these components, i.e., 50.8 and 21.8 erg/cm?, respectively, that could be detected by using air
and octane as probe fluids in the two liquid underwater contact angle technique. Coleman et al. (10)
found that the contact angles of both air and octane on the glass surface under water were less than
10° (see Table 1 of Ref. (10)), indicating that the contact angles of these two probe fluids were
very close to their limiting values, i.e., 0°, on the glass surface. Based on the upper value of 10°
for the contact angle of both these fluids, the estimated values of the dispersion and polar surface
free energy components of glass were (10): y2 = 21.3 erg/cm” and y? = 49.7 erg/cm®. The results of
Jho (5) showed slightly higher values of octane and air contact angles on the glass surface under water
but the estimated surface free energy components were close to those of Coleman et al. It must be
remembered, however, that the surface free energy component of glass was estimated from Eq, [1],
by Jho. As discussed earlier, this equations does not permit the detection of ! values that are larger
than 50.8 erg/cm?. It can be seen from Eq. [1] that the value of the solid—octane—water contact angle
(¢h,) is dependent only on the value of V¢ and independent of the value of vs. Therefore, even if the
actual values of y{ were higher than 50.8 erg/cm?, then also the limiting value of ¢, = 0° would have
been observed. Consequently, the estimated value of v§ will still be equal to 50.8 erg/cm?and thus
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provide a misleading indication of the real value. Moreover, when air is used as a second probe fluid,
the expression for the dispersion component of the surface free energy of glass under water, i.e., y¢,
can be written as

Y8 = (Vo +Yw COS Py — Vo COS P, )2/4}/‘3,«' 2]

In this equation, y¢ is the dispersion surface free energy component of the solid under water, ¢,
is the solid—air—water contact angle (measured through the water phase) and Yw is the disper-
sion component of the surface tension of water. This equation shows that, for a solid on which
¢, = 0(ie., y* = 50.8 erg/cm?), the maximum value of Vs that could be detected is 21.8 erg/cm?,
when ¢, = 0. The values of vs for glass that were obtained by both Coleman et al. and Jho were very
close to this upper limit. Here also it may be observed that higher values of y¢ could have given rise
to the same limiting value of ¢, = 0° and thereby provided a misleading y¢ estimate of 21.8 erg/cm?.

From the above discussion, it appears that the values reported by Coleman et al. and Jho for the
surface free energy components of glass underwater, may be somewhat lower than the actual val-
ues. This is due to the limitation on the maximum values of both the polar and dispersion surface
free energy components of a solid that can be detected by using octane and air as probe fluids in
the underwater contact angle technique. In this context, it may be noted that the polar and disper-
sion surface free energy components of glass in air are (11): y¢ =80 erg/cm and y? = 90 erg/cm’.
Realizing that the surface of glass is very rigid and therefore it is not expected to undergo any sig-
nificant restructuring under water, it seems unlikely that its surface free energy components under-
water will be drastically different from the above values. The underwater surface characterization
of glass with higher surface tension probe fluids such as mercury and gallium may reveal if it does
indeed possess larger values of polar and dispersion surface free energy components than those
reported by Coleman et al. and Jho.

In conclusion, it can be stated that the main limitation of the techniques used to characterize the
surfaces of solids in the aqueous environment, namely, the upper limit (of about 51 erg/cm?) on the
detectable value of the solid’s polar surface free energy component, can be overcome by resorting
to the use of probe fluids like mercury and gallium, which are both very high surface tension liquids
and therefore will bear high interfacial tensions with water, unlike the conventional probe fluids
such as the alkanes and air, which are in current use. An important element in the use of this newer
class of probe fluids is the fact that they must be well characterized for their individual surface ten-
sion components and their interfacial tension with water, prior to their use in underwater contact
angle surface characterization.
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In the selection of synthetic materials for use in biological media, two important considerations are
involved, namely, (i) the compatibility of the solid in the environment of the fluid and (ii) the suit-
ability of its mechanical properties for a given application. For the first requirement it is necessary
that when a foreign surface is placed in contact with a biological fluid, it must not provoke adverse
responses such as excessive deposition of the fluid’s components, or toxic and allergic reactions, or
thrombosis in the case of blood contacting devices. For the suitability of their mechanical proper-
ties, the selected materials need to possess satisfactory levels of resistance to compression, tension
or shear depending on the specific application. In some applications such as synthetic vascular
prostheses or catheters for use in biomedical applications for instance, a high degree of flexibility is
called for, while in some other applications such as artificial heart valves or heat exchange equip-
ment used to process biological fluids (as in the milk pasteurization industry), one requires materials
with some rigidity.

A closer examination of these two requirements reveals that they call for adequacy of two totally
different aspects of material properties. The biocompatibility condition is really a reflection of the
surface characteristics of solids. Contrary to this, the mechanical properties of solids are largely a
manifestation of their bulk characteristics. Therefore, an ‘ideal’ synthetic material for use in bio-
logical fluid contact applications must be satisfactory in both its surface and bulk characteristics.
This is a rather formidable demand on the currently available synthetic materials for it seems to be
almost a paradox of nature that materials which possess suitable surface properties for biological
fluid environments fail on account of their poor mechanical properties and vice versa. To illustrate
this, it may be noted that some types of hydrogel biomaterials (which are crosslinked, hydrophilic,
polymeric gels) are known to be highly compatible in the environment of blood though their poor
mechanical properties precludes them from being successful as long-term artificial implant devices.
On the other hand, materials such as metals and ceramics possess suitable mechanical characteris-
tics for many applications but their surface properties are inadequate for use in a number of biologi-
cal fluid environments. It is pertinent to note in this context that with the considerable advances in
the areas of material processing and fabrication, it is now possible to prepare synthetic materials
with suitable mechanical properties for almost any specific biological fluid contact application but
what has really proven to be elusive is the identification of materials with suitable surface properties
for use in biological media.

* Biomaterials 1986, Vol 7, p. 403 November. Republished with permission.

28



Preparation and Characterization of Thin Film Surface Coatings for Biological Environments 29

Biological fluids (e.g. blood, tear fluid, milk and sea water) generally contain a number of diverse
components such as proteins, lipids, carbohydrates, salts and cellular elements. These multitudinous
fluid components are present in a continuous medium, which is largely aqueous in nature in the
case of most biological fluids. The main point to note here is that the various components of these
fluids must interact with one another as well as with the continuous medium and yet maintain the
stability of the fluid in terms of preventing particle aggregation, coalescence, chemical reaction,
denaturation of enzymes, etc. From this highly simplified picture, it can be recognized that the
stability of biological fluids is derived from a delicately maintained equilibrium between a plethora
of interacting fluid components. Therefore, when a synthetic surface is placed in contact with such
a fluid, its various components will tend to interact with the ‘stranger’ in their midst, thus upsetting
the stability of the fluid and thereby promoting the onset of undesirable events on the surface of the
solid (such as gross ‘fouling’) which can trigger such events in the bulk of the fluid as well. Nowhere
is this scenario better illustrated than in the case of blood-biomaterials interactions. Over the past
two decades, almost all types of synthetic materials, ranging from metals to plastics have been tried
as blood contacting devices but none of them has emerged as an ideal blood contacting material
on a long-term basis. The reason for this is only too obvious as blood plays host to a complex set
of interactions between its myriad species and represents one of the most hostile milieu to foreign
surfaces in terms of its biochemical activity and complex chemistry. Moreover, since blood is an
archetypal biological fluid, the responses of its components to synthetic surfaces can be considered
to typify the interaction of foreign surfaces with other biological fluids as well. Therefore, a closer
examination of the physicochemical interactions involved in the encounter of synthetic surfaces
with blood will be particularly relevant to the more general problem of identifying materials with
suitable surface properties for use in any type of biological environment.

The goal of this investigation is to present an approach to the problem of selecting synthetic
materials for use in any type of biological fluid environment (be it blood, tear fluid, sea water, milk
or any other biological fluid). In the first part of this investigation, a surface energetic criterion of
biocompatibility of foreign surfaces is suggested. This criterion, which is based on an analysis of the
physico-chemical interactions between a typical biological fluid (i.e. blood) and a foreign surface,
provides the range of values of the solid surface free energy components (both dispersion and polar)
that can result in the optimal performance of a synthetic material in a biological environment. The
second part of this paper addresses the issue of preparing synthetic substrates with suitable sur-
faces as well as bulk properties for use in biological environments. In this connection, a thin film
approach, involving the radio frequency sputter deposition of appropriate polymeric coatings on
substrates with any kind of bulk characteristics, is shown to be a promising tool to tailor the surface
properties of many types of synthetic materials for use in biological fluid contact applications. The
surface characterization of these polymeric coatings is then taken up, with the objective of estimat-
ing their relevant surface properties in biological media. In the final part of this investigation, the
application of some surface modification techniques to effect drastic changes in the wetting proper-
ties of polymeric materials which are to be used in biological environments, is illustrated.

1 BLOOD-BIOMATERIAL ENCOUNTER: A CASE STUDY
TYPIFYING THE INTERACTION OF FOREIGN SURFACES
WITH BIOLOGICAL ENVIRONMENTS

Let us first understand how blood components respond to the presence of a foreign surface in their
midst. Almost instantaneously upon encountering a foreign surface, specific fc blood proteins, con-
sisting mainly of fibrinogen, adsorb onto the solid surface'. This pattern of initial protein adsorption
is encountered on all types of synthetic surfaces. Then, after continued adsorption of proteinaceous
components, the surface of the solid becomes covered by a ‘conditioning’ film of proteins. It is only
after the build up of the conditioning protein film to generally about 200 A in thickness, that one
witnesses the participation of the other components of blood in the adsorption process. Platelets are
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known to be the first cellular components to adsorb onto the protein covered solid surface. These
adherent platelets can then flatten, become activated and aggregate irreversibly with other platelets
from the blood. Platelet adsorption and activation generally signal the onset of a number of highly
unpredictable events involving several blood components and culminating in the formation of either
ared thrombus (interwoven mesh of red blood cells in fibrin) or a white thrombus (interwoven mesh
of white cells in fibrin) on the surface of the solid.

The interaction of proteins, cells and other blood components with synthetic surfaces is rather
complex and numerous investigations have been directed toward their study. For this discussion,
however, it is pertinent to note from the above simplified picture of the encounter between a throm-
bogenic foreign surface and blood that the cellular elements of blood, which are chiefly responsible
for thrombus formation, do not interact directly with the solid surface. Rather, the influence of the
substrate is relayed to the cellular elements only through the preadsorbed protein film. Thus, it can
be seen that the fate of a biomaterial in the environment of blood is determined primarily by the ini-
tial events involving protein adsorption. This then brings us to two important questions with respect
to the mechanism of adsorption of the initial blood proteins and their influence on the subsequent
deposition events on solid surfaces: (1) How do proteins interact with solid surfaces? (2) How do sur-
face induced conformational changes (i.e. denaturation) of the initially adsorbing plasma proteins
affect the events of cellular adhesion and thrombosis? In an attempt to answer these questions, the
surface interactions of a biomaterial with the initially adsorbing plasma proteins will be taken up
next, with the objective of determining the surface property requirements of a synthetic material in
order for it to remain in long-term compatibility with the environment of blood.

1A SURFACE INTERACTIONS BETWEEN BLOOD AND BIOMATERIAL

The search for suitable synthetic biomaterials over the past two decades has been highlighted by
several attempts to empirically correlate the performance of materials which have been tested as
blood contacting devices (in either in vivo, ex vivo or in vitro tests), with certain characteristic
surface properties of these materials. Prominent among such correlations include those proposed
by Baier?, Nyilas3, Kaelble and Moacanin®, Akers et al.” and Ratner et al.. Though each of the
above correlations has been successful in explaining the observed behavior of a limited set of bio-
materials, none of them has been able to satisfactorily account for the performance of a wide vari-
ety of biomaterials tested to date. The reason for this may partly lie in the fact that all the above
correlations (with the exception of Reference 4) consider only the surface properties of the bio-
materials (such as their critical surface tension or their total surface free energy or the fractional
contributions of their component surface free energies) as parameters to correlate with their blood
compatibilities. However, since all blood contact applications of synthetic surfaces involve the inter-
action of biomaterials with the components of blood, it will be necessary to consider the surface
properties of both the biomaterial and blood as important determinants of the performance of the
former. Therefore, for the purpose of relating the performance of blood contacting synthetic materi-
als with a characteristic surface property, it will be desirable to select a correlating parameter which
can adequately portray the surface properties of both the interacting media, namely, blood and bio-
material. One of the most suitable of such parameters is the blood plasma—biomaterial interfacial
free energy. This is a thermodynamic quantity, which incorporates the surface free energy contribu-
tions of both the solid and liquid phases and which provides a measure of the driving force for the
adsorption of blood components on solid surfaces. Based on this parameter, Andrade proposed the
minimum interfacial free energy hypothesis of biocompatibility’. Subsequently, we have suggested
an optimum interfacial energetic criterion to relate the performance of synthetic materials with their
surface energetic properties in the environment of blood®. The considerations of our treatment will
be summarized below.

The introduction of a foreign surface in the environment of blood results in the creation of
a new interface, namely, the blood plasma-biomaterial interface in the system. As a result,
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a thermodynamic driving force is generated for reducing the solid-liquid interfacial free energy
at this new interface. Consequently, the most surface active components of blood plasma, namely,
proteins (mainly fibrinogen) adsorb at the solid—liquid interface almost instantaneously following
the contact of the foreign surface with blood. The configuration of the initially adsorbed proteins on
the solid surface will be determined by the magnitude of the blood plasma—biomaterial interfacial
free energy. If this interfacial free energy is high, the initially adsorbed proteins will tend to anchor
at multiple sites on the solid surface in order to increase their interaction with the solid and thereby
decrease the solid-liquid interfacial free energy. Therefore, the structure of the adsorbed proteins
will be considerably altered (denatured) from their solution state configuration in this case. By the
same token, if the blood plasma—biomaterial interfacial free energy is low, then the initially adsorb-
ing plasma proteins will tend to undergo minimum distortion of their native configuration upon
adsorption.

We will now consider the implications of the solid-liquid interfacial free energy on the structural
alterations of the initially adsorbing plasma proteins and the subsequent events of cell adhesion and
thrombus formation. Let us first consider the case in which the blood plasma-biomaterial interfacial
free energy is high. In this case, the initially adsorbing plasma proteins will interact strongly with
the solid surface in order to decrease the interfacial free energy (i.e. they will adsorb at multiple sites
on the solid surface). In doing so, they will undergo structural alterations (denaturation) on the solid
surface; this reduces their interaction with blood plasma, because some of their hydrophilic groups
will no longer be exposed to the aqueous phase (blood plasma). Though the proteinated solid-liquid
interfacial free energy will be decreased (in comparison to the blood plasma—biomaterial interfa-
cial free energy), it will still have an appreciable value, because of the decrease in the interactions
between the denaturated (adsorbed) proteins and plasma. The relatively large interfacial free energy
at this new interface will invite further adsorption (followed by denaturation) of a second layer of
proteins, resulting in the creation of another interface with the medium and likewise, a succession
of new interfaces will be presented to the components of blood within the first few minutes of their
encounter with a foreign surface. Thus, a sequence of hierarchical adsorption of blood components
will take place, with the most surface active components preferentially adsorbing at each stage, until
finally, platelets begin to adsorb. Since the proteinated surface-blood plasma interfacial free energy
is still relatively high, it is likely that the platelets will flatten upon adsorption and thereby become
activated, thus releasing agents such as ADP. Due to this release, the adsorbed platelets will interact
more strongly with the proteinated surface, resulting in their further activation and the stimulation
of the deposition of other blood components, which ultimately results in thrombosis.

In contrast to the above scenario, let us consider the case in which the blood plasma-biomaterial
interfacial free energy is relatively low. In this situation, the thermodynamic driving force for
adsorption will be weaker, since the overall interactions in the adsorbed state (protein-plasma plus
protein—solid) will not be too different from those in bulk plasma. For this reason, the adsorbed
proteins will not undergo major structural alterations (i.e. they will not adsorb at multiple sites
on the solid surface) because they prefer the greater entropie freedom which is afforded by a con-
figuration which is not too different from that of their solution state structure. This means that the
adsorbed proteins in this case will not appreciably decrease their interactions with blood plasma.
Consequently, the interfacial free energy between the adsorbed proteins and blood plasma will be
relatively small and, therefore, there will not be a significant driving force for the further adsorption of
blood components on this protein covered solid surface. This provides a much higher blood compat-
ibility to the foreign surface than the previous situation. However, if the blood plasma-biomaterial
inter-facial free energy is very low, then the proteins may not even adsorb to any significant extent
on the surface of the biomaterial. In such a situation, the components of blood are least affected by
the presence of the solid surface and one will not witness the formation of a cascade of interfaces or
ultimate thrombosis on such surfaces.

From the above simplified description of the interaction of foreign surfaces with blood, it is
clear that a low blood plasma-biomaterial interfacial free energy can confer a high degree of blood
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compatibility to a foreign surface. However, while a very low (or better zero) interfacial free energy
at the blood plasma-biomaterial interface appears to be ideal for blood compatibility, it suffers from
the failing that such an interface will be mechanically unstable to perturbations. This is because,
mechanically or thermally induced corrugations of such an interface will tend to grow rapidly with
time when the solid-liquid interfacial free energy is very small®. This interfacial instability leads to
adverse consequences such as the dissolution of the surface components of the solid or the absorption
of blood components into the solid. The instability of the solid-liquid interface for very low inter-
facial free energies has been experimentally demonstrated for the case of a polymeric solid-water
interface'®. Therefore, the blood plasma-biomaterial interfacial free energy must be low enough to
reduce the structural alterations of the initially adsorbing plasma proteins (so that the interactions
between the adsorbed proteins and blood plasma remain quite strong) and at the same time, it should
be high enough to maintain a mechanically stable blood plasma-biomaterial interface. In attempting
to reconcile these two opposing requirements, let us note that the cellular elements of blood (whose
compatibility with blood plasma is high and whose interface with blood plasma is mechanically
stable as well), also bear an interfacial free energy with blood plasma in an optimal range of values
which is generally of the order of 1-3 dyne/cm!! 12, It is pertinent to mention at this point that the
high blood compatibility of the vascular surfaces of living systems is also known to arise from the
unique surface properties of their outer coating of endothelial cellular elements which interface with
the external environment of blood. Thus, the interfacial energetic characteristics of these supremely
blood compatible surfaces, which have been designed by nature, seem to provide an endorsement of
the premise that the twin requirements of high blood compatibility as well as mechanical stability
of the blood plasma-biomaterial interface can be met only by maintaining an optimal value of the
blood plasma-biomaterial interfacial free energy. In view of this analogy with the blood contacting
surfaces of living systems, it seems reasonable therefore to suggest that a synthetic material-blood
plasma interfacial free energy of the order of 1-3 dyne/cm could also provide a foreign surface with
the two essential prerequisites for long-term blood contact applications, i.e. a high compatibility as
well as a mechanically stable interface, with blood plasma. In this context, it is worth noting that
the continuous medium of blood, namely blood plasma, is largely aqueous in nature like that of
most other biological fluid environments. Moreover, the initial response of blood components to
synthetic surfaces (involving the instantaneous adsorption and build up of a proteinaceous film of
critical thickness prior to sub-sequent deposition events involving other components) is a pattern
which is encountered in the interaction of many other biological fluids (e.g. milk, sea water and
salivary fluid) with synthetic materials'3. These considerations therefore permit us to view the above
analysis of blood-biomaterial surface interactions as a rather typical illustration of the interaction
of synthetic surfaces with any type of biological fluid. For this reason, the above criterion of blood
compatibility of synthetic biomaterials can be considered as a generalized guideline to enable the
selection of foreign surfaces for use in any type of biological environment.

1B BLooD PLASMA-BIOMATERIAL INTERFACIAL FREE ENERGY

We will now derive an expression to relate the surface energetic properties of a biomaterial to its
interfacial free energy with blood plasma. Assuming that the principle of additivity of dispersion,
polar and specific interactions is valid', the equation for the work of adhesion between the solid and
liquid phases, Wy, , is given by:

Wo =ys+ye—vs. =Wy +Wsci +WshL+"', (1)

where v, (= Y2 4yd oyt ) is the surface free energy of the solid, y, (= v +yi+ y{') is the sur-
face tension of the liquid, yg is the interfacial free energy at the solid—liquid interface, the super-
scripts p, d and h denote the polar, dispersion, and hydrogen bonding contributions, respectively,
and the subscript SL represents the solid—liquid interface. A geometric mean expression has been
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suggested to approximate the dispersion component of the work of adhesion W] = 2[(y§y2)1/z]14.
Kloubek'> has shown that the polar component of the work of adhesion can also be represented by
a geometric mean approximation [WSZ = 2(y 4% )1/2]. It has been shown, however, that a geometric
mean approximation is not valid for the case of the hydrogen bonding component of the work of
adhesion (Ws’i )16. Though hydrogen bonding and other types of specific interactions may also be
contributing to the work of adhesion between a biomaterial and blood, it is currently not possible
to evaluate their magnitudes when they are present alongside dispersion and polar interactions.
It must be remembered that all these approximations represent only a simplified picture of the actual
manner in which the two phases interact. Restricting this analysis, therefore, to only those types of
biomaterials which interact with blood largely by means of non-specific interactions (i.e. dispersion
and polar forces), one obtains the following expression for the blood plasma—biomaterial interfacial
free energy'”:

= {00 - ()) ) - ()] ®

This expression is quite revealing from the point of view of relating the surface energetic properties
of biomaterials with their blood compatibilities via the criterion suggested in Section 1 A. It shows
that the solid-liquid interfacial free energy can attain a low value only when both the dispersion
and polar surface free energy components of the solid are sufficiently close to those of their respec-
tive surface free energy counterparts of the liquid. For the case of the blood plasma-biomaterial
interface, this means that the surface free energy characteristics of a synthetic material must be
very close to those of water (since blood plasma is largely aqueous in nature) in order to reduce its
interfacial free energy with blood plasma to a value of about 1-3 dyne/cm and enable it to remain
in long-term compatibility with this fluid. This is a rather challenging demand on the surface prop-
erties of synthetic materials that are fit to be used in biological environments. A case in point is
that of polymers, many of which possess some desirable properties for blood contact applications
but their surface energetic properties are inadequate because they give rise to large interfacial free
energies with the aqueous environment. This is because the polar surface free energy component of
most polymeric solids is rather low in comparison to that of water (yv"’i = 50.8dyne/cm) and there-
fore, their interfacial free energy with water will perforce be high as can be seen from Equation 2.
This consideration provides an explanation for the fact that many nonpolar materials (such as poly-
mers) are incompatible with blood. Teflon is a classic illustration of such a nonpolar solid which
is known to possess one of the highest levels of chemical inertness and yet whose blood compat-
ibility is poor's. This discussion portrays the most formidable hurdle involved in the identification
of synthetic surfaces for biological fluid environments, namely, to select a material which will be
almost identical to the fluid in terms of its surface energetic properties and which will yet remain a
mechanically viable and non-interacting contacting phase with the fluid.

2 PREPARATION OF THIN FILM COATINGS FOR
BIOLOGICAL ENVIRONMENTS

As discussed earlier, synthetic materials which are to be used in biological environments must
display an adequacy of both their surface and bulk characteristics in order to fulfil the dual require-
ments of biocompatibility and suitable mechanical properties for the given application. Depending
on the biological environment involved, many types of materials, ranging from metals to plas-
tics, have been tried as fluid contacting surfaces. In recent times, however, the use of polymers as
candidate materials for a variety of biological fluid contact applications is becoming increasingly
widespread. The most prominent of these is in the area of biomedical applications such as artificial
implant devices in the environment of blood, contact lens materials in the ocular environment and
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dental prostheses in the oral cavity. Among the available synthetic materials, polymers seem best
suited for such applications because of their comparatively high chemical inertness, nontoxicity
in biological fluid environments and the fact that they lend themselves to relatively easy and well
established processing techniques that enable one to prepare them with the desired mechanical
properties for a given application. Additionally, their low surface free energies also enables them to
remain less prone to ‘fouling’ by biological fluid components in comparison to the higher surface
free energy materials such as metals and glasses. Polymeric materials do suffer from some limita-
tions, however, such as their poor thermal and electrical conductivities, lack of extreme rigidity for
some applications and their tendency to sometimes elute leachable impurities into the surrounding
fluid phase as a function of time (this arises due to the diffusion of some of their surface active
components from their bulk to the surface). The poor thermal conductivity of these materials is a
handicap to their use in a number of important applications where severe ‘fouling’ is encountered on
heat exchange surfaces such as in the milk pasteurization industry, electric power generation plants
and the genetic engineering industry. It is therefore instructive to examine some means by which the
relatively superior surface properties of polymeric materials can be complemented by more desir-
able bulk characteristics such as improved thermal conductivity and mechanical strength in order
to enhance their versatility for a wide variety of biological fluid contact applications. This consid-
eration provides the motivation for adopting the approach of tailoring only the surface properties of
materials which possess otherwise desirable bulk characteristics for use in biological environments.
One possible means of achieving this is by depositing very thin (of the order of 1000 A) coatings of
polymeric compounds onto substrates with the desired bulk properties. Moreover, with regard to the
selection of a suitable thin film technique for the preparation of biocompatible surfaces, the follow-
ing requirements must be borne in mind: (a) The selected technique must be versatile and capable
of being applicable to a wide variety of polymeric compounds; (b) it must ensure the tight adhesion
of the coated polymer film to substrates with any kind of mechanical characteristics (such as metals,
ceramics, glasses or other polymers); () it must ensure uniform surface coverage of the substrates;
(d) it must necessarily be a low temperature operation for substrates which cannot withstand high
temperature conditions and (e) it must preferably offer a number of adjustable parameters so as to be
able to prepare polymer films with the desired surface properties for the application in hand. Let us
now see how the contemporary thin film deposition techniques for coating polymeric compounds
fare with the above requirements.

The deposition of thin polymer films can be carried out by means of four different techniques,
namely: (A) Solution deposition'®; (B) vacuum evaporation®-22; (C) plasma polymerization?3-26 and
(D) sputtering?’33. Solution deposition is ideally suited for coating thick polymer films (of the order
of microns in thickness) but it suffers from the limitations that it does not give rise to tightly adher-
ing films, and does not offer sufficient control over the rate and surface characteristics of the depos-
ited films. Vacuum evaporation is a technique which employs elevated temperatures and is therefore
unsuited for a number of polymers which will decompose under such conditions. Moreover, it also
does not ensure the tight adhesion of the coatings to substrates and is not particularly suited to the
deposition of multi-component compounds such as those of most polymers. Plasma polymeriza-
tion is a technique which is widely employed for depositing thin films of polymeric compounds on
substrates. This is a high vacuum technique which involves the deposition of the monomer on the
substrate and the subsequent polymerization of the deposited film. Its use has become widespread in
recent times for a number of biomedical applications (like the coating of polymer films on internally
implanted electronic packages such as oxygen sensors, cardiac pacemakers, etc3*-37). This technique
relies on a vacuum of the order of 10 torr or less and requires the use of high purity monomers of
the polymer. Its main limitation for applications involving biological environments, however, is that
it does not give rise to very tightly adhering films on all kinds of substrates. This is because the
substrate’s surface properties are responsible for the strength of adhesion of the coated films in this
technique. Sputtering seems to overcome many of the drawbacks of the above thin film deposition
techniques and promises to be particularly well suited to the preparation of polymeric coatings for
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use in biological environments. This technique involves the creation of thin films by mechanically
knocking out the atoms, molecules or fragments from the surface of a solid material by bombarding
it with energetic, nonreactive ions. The ejection process occurs as a result of momentum transfer
between the impinging ions and the atoms of the target being bombarded. The sputtered specimens
are then made to travel towards the substrate where they condense to form a thin film. The sputter-
ing process is best suited to the deposition of tightly adherent films of multicomponent compounds
of either insulating or conducting materials. It can thus be used to coat substrates with thin films of
either metallic, ceramic, glassy or polymeric compounds. Moreover, it can also be maintained as a
low temperature operation for coating polymeric compounds and it offers a number of adjustable
parameters to create polymer films with a variety of surface characteristics for different applica-
tions. Finally, it must be noted that this process of thin film formation requires considerable energy
transfer and therefore the coated films are usually very tightly adherent to substrates with any type
of surface properties. Thus, this potentially useful tool, belonging to the newly emerging technol-
ogy of ion implantation methods, seems to be best suited to tailor the surface properties of many
types of synthetic materials for use in biological media. There are several variants of the sputtering
process to suit different purposes but one of the most important and useful of these for depositing
thin polymer films is radio frequency sputtering.

2A  Rapio FReQuUENcY SPUTTER DEepPosITION OF THIN Fitm
CoATINGS OF FLuorROCARBON COMPOUNDS

This technique, which was first developed in the early sixties®, is applicable to the deposition of
thin, solid films of either conducting, insulating or semiconducting materials. The principle of rf
sputtering is illustrated in Figure I and summarized below. The polymer material to be coated as a
thin film, denoted as the target, is placed on a conducting plate at one end (the lower end in Figure I)
of a vacuum chamber and provided with water cooling to maintain lower temperatures on the target
surface. The target is connected to a radio frequency power source. The substrate on which the coat-
ing is to be deposited is placed at the other end of the vacuum chamber and maintained at ground
potential. In a typical experiment, the chamber is pumped down to a vacuum of about 10 ym or less
and then a heavy, inert gas (such as argon) is let in at a carefully controlled rate by means of a needle
valve and the pressure in the chamber is readjusted to the desired value (say 10 ym). Then the radio
frequency power generator is switched on and a plasma of positively-charged argon ions is created
in the chamber. These positively-charged heavy ions will be attracted towards the target surface
during the negative cycle and upon impact, they will knock off the target material by a momentum
transfer mechanism, resulting in the deposition of the ejected species on the substrate placed at the
other end of the chamber. During the course of sputtering, the target surface acquires a net negative
bias because the lighter electrons are initially attracted in greater abundance to the front surface of
the target during the positive half cycle than the positive ions during the other half. This net nega-
tive bias on the target surface sustains the sputtering process and enables the uninterrupted ejection
of the target material by the impacting ions. By the proper selection of the operating variables like
the energy of impinging ions, the target to substrate spacing, the pressure in the chamber and the
time of operation, it is possible to create polymer films with a wide variety of surface characteristics
from the same target source by this technique. Moreover, since the process involves either direct or
indirect momentum transfer from the incident ions to the surface atoms, the tenacity of adhesion of
the coated films to substrates is also usually high and not solely determined by the surface proper-
ties of the latter as in most other thin film techniques.

Our studies were directed towards the preparation of thin film coatings of fluorocarbonaceous
compounds and the subsequent modification of the surface properties of these coatings in order to
enhance their compatibility with biological environments. For this, we selected Teflon FEP (obtained
as 0.01 inch thick sheets from E.I. duPont de Nemours and Co.) as the target material and adopted
the radio frequency sputtering technique to coat the surfaces of select substrates with thin solid
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films of fluorocarbon compounds. The same sputter-up configuration as shown in Figure I was
adopted in our experiments. The following conditions were found to be optimal for the preparation
of high quality thin films with reproducible surface characteristics and tenacious adhesion to the
substrates in our laboratory: (i) net radio frequency power input of 600 W; (ii) chamber pressure of
10-15 pm; (iii) target to substrate spacing of 4 cm; and (iv) deposition time of 10 h. The sputtering
gas used was argon. The characterization of these deposited polymer films for their relevant surface
properties in biological environments will be discussed next.

3. CHARACTERIZATION OF POLYMER SURFACES
USED IN BIOLOGICAL ENVIRONMENTS

It is now common knowledge that the physical and chemical characteristics of the outermost surface
layers of polymeric solids can be vastly different in comparison to their bulk. This unique aspect of
polymer materials arises due to the ability of these solids to either alter their surface structures in
response to their local environments or in some instances due to the migration of chain segments
or pendant functional groups to or from their surface. In both these cases, the driving force respon-
sible for the alteration of the surface properties of these solids is the thermodynamic requirement of
minimizing the free energy of the system. This consideration therefore suggests that it is necessary
to use highly surface sensitive techniques, which can sample only the outermost surface atoms of
a specimen, in order to estimate the physicochemical properties of polymer surfaces in an envi-
ronment of interest. The well known surface characterization techniques such as attenuated total
reflectance infrared spectroscopy (ATR-IR), auger spectroscopy and electron and ion microprobe
techniques are inapplicable to the study of polymer surfaces, though they can be used to probe the
surface characteristics of other types of materials.

In the case of ATR-IR spectroscopy, its depth of penetration is of the order of a few microns®,
which therefore precludes its use for polymer surface characterization. On the other hand, auger
spectroscopy and electron and ion microprobe techniques suffer from the added failing that they
are likely to cause radiation damage to the surfaces of polymeric solids. Among the other surface
characterization techniques, the ones which seem most relevant for polymer surfaces are: (a) elec-
tron spectroscopy for chemical analysis (ESCA) and (b) contact angle measurements. ESCA is a
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FIGURE 1  Principle of radio frequency sputtering.
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