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FOREWORD

Apvances IN CHEMIsTRY SERiEs was founded in 1949 by the
American Chemical Society as an outlet for symposia and col-
lections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are refereed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Papers published
in ApvaNces IN CHEMISTRY SERIES are original contributions
not published elsewhere in whole or major part and include
reports of research as well as reviews since symposia may
embrace both types of presentation.
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PREFACE

This is a missionary book, bringing the message that many seemingly

diverse fields are but a single field when attention is focused sharply
enough at the various phase boundaries. A common feature often found
is that the boundary interactions are dominated by interfacial layers of
proteins. Thus, advances in applications of chemistry at protein inter-
faces will be achieved more rapidly if individual gains from certain
isolated disciplines, all of which involve protein interfacial phenomena,
can be integrated. For example, this volume demonstrates that most
fields of biological adhesion are unified at the fundamental level where
one must deal with attachment of single cells or small multicellular aggre-
gates under moist, saline, and biochemically active conditions. The events
of maritime fouling, thrombus formation, and dental plaque attachment
share marked similarities in the established requirement that all solid
surfaces first acquire a conditioning layer of protein which mediates the
adhesive interactions with arriving cells. At the electron microscopic
level, specimens from the biological milieux of sea water, blood, or saliva
can seldom be differentiated. Apparently insurmountable difficulties in
some fields have already been overcome in other phases of protein
surface science.

This book grew from a perceived need for cross fertilization of these
artificially separated disciplines. Chapters were chosen from a symposium
entitled “Proteins As and At Substrates,” from a concurrent symposium
entitled “Biomedical Application of Polymers,” and from invited contri-
butions of experts in fields not popularly identified as interfacial chemistry.
The authors were asked to provide manuscripts which might stimulate
other contributors to this same volume as well as the much broader,
interdisciplinary audience whose specific problems are encompassed by
one or more of these contributions. Numerous popular aspects of the
subject of surface chemistry of proteins have been purposely excluded.
The papers gathered here were selected, instead, to exemplify those
diverse under-represented fields which also share a common concern for
protein interfacial chemistry. Sixteen different institutions are repre-
sented, 5 academic, 4 medical, 4 governmental, and 3 industrial. Our
single regret is that major industrial concerns which can expect to benefit
greatly from the knowledge evident in this volume declined on the
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grounds of proprietary interest to allow contributions from their out-
standing scientific staffs to be included here. Thus, manuscripts on the
surface chemistry of hair, of pharmaceutical preparations, and of photo-
graphic gelatin are regrettably absent.

RoBerT E. BAIER
Calspan Corp.

Buffalo, N.Y.
January 1975
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Applied Chemistry at Protein Interfaces

ROBERT E. BAIER
Calspan Corp., Environmental Systems Department, Buffalo, N. Y. 14221

Some of the areas where interfacial protein layers dominate
the boundary chemistry are reviewed, and we introduce
some nondestructive analytical methods which can be used
simultaneously and/or sequentially to detect and character-
ize the microscopic amounts of matter at protein or other
substrates which spontaneously acquire protein conditioning
films. Examples include collagen and gelatin, synthetic
polypeptides, nylons, and the biomedically important sur-
faces of vessel grafts, skin, tissue, and blood. The impor-
tance of prerequisite adsorbed films of proteins during
thrombus formation, cell adhesion, use of intrauterine con-
traceptives, development of dental adhesives, and preven-
tion of maritime fouling is discussed. Specifics of protein
adsorption at solid/liquid and gas/liquid interfaces are
compared.

Numerous surface physicochemical analytical techniques, including

internal reflection IR spectrometry, ellipsometry, and determination
of critical surface tension and contact potential values, reveal a common
interfacial chemistry among seemingly unrelated phenomena. That is,
many interfaces are dominated by proteins, either as the original sub-
strates at or within which the key events occur or as the first spontane-
ously acquired conditioning layers which are prerequisites for subsequent
events. Proteins as substrates dominate the surface chemistry of collage-
nous biomaterials, photographic emulsions, skin, and hair. The interfacial
composition and organization of proteins determine the barrier properties
of skin and its receptivity to cosmetics and medications. The rapid and
often irreversible adsorption of pure protein or glycoprotein constituents
from complex media precedes microscopically detectable adhesion of
formed (cellular or larval) elements in all known circumstances. All
surfaces proposed for blood-compatible implant materials, for example,

1
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acquire such a conditioning film as do all structural and engineering
materials immersed in the sea, or placed in tissue culture or into the oral
or uterine cavities. Protein films are spontaneously formed at and elimi-
nated from most gas/liquid interfaces in nature, and the bubble-stripping
of such layers from the sea has been implicated in oceanographic/mete-
orologic phenomena. Once the common features of interfacial chemistry
have been recognized, significant cross-fertilization of the fields men-
tioned should be stimulated.

Some of the best examples of the dominance of functional interfaces
by biological macromolecules occur in the research area of “bioadhesion.”
This area includes the use of dental restoratives; the use of polymeric
surgical adhesives which replace mechanical links such as staples and
sutures; the development of prosthetic implants which replace, improve,
or supplement almost every part of the human body; the multiplication
of extracorporeal circuits for medical treatment in artificial kidney cen-
ters, coronary care units, and home dialysis; the study of blood clotting
reactions as they are induced by contact with nonphysiologic surfaces
ranging from the struts of an implanted heart valve to the transected ends
of a normal blood vessel which initiate wound healing; and the various
marine fouling events which encrust ships with barnacles and tube
worms and which slow oil-carrying supertankers by algal adhesion at the
highly stressed water line with large accumulations of seagrass. The
common interfacial features of these problems are often overlooked as
researchers focus largely on the volume phase effects and the fluid
dynamical effects involved.

Analytical Methods and Materials

Figure 1 shows the physicochemical surface methods used exten-
sively in our laboratory to assess the interfacial structure and properties
of predominantly protein substrates like skin, collagen, and living cell
surfaces and also to assess the initial sequence of events at clean solid
substrates upon their exposure to blood, saliva, and sea water.

The molecular structure of the film adsorbed on a substrate such as
germanium, silicon, or various common IR-transmitting salts [either
before or after their surfaces were modified by standard techniques such
as monolayer formation (1, 2)], is readily deduced by the internal reflec-
tion technique which has been described (3). When the substrate is a
material of high reflectivity and high intrinsic refractive index such as
germanium (which is used in most of our experiments), film thickness and
refractive index may be determined nondestructively by ellipsometric
techniques (4). A third nondestructive and noncontacting technique,
which is easily applied to thin film samples on germanium or any con-
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ductive substrate, is the determination of the contact potential from
vibrating reed electrometer studies using experimental apparatus designed
by Bewig and Zisman (5, 6).

A major technique used in all our studies is contact angle data taken
according to the methods of Zisman (7) to derive the critical surface
tension. All of these techniques can be applied simultaneously or sequen-
tially to the same interfacial area, with a sensitivity for all of the methods
great enough to detect layers less than 10 A and representing less than
0.1 ug of material on a substrate surface area similar to a glass microscope
slide. For any interfacial film, easily adapted and well-calibrated tech-
niques can determine first the molecular composition of the material, then
its degree of organization (from ellipsometric deductions of its thickness
and refractive index), its degree of electrical asymmetry (from dipole
presence and orientation deduced via contact potential data), and finally
which of the molecular clusters present within the film (identified by
internal reflection IR) must be outermost and in control of interactions
with the external environment (using the important contact angle-deter-
mined critical surface tension values).

Proteins as Substrates

Contact angle methodology for probing the surface chemical function
and architecture of protein-dominated surfaces has been the most reveal-
ing technique. The contact angle (6) of a liquid on a solid surface is
defined as that internal angle, generally between 0° and 150°, measured
through the liquid drop to the tangent drawn to its peripheral boundary.
A plot of the cosine of the contact angle vs. the independently determined
liquid/vapor surface tension for each diagnostic liquid used forms a
linear relationship from which one can infer a critical surface tension
value at the cosine § = 1 axis. The direct correlation which Zisman and
coworkers (7) have developed between such critical surface tension
intercepts and the true outermost atomic constitution of low energy
organic solids is often called a wettability spectrum. For selected low
energy surfaces the actual atomic constitution of the surface can be corre-
lated on a 1:1 basis with the critical surface tension experimentally
determined.

Collagen and Gelatin

Contact angle techniques used to evaluate thin films of water-soluble
collagen, with care to avoid denaturing effects, gave a critical surface
tension approaching 40 dynes/cm (8). An anomalous nonwettability by
some of the low surface-tension, dispersion-force-only liquids was evident,
and this was attributed to organized water adsorbed at the surface of
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these thin films. There were no special interactions with hydrogen-bond-
ing liquids. On the other hand, it was discovered that by casting thin
films of collagen from hot rather than cool water, a marked departure
in the wetting properties was exhibited by hydrogen-bonding liquids.
Based on previous published work (9, 10), this behavior is explained as
randomization of the native protein structure which allows access of the
hydrogen-bonding wetting liquids to the hydrogen-bond-susceptible
amide links at the interface which serve as a substrate for other inter-
actions (e.g., platelet adhesion to collagen fibers in wvivo initating
thrombosis ).

Completely water-swollen collagen differed markedly from the rela-
tively dry [equilibrated at 50% relative humdity (RH)] protein (8) in
its wettability by water-immiscible liquids. In the water-swollen case,
the apparent critical surface tension diminished to ca. 30 dynes/cm, indi-
cating that a protein interface in nature is not correctly modeled by
dehydrated specimens.

Protein Amnalogs

Synthetic polypeptides serve as models for proteins in a number of
circumstances, particularly in deducing the influence of backbone chain
configurations on the wetting properties of protein-dominated surfaces
(9, 11). When, for example, poly(y-methyl glutamate) was cast as a bulk
sheet from solvents which favored the extended chain beta-structure of
the polymer (as verified by IR and various diffraction techniques), the
interfacial properties were dominated by the organized side chains
(methyl ester groups in this case). No evidence of the hydrogen-bonding
backbone, which was only a few atomic diameters from the surface, could
be found. On the other hand, casting the poly(y-methyl glutamate) into
bulk films from solvents which favored the alpha helical arrangement of
the polymer backbone demonstrated a marked increase in the wettability
of the surface by those diagnostic wetting liquids characterizing hydro-
gen-bonding interactions. These films also showed a net increase in the
average critical surface tension or apparent surface free energy of the
polymer as a result of this backbone reorganization. Similarly, when
poly(y-methyl glutamate) was cast from solvents favoring the random
tangle structure of the molecule and again allowing accessibility across
the interface to polymeric backbone segments capable of entering into
hydrogen-bonding interactions, the wetting results were similar to those
for the alpha helical form and completely dissimilar to those for the
extended chain intermolecularly hydrogen-bonded beta structure.

An extreme example of the different appearance of a macromolecular
surface to an interacting external environment is provided by polyacryl-
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amide (12). In this case, the data of all liquids which can enter into
hydrogen-bonding interactions fall together on a Zisman-type contact
angle plot at a critical surface tension of about 50 dynes/cm; other liquids
incapable of this special interaction form a separate straight line which
extrapolates to a critical tension some 10 dynes/cm lower (8, 12). Thus,
protein surfaces can either (a) respond differentially (with the groups
present and locked into the surface) to a variety of challenging environ-
ments, or (b) through molecular rearrangement, present those molecular
groupings most compatible with the liquid adjacent to the solid substrate.

Nylons

Among model materials most relevant to natural proteins, the engi-
neering polymer, nylon 2 (described in biochemical terminology as poly-
glycine) is important. In polyglycine (10) the difference between wetting
of the surface by hydrogen-bonding liquids and by nonhydrogen-bonding
liquids is striking.

Other nylon polymers showed the same apparent effect (10). The
frequency distribution of the amide segments in a surface is a significant
determinant of the general wettability of the surface as well as of any
specific enhanced wettability by hydrogen-bonding liquids. For nylons,
because of their lack of masking side chains, the modifications of surface
properties resulting from casting of bulk films from various solvents were
much less important than in the polypeptides with lengthy side chains
which result in significant steric hindrance.

The wettability band for polyamides of the nylon series shifted to
show lower slopes and higher critical surface tension intercepts when
plotted in the standard Zisman format (7) as the amide group density
increased (10). Unfortunately no theoretical work describes the impor-
tant factors influencing the slope of such plots which reflect in a general
way the strength of solid/liquid interactions.

Biomedically Important Collagenous Substrates

One of the most active areas of surgical research and practice in-
volves collagen-based substitutes for natural blood vessels. What is
sought is a blood conduit which is structurally sound and texturally
suited for anchoring accumulating blood components without significantly
distorting them to cause adverse subsequent reactions (such as thrombus
generation, calcification, atherosclerosis). We have presented much sur-
face textural and surface chemical data characterizing the surfaces of
modified bovine blood vessels dominated by a collagen matrix and of the
natural blood vessels which they can replace (13). One of our most
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Figure 1. Simultaneous non-destructive analytical techniques

important findings was that, when the texturally rough collagenous grafts
are exposed to fresh flowing blood, they are rapidly overlain with a second
protein film of fibrin, deposited spontaneously. We also demonstrated
that in certain circumstances cholesterol stearate and fatty acid deposits
accumulate along the lumen of collagen vessels. The deposits adversely
increased their surface free energy and ultimately became the site of
thrombus formation and aneurysmic failure of the collagenous implants.

Skin

Growing from deeper layers is the stratum corneum, a collapsed layer
of protein-dominated, keratin-filled membranous sacks which provide the
interface with all environments: air, water, and various increasingly haz-
ardous aerosol chemicals. Important contributions to the study of the
surface chemistry of this protein substrate were made first in industrial
quarters, where the actions of soaps, creams, and other cosmetic applica-
tions were sought (I14). The studies of many laboratories confirm the
surface of skin to be a moderately low energy polymer similar to poly-
ethylene in many interactions. Modifications of the method described in
Figure 1 have been used for five years to study in situ the surface IR
characteristics of living skin. Figure 2 shows an internal reflection spec-
trum obtained simply by touching the forearm to a germanium prism in a
horizontal attachment to our internal reflection IR spectrophotometer
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Figure 2. Skin in situ; spectrum recorded by touching forearm to germanium
prism in horizontal attachment

(constructed to our specifications by Harrick Scientific Corp., Ossining,
N.Y.). The depth of the skin thus sampled is only a fraction of a micron.
This external surface of the body is overwhelmingly dominated by protein
components. A similar spectrum characterized old skin in situ on the
thumb of an experimental subject showing protein domination again with
a small contribution of organic ester. Contrasting with this is the situation
illustrated spectrally in Figure 3, where the fresh skin of the opposite
thumb of the same subject, as generated beneath a blister cap, shows an
intermediate skin chemistry wherein the relative abundance of fatty esters

o~ {_1\
/ \ A /"\f‘/\j '

Figure 3. M.A.L.R. infrared spectrum of fresh skin area beneath peeled away

blister cap (1 cm X 3 cm; right thumb in situ, 2 days after first exposure to

atmosphere; fingerprint ridges not well developed). Note ratio of hydrocarbon
and ester bands to amide bands.
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is greater. Figures 4 and 5 illustrate the difference in skin surface chem-
istry recorded before and just after the application of a typical commer-
cial moisture cream according to the supplier’s instructions. This example
highlights the potential diagnostic power of this method, while confirm-
ing dominance of the interfacial chemistry by protein components recep-
tive to other materials. Control experiments showed that the observed
changes between Figures 4 and 5 were not simply the result of a skin
coating.

Figure 4. M.A.LR. infrared spectrum of virgin skin in situ (female forearm,
underside, immediately after soap and water wash, towel dry)

Thus, the outermost layer of living human skin is dominated by pro-
teins; new skin generated under the old is similarly dominated by proteins
with the addition of a significant fraction of lipid. To understand the
barrier and other protective properties of the skin one must look at the
interfacial chemistry of protein layers. Figure 6 shows that even the
exudate from a skin wound is dominated by protein components. As
discussed later, the proteins in this case are almost exclusively glycopro-
teins, as indicated in Figure 6 by the relatively strong absorption band
at ca. 1050 cm™. In modern protein interfacial chemical literature, glyco-
proteins dominate the discussion.

Tissue and Blood

One of the most striking differences between protein-dominated sub-
strates (e.g., skin, tissue masses, and blood) and other solid, semi-solid,
or liquid surfaces is in their wettability and adhesiveness with other
materials. Work on the development of surgical adhesives based upon
the poly(a-cyanoacrylates) used successfully in hemostasis for massive
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Figure 5. M.A.LR. infrared spectrum of modified skin in situ (female forearm,
underside, immediately after application of commercial “moisture cream” ac-
cording to supplier’s instructions)

wounds, clinical repair of skin incisions, and oral surgery (15, 16) pro-
vides excellent examples of this differential wettability and adhesion.
For example, the homologous series of alkyl cyanoacrylate polymers from
methyl through heptyl shows an inverse order of wetting and adhesion
on blood and tissue from the order shown on pure water or protein-free
fluids. This and ancillary evidence (16) shows that interfaces of wet
biological masses are dominated by protein molecules which can enter

Figure 6. Proteinaceous exudate from wounded (by stripping of cornified layer)
skin surface
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into many special interfacial chemical reactions not possible in the ab-
sence of protein.

Protein interfacial layers also control traditional surface physico-
chemical properties of friction, wear, and lubrication in the joints of
articulated bones—e.g., in hip joints. Little is known about the rubbing
surfaces and the filling fluids of the natural ball and socket connections
except that they are predominately cartilaginous, glycoprotein, and pro-
teoglycan materials.

Another important example of the differential adhesiveness which
protein-dominated surfaces can display, is in the development of artificial
skin especially for wound dressings and for temporary covers of extensive
burns. C. W. Hall and co-workers (17) showed that relative tissue ad-
hesion to mechanically identical velour fabrics constructed of various
materials follows the order predicted by the critical surface tensions of
construction material.

Mohandas and co-workers (18), confirming previous findings of Weiss
and Blumenson (19), have also shown that cells in an environment free
of adsorbable proteins (which rapidly modify the surface properties of
polymeric or inorganic substrates) will exhibit a similar direct relation-
ship between their adhesion and the critical surface tension of the surface
they contacted. Differential adhesion of red blood cells was measured by
determining the fraction of cells retained on a surface after the applica-
tion of well-calibrated shear stresses (18). In protein-free experiments,
the red cells (themselves dominated in adhesive interactions by their
protein membranes) had greatest adhesion to glass, intermediate adhesion
to polyethylene and siliconized glass, and least adhesion to Teflon.

This artificial bioadhesion does not characterize the natural situa-
tion, where spontaneous protein adsorption precedes cell-surface contact.
Mohandas and co-workers (18) recognized this problem and have ex-
tended their studies to protein-coated surfaces as well.

Proteins at Substrates

Thrombus. In over 20,000 substitute heart valves implanted during
the mid-1960’s, thromboembolism (shedding of small masses of platelet
aggregates from their loci on the artificial surfaces of the implanted
prostheses) occurred in about one of five patients despite attempts to
maintain anticoagulation (20). The events of cell adhesion and break-
down of such adhesion after it has propagated enough so that local shear
forces can overcome it is a significant complication of heart valve replace-
ment and similar insertion of nonphysiological material into the cardio-
vascular system. The first events involve adsorption of proteins, pre-
dominantly fibrinogen, as modifying or conditioning films on the implants
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(21, 22, 23). Then platelets, which had been arriving but not adhering
prior to the buildup of a certain thickness of the protein layer, adhere to
form a saturated layer (24, 25, 26). Depending on the nature of the
original substrate as transduced through the nonequilibrium layer of
protein present at the time of induction of platelet adhesion, either plate-
let aggregation into the lumen occurs, or the original platelets are shed.
In the former, more common case, the aggregating mass grows down-
stream in a wake pattern, finally inducing formation of an interaggregate
fibrin and red cell mesh, with complete flow block by thrombus and
subsequent emboli. Activation of the coagulation factors XII, XIII, etc.
is an important independent event which also can begin by surface
contact; it enhances the formation of fibrin in the volume phase of the
flowing stream. Only two, seldom seen routes to favorable biomedical
outcomes have been observed. In the first, the original layer of adherent
platelets does not become sticky to arriving siblings. Through a poorly
understood secondary adhesion of white cells (predominantly neutro-
phils), the original platelets are removed to leave a residual protein film
in dynamic equilibrium with the blood stream. No further cellular depo-
sition is noted. The second favorable circumstance occurs when, in
implants of sufficiently large diameter or in regions of sufficiently high
rates of flow, the original layer of platelet thrombus (with or without
fibrin strands and trapped erythrocytes) remodels to form a smooth
fibrin layer or to support cellular ingrowth (probably of endothelial cells
such as those originally lining blood vessels) to provide a passive pseudo
intima.

Some general observations on the adhesion of blood platelets can
be made based on experiments performed in a variety of carefully de-
signed flow chambers (24, 27). A lag of 30-60 sec before platelets
deposited, even though arriving in abundance, was observed micro-
scopically and filmed. Ancillary studies by electron microscopy, internal
reflection spectroscopy, ellipsometry, staining, antibody, and contact
angle techniques provided evidence that no cell adhesion occurs from
natural blood without the presence of this intervening layer of protein
which is selectively and uniformly deposited on all nonphysiologic sub-
strates (21, 25, 28, 29). It has been proposed recently that the interaction
of platelets themselves with this deposited protein film is mediated by
an extracellular protein layer of contractile protein on the cell surface
(30, 31). Figure 7 is a highly magnified, electron microscopic view of
the edge of a single blood platelet where it contacts a foreign solid
(epoxy). This view illustrates both the prerequisite adsorbed film and
the platelet surface fuzz which may be involved in this adhesive inter-
action.
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Figure 7. The edge of a platelet adhering to an epoxy slab, as coated with a
protein conditioning film

No explanation exists for the observation routinely confirmed that,
although spontaneously adsorbed protein at nonphysiologic interfaces
has a uniform initial appearance and chemistry, the arriving blood plate-
lets do not adhere uniformly to that layer. The adherent platelets always
leave apparently unoccupied space between themselves and their nearest
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neighbors, generally giving a saturation population density of between
70 and 90 platelets per 1000 u? (26). Actual cell adhesion on preformed
protein films can be measured by methods already described (18).

The rapidity of the protein adsorption has been demonstrated else-
where. In as little as 5 sec, for example, the film thickness was already
of the order of 50 A (21). It is now accepted that adsorbed protein
accumulates over the same time period to about the same thickness on
all foreign solid surfaces in blood. Electron micrographs of the platelets
originally adherent to surfaces having different original characters (32)
provide some insight on the origin of a continued differential end point
existing among thromboresistant or thrombogenic materials. On those
surfaces which are thromboresistant after long term implantations, the
originally adherent platelets remain more morphologically intact than
those which originally adhered to the (empirically found) thrombogenic
materials. Those originally adherent platelets which retain their round
or disc-like shape and throw out very few pseudopods across the surface
are no longer observed on the surface after flow times as short as 2 hrs
in many cases (33), even though they were present from times of about
1 min (24) to 10 min (26). Thus, in some unknown way, differences in
the adsorbed protein, even the same adsorbed protein, must be marked
enough to provide this strikingly different response in adhering blood
platelets. Changes in the zeta potential and other electrokinetic proper-
ties across adsorbed protein layers are probably not great enough to
explain the relative compatibility, or lack of compatibility, of a variety
of proposed implant materials (35, 36).

Leo Vroman and co-workers, who present additional data in this vol-
ume, have made major contributions to our understanding of the funda-
mentals of this adsorption process. They have shown that events at the
substrate/blood interface are not static after the first layer of protein is
adsorbed, but that the protein layer is continuously remodeled, reacted
with, or converted by other surface-active components in intact plasma
(37).

The layer which continues to exist in apparent equilibrium with the
blood after long term implantations of otherwise inert solid materials
remains mysterious; it is not recognized by any of the specific blood
component antibodies tried to date. Often, it remains thick enough so
that when analyzed by internal reflection spectroscopy (sensitive to, at
the most, a few microns of a substrate surface sample), the underlying
polymeric substrate cannot be detected at all. An interesting exception
to this finding has come from our recent research with inorganic sub-
strates which had been scrupulously cleaned by glow discharge treat-
ment. When borosilicate glass tubing was treated by this process and
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implanted, it remained thrombus-free for more than a year in a very
thrombogenic location (the canine thoracic inferior vena cava). A
passivating layer of protein, which was remarkably pure by spectroscopic
criteria and abundant after 2 hrs of blood contact, could be barely dem-
onstrated by IR after 480 days (38).

Improved analytical techniques are needed to detect the important
configurational and chemical differences among adsorbed films formed
spontaneously from complex solutions on various substrates. Internal
reflection IR does not reveal significant differences in the adsorbed pro-
tein films which accumulate on variously treated Stellite 21 devices (a
cobalt-chromium alloy used to make synthetic heart valve struts and
seats); in some instances these devices are thrombogenic, and in others
they are apparently thromboresistant (39). Yet, scanning electron
microscopy reveals that arriving blood platelets can discern differences
in the films immediately on contact with them.

Textile Grafts. Flexible knitted and woven tubes (usually of Dacron
and Teflon fibers) are often implanted as synthetic blood conduits. It
was demonstrated as early as 1958 that these plastic fiber grafts all
become coated, on both outer and inner surfaces, with fibrous tissues as
soon as 30 days after implantation (40). In addition the nominally higher
surface-energy fabrics, constructed from polyamide and polyester, are
more prone to accumulate thick layers of such fibrous tissue than are
the lower surface-energy grafts of Teflon. Drawing upon such scattered
observations, along with our own data on the surface properties of
apparently thromboresistant implants (41), we proposed a tentative
correlation of the relative surface energies of solids with their biological
interactions (13, 24, 42). The most significant feature of our hypothesis
is a minimum in relative biological interaction along the scale from very
low surface-energy materials (typified by the fluorocarbons) to the higher
surface-energy plastics (typified by the various polyesters and poly-
amides). Evidence (42, 43) suggests that the zone of maximum biocom-
patibility—as judged by minimum depositions of debris on implants or
minimum distortion of cells adherent through an intermediate layer of
protein to the surfaces—falls in the critical surface region between 20 and
30 dynes/cm. On the basis of well developed correlations between poly-
mer surface constitution and critical surface tension (7), such a range
must be essentially dominated by the —CHj, terminal groups as side chains
(as in polydimethylsiloxane) or terminal atomic clusters (as in fatty
acids, amides, and long chain aliphatic alcohols) on more complex
organic backbones. The apparent critical surface tension of organized
water (determined from wetting experiments involving simple liquids
which can interact only by dispersion forces and not by polar interactions
or hydrogen-bonding interactions) falls also in this zone (45, 46); this
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suggests that very highly hydrated masses such as hydrogels might also
function by this moderate surface-energy mechanism when they remain
thromboresistant.

Cell Adhesion. Except for model experiments with red cells in arti-
ficial protein-free environments, there is no counter example to the gen-
eralization that cell adhesion does not occur to any solid surface without
an intervening thin layer of adsorbed or previously deposited protein-
dominated matter. An excellent demonstration of the requirement for
such adsorbed layers was provided by A. C. Taylor (47) in his studies of
adhesion between gingival epithelial cells and hard enamel surfaces at
the dental margin and between all living cells which he studied and
artificial substrates in culture. More recently, this finding has been con-
firmed in examples as much in contrast as the adhesion of standard cell
lines to unmodified glass surfaces and to completely silicone-masked glass
surfaces (48). Such masking was done by a pinhole-free overcoating of
a siliconizing material which not only changed the surface free energy
of the solid but also reversed its normal electrical charge (from negative
to positive); yet protein adsorption preceded cell adhesion both before
and after the glass was overcoated.

In this volume Baier and Weiss demonstrate the reality of the spon-
taneous adsorption of reasonably pure glycoprotein films from common
cell culture media (as generally supplemented with calf serum) prior
to cell attachment and growth on substrate surfaces. In addition to sur-
face chemical and charge influences on cell adhesion at the solid/solution
interface, there is a dependence on the relative sizes and geometries of
the cells and their potential substrates (48). In some cases, where the
substrates are quite large with respect to the cells, the cells will simply
grow over, along, or under such foreign material. When the substrates
are very small and fibrous, or otherwise finely particulated, a process
akin to phagocytosis occurs—i.e., the cells cluster on and around the
foreign solid surfaces. Paul Weiss catagorized these types of reactions as
indicative of a tactile chemical response (49). Van Oss and co-workers
(50, 51) and Good (52) have recently taken some of these factors into
account in their study of mechanisms of phagocytosis as it underlies
particle engulfment in health and disease.

An important feature of the incubation of foreign solid surfaces in
natural biological media, especially in media containing adsorbable
macromolecular components such as serum glycoproteins, is that higher
surface free-energy materials (such as glow-discharge cleaned glass) and
moderately low surface free-energy materials (such as dichlorodimethyl-
silane-modified glass) continue to exhibit differential surface properties
through an adsorbed protein blanket of equal thickness. These properties
are exhibited in both contact angle (wetting and spreading) and cell
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adhesion experiments which are easily done in the laboratory (47). Well
characterized and well behaved glass coating compounds of very low
surface free energy are needed to verify that protein adsorption will
occur on that substrate in the same way it does on the high and moderate
surface free-energy substrates. Cells adhere more tightly and in greater
abundance to smooth higher surface free-energy substrates than to
smooth moderate (between 20 and 30 dynes/cm) substrates; cells at-
tached to the high surface-free-energy substrates, through an intervening
layer of spontaneously adsorbed protein, show much greater frequency of
irregular perimeters (i.e., many protrusions, pseudopods, and fibrous
projections from the border attaching to the surface). Cells on the bio-
compatible surfaces remain rounded and poorly adherent. Equally sig-
nificant is that, in the case of cell contact with protein-coated moderately
low-energy surfaces, the cells prefer to aggregate (over a period of time)
with one another in tissue-like masses rather than maintain independent
and separate adhesion with a substrate (47). We have previously dis-
cussed a zone of minimal cell spreading and attachment on such surfaces
(41) and reviewed these processes from the point of view of cell motility
and migration as necessarily takes place during wound healing (53).
Future study must show how, at the leading edge of migrating cells, the
adhesion between cell surface structures and the underlying immobilized
substrate surface structures can be so rapidly made and broken as to allow
the observed rotating-tank tread-like motion of the cell surface and the
forward progress of the cell body to occur.

Intrauterine Devices. Leininger (54) has reviewed the utility of
various polymers as implants. Objects which are neither a tissue implant
nor a cardiovascular implant but which may have features of both, are
contraceptive foreign bodies. Since this subject has not been discussed
often enough in the surface chemical literature, interactions of devices
placed in the uterine cavity remain poorly understood. These devices
minimize in some unknown manner, chances for conception and preg-
nancy. A brief article which discusses the specifics of spontaneous inter-
facial modification of these contraceptives is included in this volume (57).
The major finding is that all such inserts accumulate a remarkably uni-
form coating of glycoprotein by spontaneous adsorption from the cervical
mucous fluid. It has been speculated that this layer of adsorbed inter-
facial material modestly activates antibody and rejection mechanisms in
the surrounding tissue, thereby preventing capacitation of sperm obliged
to swim through this subtly chemically modified zone (41).

Dental Adhesion. A problem of increasing importance which is
attracting increasing scientific workers, is the establishment in the moist
saline, enzymatically active, heat-and-cold-stressed, and mechanically
perturbed environment of the mouth good adhesive bonds between the
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natural surfaces and synthetic prosthetic materials (50, 57, 58). This
happens spontaneously in most healthy and many diseased persons when
dental plaque accumulates and transforms into dental calculus. As we
have shown elsewhere (59), and as Quintana reviews in this volume
(60), solid surfaces in the oral cavity even when scrupulously precleaned
do not remain free of adsorbed macromolecular components for more
than a few seconds. The material which is spontaneously adsorbed
is a specific glycoprotein component of saliva and not a heterogeneous
random selection from all surface-active components present. In our
laboratories, we are determining the surface chemistry of human teeth as
they normally rest in a healthy human mouth, by making contact angle
measurements (59). Once the main features of this interfacial chemistry
and the dominance of most interfaces by adsorbed hydrated proteinaceous
layers becomes more generally understood, the development of excellent
dental adhesives will follow. Such adhesives, supported by special dental
treatment, will allow greater adhesion between biological materials and
hard substrates, as in implants at the dental margin. In other cases,
improved surface chemical knowledge should allow treatments to be
developed which will minimize adhesion between cellular elements, such
as bacterial flora, and solid surfaces in the mouth so that dental plaque,
cavity initiation, and calculus formation will be minimized.

Biological Fouling. Bacterial adhesion is a primary event in the
early phases of dental plaque formation. A less popularly understood
example of bacterial adhesion is that which occurs on foreign solid
surfaces in natural waters. Kevin Marshall in Australia and William
Corpe in the United States have led the study of primary bacterial film
formation on foreign solid surfaces (61, 62). They have demonstrated,
independently and in collaboration with this author, the interfacial modi-
fication of all foreign substrates, prior to such primary bacterial adhesion,
by adsorbed glycoprotein layers. It is not yet certain that these extra-
cellular layers originate from dissolved components in natural seawater
or in suspending media in laboratory experiments. These conditioning
films of adsorbed protein may result from active participation of the
bacteria in extruding such material or from the disintegration of some
of the bacteria to provide the adsorbable components in a nonspecific
manner. Marshall has also shown that the propagation of these bacteria
in chains and clusters proceeds from the surface through the intermingling
or adhesion of fibrillar extracellular polymeric material similar to that
involved in the original adhesive event (63). This observation recalls
the involvement of fiber-forming fibrinogen and the mutual aggregation
of blood platelets during the initial events of thrombus formation de-
scribed earlier (21, 29).
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Even in the absence of microscopically observable bacterial adhesive
events, all substrates in natural water, and especially in subtropical areas
where maritime fouling abounds, are spontaneously coated with adsorbed
protein films (65). In fact, allowing for differences in relative time scales
which reflect differences in relative concentrations of adsorbable com-
ponents, the sequence of events at solid surfaces immersed in common
fresh or seawater (containing living organisms) is essentially identical
to that in the natural maritime environment. The sequence begins with
rapid, nearly monomolecular layer coverage of specifically adsorbed gly-
coproteins followed by layer thickening and finally adhesion and growth
of discrete organisms (65).

With samples prepared by M. Cook in England, we have demon-
strated that such adsorbed films on solid substrates are also involved in
the adhesion of mussel byssus discs to such surfaces (66). A secondary
adhesive product, analytically similar to glycoproteins, is that on the
underside of the mussel byssus discs (67). In the case of the ability of
barnacle cyprids to adhere under adverse circumstances to substrates as
diverse as Teflon, steel, and highly toxic paint surfaces, the original
modification of the solid substrate interface is provided by adsorbed
protein-dominated layers. Crisp (68) has shown convincingly that bar-
nacle cyprids in their adherent stage will choose protein-coated substrates
for settling rather than freshly inserted or freshly cleaned surfaces. In
this case, as with the mussel byssus disc and with adherent bacteria, the
extruded cement (itself a glycoprotein) must be establishing its great
adhesion not directly with the substrate but with the already-present
glycoprotein film formed prior to cyprid settling. We suggested earlier
that all biological fouling begins by an adsorptive event dominated by
accumulation of glycoprotein material and that secondary adhesion of
the formed cellular or larval organisms is through a proteoglycan type
material (67). We suppose that the secondary cement interacts, carbo-
hydrate-group-to-carbohydrate-group, through its exposed glyco side
chains with similar oligosaccharide groups of the originally adherent
layer in much the same manner as polysaccharide chains merge in wet
cellulosic pulps to give paper products their strength.

Barnacles actually grown on the faces of internal reflection prisms
have a cement predominately of the glycoprotein class. In most detach-
able biological links, such as formed by the mussel byssus discs, limpids,
snails, and fresh-water removable bacteria, the adhesive is generally of
the polysaccharide or proteoglycan class. Based upon immersion studies
still in progress, the zone of minimal biological adhesion signaled by the
critical surface tension range between 20 and 30 dynes/cm in tissue
implantation, cell culture, and blood compatibility experiments will also
be the proper functional zone for minimum biological fouling (64).
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Specifics of Protein Adsorption

Substrates of differing initial surface properties, when immersed in
media containing adsorbable macromolecules such as proteins, attain at
equilibrium essentially the same amount of the same adsorbed material
(69). Although the equilibrium conditions at the surfaces of various
substrates are, in the absence of other components and especially of
living cells, similar, these surfaces differ remarkably while attaching,
adsorbing, or otherwise contacting cellular elements before equilibrium
thicknesses or constant chemical conditions have been obtained. To
understand bioadhesive events one must know the specific configuration
and other details of organization of the films during their conversion
from initially attached molecules to the establishment of adsorption—
desorption equilibrium. Some aspects of the adsorption process, and
especially the differences which continue to exist even under equi-
librium conditions, are described in other publications (69, 70).

Adsorbed Films

Using the protein beta-lactoglobulin as a model, George Loeb has
shown that the ratio of essentially native to configurationally modified
protein in spontaneously adsorbed films varies directly with the amount
of material adsorbed (71). At the lowest amount adsorbed (presumably
the first monolayer coverage), the ratio of native to altered molecular
configuration is about 0.5. Only as the film achieves adsorption equilib-
rium at a significantly greater thickness does this ratio become about 0.8
(for films adsorbed on nominally high surface energy materials). Loeb’s
parameter of structural alteration was the IR-detectable shift in hydro-
gen-bonding arrangements which differentiate the predominately beta-
structured (intermolecularly hydrogen-bonded extended chain) from the
alpha-helical configuration (stabilized by intramolecularly hydrogen-
bonded amino acid units). Only when the substrate available for ad-
sorption of protein macromolecules from solution was in the moderately
low-surface-free-energy class did the ratio of native to denatured material
in the adsorbed film approach one. Loeb also showed in a series of
experiments in which the concentration of protein in the original solution
was systematically modified, that the proportion of native material (con-
figurationally undistorted at the level of secondary structure detected by
IR) was lower relative to the lower original concentration of protein in
solution. In similar systems studied by ellipsometry, equilibrium film
thicknesses are not attained until ca. 1500 sec of adsorption; this illus-
trates the substantial difference in time scales between attainment of
equilibrium protein adsorption and the time (30—480 sec) at which cells
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usually become adhesive to the thickening films. Recent results from
the National Bureau of Standards (69) illustrate the further sensitivity
of protein adsorption to the specific surface free energy of the solid sub-
strate. Such work has shown that although the mass of material adsorbed
on various surfaces might remain essentially constant under equilibrium
conditions, the protein extension out into the solution phase can be sub-
stantially different. On a variety of surfaces, proteins of special interest
in thrombus formation and blood clotting have their greatest extension
from those surfaces of lower free energy (69). Such studies have sug-
gested the interpretation, discussed in detail by Nyilas (72), that low
interaction energies across solid/protein solution boundaries will ensure
short residence times of the adsorbing macromolecules. Proper balance
of the interfacial chemistry with the chemistry of the adsorbing species
can probably minimize the adverse influences which tenacious, irre-
versible protein adsorption (and configuration modification) induce (73).

Gas/Liquid Interfaces

Adsorption experiments with protein macromolecules at solid/solu-
tion interfaces are often difficult to perform and even more difficult to
interpret properly. Fortunately we have reported and reviewed else-
where (11, 22) that both adsorption and deliberate spreading of proteins
and synthetic polypeptides (as model proteins) at air/liquid interfaces
provide films whose structures are usually indistinguishable from those
formed by adsorption to solids. It has also been shown, as recently
reviewed by Malcolm (74) and recapitulated by him in this volume, that
gas/liquid interfacial polymeric films can be grossly manipulated, crum-
pled, and collapsed into fibrous bundles without modification of their
fundamental structure (75, 76). Loeb has shown that for predominantly
alpha-helical proteins, adsorption at the solid/liquid boundary and more
particularly spreading at the air/liquid interface does not significantly
degrade their original secondary structure (77). On the other hand,
predominantly beta-chain materials, such as beta-lactoglobulin, do during
adsorption or air/water interfacial film formation change to a more
helical form (71). This was previously shown, by multiple attenuated
internal reflection spectroscopy techniques identical to those described
here, to occur with the simpler polypeptide poly(y-methylglutamate)
spread from solutions in which its predominant molecular form was
beta (extended chain) and in which its air/water interfacial film
became about 50% coiled (76). In beta-lactoglobulin, the fraction of
native material remaining in a monolayer depended on the surface pres-
sure under which the film was transferred to internal reflection prisms
for ultimate analysis. The higher pressures favored more native material
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in the transferred film. With this exception, it can be generalized that
the strong preference is for coiled rather than extended chains of surface-
localized macromolecules.

Using direct extensions of film transfer techniques originally de-
scribed by Langmuir and Blodgett (1), we have applied the surface film
retrieval method described to films accumulated at natural gas/liquid
interfacial boundaries such as those between the sea and the atmosphere
above lakes and oceans (78, 79, 80, 81). Given prisms which had been
scrupulously cleaned in the laboratory prior to packaging, so that their
surface properties were predominantly hydrophilic at the time of field
immersion, it was demonstrated that even in a reasonably choppy mari-
time environment where precise immersion and withdrawal was not
possible, only a single thickness of the ambient resident film was trans-
ferred for analysis (by the combination of techniques described earlier
here). It was also shown that, by first conditioning the prism with a
hydrophobic coating (such as that provided by siliconization or by a
dried monolayer of stearic acid or stearate salt), multiple immersions and
withdrawals of a prism through a surface-film-covered liquid would result
in the easy transfer of proportionately thicker (multiple ambient layers)
films for easier analysis. This technique involves removing a prism in a
special small holder from its plastic package, attaching it to a snap hook
on a fishing line and lowering it through the natural air/water interface
(or outfall of industrial wastes, layer of foam, oil slick) of interest, slowly
withdrawing the prism, giving it a brief air drying, and repackaging for
later analysis. The first large scale application of the technique was in
Chautauqua Lake in New York state, which was repetitively sampled over
the entire 1969 recreational season to establish spectroscopic parame-
ters to permit characterization of its surface quality (78). More recently,
the technique has been extended to the major oceans and seas of the
earth. In general, in all nonpolluted locations or in polluted locations
which were allowed a few days for natural cleansing to occur at the
interface, natural air/water boundaries are dominated by glycoprotein
and proteoglycan type films (80, 81).

With rare exceptions, such as along the north wall of the Gulf
Stream where interfacial films are sometimes dominated by lipid com-
ponents, contact angle data on the transferred dried films have indicated
critical surface tensions between 30 and 40 dynes/cm, thereby confirming
the presence of oxygenated and presumably also nitrogenated components
as dominant components in such films. The stabilizing film at the gas/
liquid boundaries so prolific in long-lasting sea foams is predominantly
glycoprotein and proteoglycan material having its origin in sea-surface
films contributed primarily by plankton blooms (81, 82, 83, 84).
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With respect to gas/liquid interfaces created in the bulk of solutions,
bubbles rising through solutions containing macromolecules of biological
origin, and especially proteins, will not only spontaneously collect these
polymers at the new gas/liquid interfaces of the rising bubble but will
concentrate them into insoluble fibrous debris which is spun off the dis-
appearing trailing edge of a moving bubble (85). Bubbles traveling to
the water surface from the solution also carry, with their gas/liquid
boundaries, at least a portion of their adsorbed burden to that surface.
During bubble breaking, this material is ejected along with film frag-
ments from the ambient gas/liquid interfacial film already residing there.
Blanchard, in this volume, gives an excellent review of the importance
of such processes on a worldwide scale and of their implications in
oceanography and meteorology. In a more modest but individually more
lethal example, the preferred method of blood oxygenation during open
heart surgery is to allow a column of gas bubbles to rise through the
blood. This creates a vigorous foaming which requires secondary foam
breaking and filtering of particulate debris before the blood is reinjected
into the patient. In bubbles rising through the ocean, the insoluble pro-
tein shed may be contributing to the organic detritis necessary as food
for lower-dwelling organisms below the photic zone; in blood oxygenators,
the proteins lost irreversibly from the volume phase are usually crucial
to the health of the patient. Loss of such crucial material, especially
antibodies, could be largely responsible for the frequent deaths from
simple infection, pneumonia, and other diseases of patients who have
had successful open heart surgery.

Cell-Cell Interactions

Living cells can undergo changes in their surface properties, and
these properties dictate the relative adhesiveness of cells to their neigh-
bors (86). This surface chemical interference to adhesion then correlates
with decreased strength of cell-to-cell joints and the increased mobility
and invasiveness characteristic of malignant cells in tumors and other
forms of cancer. In this regard, it is worthwhile to consider mechanisms
where the adhesion is between two similar or dissimilar cells; foreign
solid substrates, as discussed earlier, are not involved here. It is likely
that cell-to-cell adhesions are also mediated by adsorbed macromolecular
components, however. Almost certainly, glycoprotein or proteoglycan
materials account for the gap of about 100 A shown by electronmicroscopy
to exist between closely apposed cell surface membranes. It is a serious
task for chemists to decipher the specific constitution, configuration,
structure, and function of such glycoproteins and proteoglycans present
at interfaces. Since the glycoprotein materials can contain anywhere
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from 1/10 of 1% to about 15% carbohydrate in side chains, and since
the molecular weights of these materials are generally around 1 million,
and since proteoglycans (until recently usually called mucopolysaccha-
rides in the biochemical literature) can have every other amino acid along
the protein backbone substituted with short sugar chains and also can
range in molecular weight from ca. 20,000 to > 1 million, it is a formidable
challenge to decipher the specifics of interfacial chemistry and organiza-
tion required for further progress.
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Collagen Surfaces in Biomedical Applications

KURT H. STENZEL, TERUO MIYATA, ITARU KOHNO,
SUSAN D. SCHLEAR, and ALBERT L. RUBIN

Rogosin Laboratories, The New York Hospital-Cornell Medical Center,
Departments of Surgery and Biochemistry, New York, N.Y. 10021

Although the biochemical and biophysical properties of
collagen are well known, its surface properties are poorly
understood. Collagen-containing structures, which are ex-
posed to blood when endothelium is injured, initiate clot
formation. Surface properties of restructured collagen have
important biomedical applications. Several types of collagen
films with varying surface morphologies were prepared,
crosslinked with aldehydes, and implanted in rabbits. Re-
sults indicate that biologic degradation of collagen can be
controlled and delayed for at least 90 days. Inflammatory
reactions are minimal. Crosslinking decreases swelling ratios
and increases shrinkage temperature and resistance to bac-
terial collagenase. These studies are a base to develop
collagen for specific biomaterials and to study collagen
surface-blood interactions.

Collagen has evolved in nature as the primary connective tissue protein
in animals. Electron micrographs of collagen from widely divergent
species reveal few, if any, differences. As a supporting structure and as a
surface for growth of cells, collagen makes an attractive biomaterial.
Methods exist for solubilizing large amounts of collagen and for restruc-
turing it into a variety of forms for biomedical applications (I, 2).

Surface properties of this ubiquitous protein, which are of paramount
importance for many of these applications, are, however, the least studied
and least understood.

The structure and physical properties of collagen are well known.
Several recent reviews are available to interested readers (3,4, 5,6, 7, 8).
Some of the work pertinent to the problems of using collagen as a bioma-
terial along with some of our recent work on reconstituting collagen
surfaces are reviewed here.

26
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Collagen molecules, tropocollagen, consist of three peptide chains
wound together as a triple helix. The molecule is markedly asymmetrical
with a length of 2800 A and a width of 15 A. It readily polymerizes to
form fibrils and fibers, and in nature it exists largely as an insoluble
macromolecular complex of crosslinked molecules. Only small amounts
of native collagen are soluble, either in dilute acid or salt solutions. Most
of the chemical and physical studies on the structure of collagen have
been done with acid-soluble preparations. Of prime importance in using
reconstituted collagen as a biomaterial was the discovery of non-helical
appendages, termed telopeptides, on the basic tropocollagen triple helix.

F. O. Schmitt’s group at MIT found that proteolytic enzymes, such
as pepsin and trypsin, digested a small portion of tropocollagen but left
the triple helix intact (9). Treatment of tropocollagen with proteolytic
enzymes, other than collagenase, altered the interaction properties of
collagen but did not result in denaturation or degradation. Nishihara
and Miyata (1) developed techniques for solubilizing and purifying large
quantities of insoluble collagen with controlled proteolysis at a low pH.
The solubilized collagen is easily purified by repeated precipitation, wash-
ing, and resolubilization. Both physical and chemical methods have been
used for restructuring or recrosslinking the enzyme-solubilized collagen
as specific biomaterials. Virtually all of our work has utilized this
enzyme-solubilized collagen material.

The individual peptide chains assume a random coil configuration
when collagen is denatured and can exist in any one of three states. If the
three polypeptide strands are not covalently linked, the collagen is known
as alpha collagen. If two of the strands are covalently crosslinked, the
collagen is known as beta collagen. All three polypeptide chains linked
together is known as gamma collagen. The individual chains themselves
can exist in either of two species, each with a similar but distinct primary
structure. The two most common types of collagen polypeptide chains
found in mammalian tissues are known as alpha-1 and alpha-2 chains.
Most collagens are made up of two alpha-1 and one alpha-2 chains,
although there are significant differences in this makeup which will be
noted later. Both of the chains have a fairly typical sequence of amino
acids characterized by a repeating unit of three amino acids, glycine
appearing at every third position. There are large numbers of imino
acids, especially proline and hydroxyproline. These probably account
for the typical tertiary structure of the molecule. The polypeptide chains
contain about 40 sets of polar and apolar amino acid groups. These
groups may be extremely important in the surface properties of collagen
materials. The typical repeating sequence with glycine in the third
position does not exist for the telopeptide end regions. This part of the
molecule is not in a helical configuration.
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Collagen contains carbohydrate, predominantly in the form of gly-
cosylated hydroxylysine residues, as O-galactosyl-g-glucosyl side chains.
The intermolecular crosslinks in collagen occur when the enzymatic oxi-
dation of lysine residues by lysine oxidase spontaneously crosslink via
aldimine and aldol bonds (10).

Immunologic properties must be considered when any protein ma-
terial is to be used as an implant or surface for blood flow in a foreign
species. Since collagen has changed very little in the course of evolu-
tion, there are few antigenic determinants that are recognized in heter-
ologous systems. The strongest of these determinants appears to reside
in the protease labile, non-helical end regions. These are known as
P-specific antigens and are found in the 300 A region at the C terminus
of both types of alpha chains. These are species specific and protease
labile. A-specific antigens have a general collagen specificity, and they
crossreact among species and with enzyme-treated collagen. S-specific
determinants are species specific and crossreact with both native and
enzyme-treated collagen (11, 12). Enzyme-solubilized collagen, there-
fore, lacks one of the strongest antigenic determinants of the molecule.
Crosslinking with a variety of reagents diminishes the immunologic ac-
tivity even further. From a practical or clinical point of view, antigenicity
has not been a problem even when materials such as treated bovine
carotid arteries have been placed in foreign species. Thus, although the
antigenic structure of collagen is important in understanding its biochem-
istry, it is of minor importance in its clinical application.

More pertinent to the problem of surface structure is the effect of
collagen on various clotting factors. When the endothelium of blood
vessels is injured or damaged, platelets adhere to the exposed subendo-
thelial material, and a complex set of reactions that lead to thrombosis
and hemostasis is initiated (13). The subendothelium is rich in collagen
and other connective tissue proteins, but the collagen, especially, has
been implicated as an initiator of the clotting mechanism. When collagen
is added to platelet-rich plasma, the platelets agglutinate (14). Collagen
has also been shown to activate Hageman factor, or Factor XII (15).
Numerous studies have indicated that the cluster of charged groups along
the collagen fibrils are important in these reactions (14, 15, 16). More
interesting is what takes place at the collagen surface, but few studies
direct themselves to this problem.

Recently, Jaffe and Deykin (16) presented evidence for a structural
requirement for collagen-induced platelet aggregation. They found that
particulate, salt-precipitated collagen was inactive in terms of platelet
agglutination and that soluble monomeric collagen resulted in platelet
agglutination only after a lag of about 3 min. Soluble microfibrillar
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collagen, however, was as active as native particulate collagen in aggre-
gating platelets. This evidence suggests that tropocollagen is not suffi-
cient for platelet aggregation nor is randomly precipitated (salt) collagen,
but that an architectural arrangement of the molecules is required to
initiate platelet aggregation. These requirements may also be necessary
for platelet adhesion.

Collagen in basement membrane has a different quarternary struc-
ture from skin or fibrous collagen (17, 18). This type of collagen consists
of three o-1 chains, has a high glycosylated hydroxylysine content, and
apparently has disulfide bonds connecting it to other protein constituents.
These disulfide bonds may be located in the telopeptide, or non-helical,
region of the molecule. The surface of basement membrane may provide
a clue to the physiological architecture required for initiation of throm-
bosis. Such knowledge would be of use, not only in biomaterials research,
but also in understanding various kidney diseases and possibly even
atherosclerosis.

Several natural collagen materials are currently being used in clinical
medicine. Bovine carotid heterografts, for instance, function well in man
(19). These grafts are prepared by cleaning bovine carotid arteries,
treating them with a proteolytic enzyme (ficin), and crosslinking them
with an aldehyde (dialdehyde starch). Autologous and homologous vein
grafts are also used clinically. The endothelium varies from relatively
poorly preserved to virtually absent in these vein grafts. The bovine vessels
are all placed in areas of relatively high flow and, in the case of vein
grafts, endothelialization occurs over the surfaces (20).

The crosslinking reagent is important in the case of bovine carotid
heterografts. Chrome-tanned grafts had a high incidence of thrombosis
whereas aldehyde-treated ones functioned well. Formalin-treated grafts
tended to be weak, but glutaraldehyde-treated ones did not rupture (21).

A variety of methods for preparing collagen films from enzyme-
solubilized, monomeric collagen with different surface structures were
evaluated. Our initial interest was to determine the effects of various
preparative techniques on the in vivo behavior of the films.

Experimental

In method I, the collagen solution was poured onto a methyl metha-
crylate plate and lowered into a 0.02M dibasic Na,HPO, solution (pH
8.5) containing 0.1% glutaraldehyde. Collagen precipitates as native-
type fibrils in phosphate buffer at this pH. The films were crosslinked
as the fibers were forming before the films were dried. Crosslinking was
allowed to continue for 7 or 24 hrs. The films were washed with water,
plasticized with 2% glycerine, and air dried.

In method II, the collagen was not precipitated. Acidic solutions of
collagen were air dried and the resulting films were crosslinked using
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0.5% glutaraldehyde in .02M Na,HPO, for 10 or 20 mins. These films
were also washed with water and plasticized.

In method III, the collagen was first precipitated in phosphate buffer,
as in method I, but the film was dried prior to crosslinking. The cross-
linking was performed as in method II.

Another series of films was prepared by the same methods but
crosslinked with dialdehyde starch rather than with glutaraldehyde. The
crosslinking conditions were similar to those used for the glutaraldehyde
crosslinked films with the exception of method III. These latter films
were prepared by mixing collagen and dialdehyde starch at a ratio of
1 to 1.5. This mixture was then dialyzed against .02M Na,HPO, to pre-
cipitate collagen fibers. After crosslinking, the films were washed, plas-
ticized, and dried.

Control films of each type were also prepared using the same
procedures but without the crosslinking reagent.

A third group of films was prepared, using a mixture of 20% enzyme-
solubilized collagen and 80% insoluble collagen to increase the initial
film strength. These films were crosslinked using glutaraldehyde in the
same manner as the enzyme-solubilized collagen films. Since the solu-
tions contained a high initial content of fiber, method III was eliminated
in this group. Control films of each were also made by eliminating the
glutaraldehyde.

TableI. Swelling Ratios of Collagen Films

Composite
809, Insoluble
Collagen Fiber—209,
Glutaraldehyde Dialdehyde Starch ~ Soluble Collagen

Cross- Cross- Cross-

Method Control  linked  Control  linked Control  linked
I 19 2 19 2 7 2
II 12 2 12 2 6 2
111 19 2 19 2 — —

Results

Swelling ratios, shrinkage temperatures, and resistance to collagenase
were measured for all the films. Swelling ratios were determined by
measuring the change in weight before and after hydration of the films.
Crosslinking decreased the swelling ratios as compared with control films
(Table I).

Shrinkage temperatures were determined as an indicator of the de-
naturation temperature of the films. In all cases, crosslinking greatly
increased shrinkage temperatures for each preparation. Thus, crosslinking
stabilizes collagen molecules and retards denaturation (Table II).

Another important aspect of these films is their resistance to degrada-
tion by biologic substances like collagenase. Each of the films was
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Table II. Shrinkage Temperatures

Composite
809, Insoluble
Dialdehyde Starch Collagen Fiber—209,
Glutaraldehyde Collagen Films Soluble Collagen

Cross- Cross- Cross-
Method Control  linked  Control  linked  Control  linked

I 45.0°C  66.0°C  45.0°C  65.0°C  47.5°C  77.0°C
II 45.8 71.8 45.8 61.5 48.0 71.0
III 45.0 78.1 45.0 67.0 — —

incubated for 2 hrs at 37°C with bacterial collagenase. This enzyme
is less specific and more destructive than mammalian collagenase. The
degradation of the films was measured by the micromoles of amino acids
released per milligram film. In each case, the crosslinking increased re-
sistance to bacterial collagenase. In some cases the films were completely
resistant to it (Table III).

Each type of film was then implanted subcutaneously and intra-
muscularly in rabbits to assess tissue reaction and rate of resorption.
The film was carefully cut into a circle with a diameter of 10 mm. Sham
incisions were also made in each rabbit as controls for the amount of
inflammation resulting from surgical trauma alone. The animals were
killed after 7 to 180 days. The implants were examined grossly for
inflammation, changes in size, and appearance of the films. Histologic
preparations were also made of each film to examine the cellular reaction.
By 7 days, inflammatory cuffs had encircled the implauts. The control
films showed evidence of being digested; they were swollen, weaker,
and usually thinner.

Figure 1 is a control (not crosslinked) film prepared by method II
with enzyme-solubilized collagen. The film was removed after 7 days

Table III. Resistance to Collagenase®

Composite
809, Insoluble
Collagen Fiber—20%,
Glutaraldehyde Dialdehyde Starch ~ Soluble Collagen

Cross- Cross- Cross-

Method Control  linked  Control  linked  Control  linked

I 0.230 0.028 0.230 0.000 0.473 0.000

IT 0.069 0.025 0.069 0.005 0.159 0.000
III 0.218 0.000 0.218 0.004 — —

2 In micromoles of amino acids released per milligram of sample.
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Figure 1. Control (not crosslinked) collagen film removed after 7 days sub-
cutaneous implantation in rabbits. X128

Figure 2. Control (not crosslinked) collagen film removed after 14 days intra-
muscular implantation in rabbits. X128
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Figure 3. Method II glutaraldehyde crosslinked collagen film removed after
90 days subcutaneous implantation in rabbits. X128

of subcutaneous implantation. Note the foreign body type of tissue
reaction with histiocytes and beginning resorption of the collagen.

Figure 2 is the same type of film removed after 14 days of intra-
muscular implantation. Here the collagen is fragmented and infiltrated
with inflammatory cells. After 21 days, all control films disappeared
except for the ones prepared from a mixture of insoluble collagen fiber
and enzyme-solubilized collagen. Some of these remained for 30 days.

The inflammatory response with crosslinked films was minimum
and not dissimilar to the sham operations. Grossly, there was little in-
flammation at day 7. What inflammatory reaction appeared, peaked
around day 14. This was characterized by an enlarged cuff of cells sur-
rounding the implant occasionally accompanied by a fluid exudate.

All of the crosclinked implants lasted for at least 60 days. At this
time, a few of the enzyme-solubilized collagen films crosslinked with
either glutaraldehyde or dialdehyde starch appeared to be thinner. Some
of the films crosslinked with glutaraldehyde appeared to be somewhat
thinner after 90 days, although most were intact.

Figure 3 is a method II enzyme-solubilized collagen film crosslinked
with glutaraldehyde and implanted subcutaneously. It was unchanged
after 90 days.
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The films prepared from a mixture of collagen fiber and soluble
collagen crosslinked with glutaraldehyde were all intact after 90 days
implantation.

Figure 4 is a method II fiber film that was implanted intramus-
cularly for 90 days. The thin, delicate surrounding fibrous tissue can
be seen partially adhering to the surface of the film. The 180-day films
have not yet been removed.

Discussion

These results indicate that the biologic degradation of collagen can
be controlled and delayed for at least 90 days. It is relatively unimpor-
tant whether collagen is crosslinked in the wet or the dry state or whether
the films are precipitated or not prior to crosslinking. Both glutaraldehyde
and dialdehyde starch are effective in stabilizing collagen molecules and
retarding their bio-degradation for at least 90 days and perhaps longer.
The inflammatory response has been minimum, reaching a peak at 14 days
and then subsiding. The films are eventually covered by a thin, fibrous
membrane which in some cases adheres to the surface of the film.

Figure 4. Method II glutaraldehyde crosslinked composite collagen fiber-
soluble collagen film removed afgzr 90 days intramuscular implantation in
rabbits. X128
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These studies provide a base for further development of collagen

materials for specific biomaterial applications. Further studies are being
directed to the effect of collagen film on blood in terms of platelet and
white cell adhesion, protein absorption, and thrombogenicity.
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Barrier Surfaces of Skin

M. M. MERSHON

Biomedical Laboratory, Edgewood Arsenal, Aberdeen Proving Ground,
Maryland 21010

Stratum corneum, the nonliving layer of skin, is refractory
as a substrate for chemical reactions, but it has a strong
physical affinity for water. The chemical stability of stratum
corneum is evident in its mechanical barriers which include
insoluble cell membranes, matrix-embedded fibers, special-
ized junctions between cells, and intercellular cement. The
hygroscopic properties of stratum corneum appear to reside
in an 80 A-thick mixture of surface-active proteins and lipids
that forms concentric hydrophilic interfaces about each
fiber. This combination of structural features and surface-
active properties can explain how stratum corneum retains
body fluids and prevents disruption of living cells by envi-
ronmental water or chemicals.

The stratum corneum, the outermost layer of skin, controls water flux

and thereby protects our tissues from fatal drying and from osmotic
damage by bathing. This tough, flexible layer restricts the passage of
most substances to a degree that varies with the substance and the con-
ditions of exposure. Permeation is limited by interrelated contributions of
structural elements, time factors, spatial arrangements, chemical compo-
sitions, and physical properties.

Differences Among Barriers

Size. Stratum corneum surfaces that impede diffusion fall into four
sizes. The largest structures, such as hair and the cornified surface, are
visible. Cell surfaces, their interfaces, and their elaborations are micro-
scopic. Keratinized elements are ultramicroscopic. Finally, interactions
between solvents, solutes, and barrier surfaces occur on the molecular
level. The functions of these structures are integrated into an overall
barrier capability.

41
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PERCUTANEOUS ABSORPTION OF SOLUTIONS WITH TIME AND SITE

sweat duct I hair
10 SEC 100 SEC

l stratum corneum
1000 SEC
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str. corneun
air bubble
hasal cells

B _—capillary
penetrating
molecules
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Figure 1. Schematic drawing showing relative sizes of sweat ducts, hair fol-

licles, and cornified layers of human abdominal skin. Approximate transient

concentrations of polar molecules in each site at different times are shown by
variations in density of stippling. Adapted from Ref. 1.

Routes of Entry. Microscopic sections show the stratum corneum
(SC) of the abdomen as thin layers of dead, flattened cells arrayed over
a much thicker layer of epithelial cells. Both layers are pierced at inter-
vals by hair follicles and sweat ducts (Figure 1) (I1). Sebum flows into,
lubricates, and tends to fill the space between each hair shaft and its
surrounding conical sheath (2). Sweat ducts are cellular tubes that
spiral through epidermis with increasing radius and decreasing pitch (3).
Therefore, they approach the surface at an acute angle and empty through
slit-like pores (2, 3).

Conflicting evidence and divergent views exist concerning the rela-
tive capacities of hair follicles, sweat ducts, and SC as parallel routes for
admission of chemicals (1, 2, 4-21). Preferential penetration of follicles
and their associated sebaceous glands is suggested by tracer studies using
dyes, heavy metals, and sulfonamides (4). This indication is reinforced
by results with applications of histamine or naphthazoline base (5),
hydrocortisone or organophosphorus pesticides (6), or other organo-
phosphates (7). These drugs produce enhanced responses in areas where
sebaceous glands are most numerous. However, responses to ethyl nico-
tinate (5) and radioactive tracer studies with tributyl phosphate (8)
show no difference between hairy and hair-free areas. Furthermore,
Maibach and associates suspect that differences in SC, rather than in
follicular penetration, account for increased absorption in hairy sites (6).
Fredriksson (9) suggests that chemical affinities can explain the high
concentrations of labeled pesticides that he found in ducts and follicles
(10).
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The available data are similarly divergent for penetration via sweat
ducts. Van Kooten and Mali (11) estimate that sweat ducts contain 70%
of the precipitate formed when potassium ferrocyanide and ammonium
ferrisulfate diffuse into skin from opposite sides (10, 12). This result
suggests preferential sweat-duct conduction of strongly ionized com-
pounds. Wahlberg (I3) came to the opposite conclusion, i.e., that
sodium chloride passes through SC faster than it does through ducts or
follicles (6, 12). Such strongly ionized or polar compounds generally
penetrate skin very poorly (4, 14, 15, 16).

Scheuplein and associates report that polar steroids penetrate prefer-
entially through sweat ducts and hair follicles while more lipid-soluble
steroids and primary alcohols penetrate rapidly in SC (16, 17). Surfac-
tant properties of compounds facilitate their penetration of ducts and
follicles (18). However, massage displaces air and improves penetration
through follicular structures (19). Lindsey (14) reconciles such diverse
evidence by stating that barrier properties do not depend on structures,
but they vary with the properties of the penetrant.

Hair shafts also constitute routes of entry; water and other chemicals
tend to diffuse through hair shafts more readily than through SC (20).
Some organic solvents enter skin through unprotected hair that protrudes
through an impervious coating over SC, pores, and follicular openings
(22).

Biphasic Diffusion. Much of the confusion about routes of entry
has been resolved by Scheuplein (1). His work shows that any one of
the routes can be dominant under appropriate conditions. For instance,
dominance may vary with time (Figure 2). Scheuplein observed biphasic
diffusion with rapid onset and initial dominance of flux via ducts, hair,

3r Rapid diffusion
occurs through
hair and sweat

Slow diffusion is offset by
greater volume via large
stratum corneum area

2 ducts during (1000X hair and ducts), **
time lag for
stratum

1 corneum,

Flow in hair and ducts

is limited by small diameters (areas),
L 1 | 1

200 300 400 500

TIME IN SEC

AMOUNT OF SOLUTE
IN TRANSIT*

1
0 100

Figure 2. Relative time course and capacities of stratum
corneum and other routes for transfer of polar solvents through
skin. Data from Ref. 1.

* (Amount of substance)/(thickness of membrane) X concentra-
tion X 10°
** Human abdominal skin
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and follicles. The short lag time is explained by data on diffusion con-
stants (1). These show that some polar molecules travel 50 times as fast
in hair and follicles and up to 1000 times as fast in sweat ducts as in
hydrated SC. The small diameters (70 ) and high flow rates (1) of
these tiny tubes permit them to fill quickly and deliver solute to the
dermis with short lag times.

In the second phase, SC becomes saturated and begins to deliver a
greater volume of penetrant to the dermis than is carried by all ducts
and follicles combined (Figures 1 and 2). This condition occurs because
the surface area of SC may be 1000 times greater than the combined
surface areas of all ducts and follicles (1). This ratio and differences in
permeability vary with numbers of pores and hairs in various skin loca-
tions (7). SC resembles a large pipe with slow rates of filling and flow,
permitting it to carry volumes that greatly exceed the total capacity of
the small pipes.

Stratum Corneum Structure. Reviewers agree that for most com-
pounds the rate-limiting barrier properties of skin are located within the
SC (2, 10, 12, 15, 16, 21). The texture and cohesiveness of this tissue are
familiar to anyone who has ever peeled bits of it from sunburned skin;
large sheets of SC can be separated from skin (2). Such sheets look like
used polyethylene film, and their resistance to water diffusion approxi-
mates that of Mylar film of similar thickness (16). However, each sheet
is a mosaic made of individual cells (2).

A top view of SC cells (Figure 3) shows some features that are
essential to barrier functions. Their flat surfaces represent about 99%
of the exterior skin surface. Attachment sites (desmosomes) and over-
lapping interfaces hold cells together. About 15 layers of SC cells, total-

The Epidermis

Figure 3. Cornified cells on adhesive slide show hexagonal shape and dark
bands of overlap. Areas of intercellular attachment (desmosomes) appear as
dark stippling (after modified Gram staining). Magnification: x1065 (2).
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Figure 4. Desmosomes within the granular layer and in a schematic diagram.

The electron microphotograph (x93,000) is from Ref. 44. The diagram is

adapted from Refs. 26 and 35. The tonofilament loops (TfL), cement layer (C),

and bridging material (B) of Kelly c(l26) are represented on the left side of the
iagram.

ling about 12y in thickness, can be counted in SC from the human back
(2). Individual cells vary from 25 to 45p in diameter (23) but they are
only 0.8 to 1.0x thick; thus each cell is at least 30 times as wide as it is thick
(2). There is some tendency for these cells to be stacked in vertical
columns (2, 24). Loss of this stacking pattern is observed in certain
diseases such as psoriasis; diffusion of water and other substances is
increased in such diseased skin and in the unstacked normal callus of
palms and soles (16, 24).

Desmosomes and Filaments. The cohesiveness and internal structure
of SC cells are dependent on the structures that are called desmosomes
(25, 26, 27). These structures unite SC cells of different layers (Figure
3) and of the same layer (Figures 4 and 5). The sequence of embryonic
development is a thickening of opposed cell membranes followed by
intercellular disc formation and intracellular formation of the attachment
plate (25, 29). This sequence is blocked if normal protein production in
rough endoplasmic reticulum is altered by virus activity (28). When
complete, the desmosomes of basal cells sprout filaments from their
attachment plates (25, 27, 30). These filaments become longer, thicker,
and more numerous as cells differentiate and migrate toward the skin
surface (31, 32). Filaments arise either from the attachment plate (27)
or they form loops that are anchored there (26). The smallest filaments
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form complexes with each other, then add newly synthesized molecules
to become tonofilaments (32, 33). These filaments anastomose to unite
various desmosomes and provide the cell with an internal meshwork
skeleton (30, 31, 34). According to Mercer (25), “they are quite literally
tonofibrils—they occur in precisely the situations where support is de-
manded.”

Desmosomes and Intercellular Material. The extracellular structure
of desmosomes (Figure 4) includes two proteoglycan layers (acid muco-
polysaccharide) that are continuous with the surface coats of each cell
(26, 35). Staining responses suggest that the intercellular disc and the
thick external layer of the tripartite cell membrane both contain protein
and acid proteoglycans (35). Kelly (26) suggests that the disc is formed
by overlapping of protein strands originating in the thick membrane
layer (Figure 4).

Studies of blistering (acantholysis and vesiculation) show that disc
proteins are attacked by papain, trypsin, and by reagents that split sulfur
or hydrogen bonds (36, 37). Desmosomes and cells are also separated
by extraction of calcium ions (35, 37), presumably from proteoglycans.
Desmosomes are completely dissolved in vitro by chloroform:methanol
mixtures (38) that dissolve proteolipids (39). The separated cells be-
come reaggregated after evaporation of the solvent leaving an intercellu-
lar deposit with normal appearance by electron microscopy (38).

Journal of Investigative Dermatology

Figure 5. Cross section through an external surface of stratum corneum after

0.5-hr digestion with subtilisin. The thick membrane envelopes (E) of the

digested cells and of lower cell layers remain attached by desmosomes (D). The

arrows indicate the residues of a separated desmosome. Magnification: x17,770
(67).
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The above results suggest intimate association of proteins and proteo-
glycans in desmosomes and in surface coats of cells. A possible example
of this kind of association is provided by studies of films made with vari-
ous proportions of protein and proteoglycan. Mixtures of 2 parts gelatin
and 1 part hyaluronic acid are much more resistant to diffusion of various
substances than other combinations of these ingredients (40). Perhaps
intercellular discs represent mechanically dense and viscid complexes of
similar nature. The disappearance of desmosomal components into re-
constituted intercellular cement suggests that they have similar chemical
components but different stoichiometry.

Variable viscosity and separation of desmosomal surfaces by enzy-
matic activity are implicit in results showing that labeled epidermal cells
occasionally trade neighbors (41, 42). Rather than being irreversibly
united at desmosomes, cells appear to slide laterally over each other (30).
Some cells reach the skin surface in 1 week while others straggle along
for 6 weeks (41). Stoughton concluded that demosomal protein includes
a proteolytic enzyme system that requires oxygen and that can be arti-
ficially activated with cantharidin to separate cells (36). Such a system
may explain the infrequently observed separation of facing desmosomal
halves in normal tissue (42). Half desmosomes and cells slide by each
other after enzymatic softening of the protein-proteoglycan adhesive
(36). Then new pairings occur with secretion of fresh proteoglycan and
protein (30, 41). Some material for desmosome formation apparently
originates within the rough endoplasmic reticulum (28).

Intercellular Volume and Penetration. The surface coats of epi-
dermal cells occupy intercellular space and these gelatinous layers prob-
ably act as watery diffusion channels for nutrients (35). Surface coats
are quite different from keratinized intercellular cement (32, 43); kera-
tinization modifies desmosomes and intercellular materials to resist diffu-
sion and premature separation in SC (32, 43, 44).

Although SC appears as loosely separated layers in micrographs
(Figure 5), this appearance is false. It results from loss of intercellular
cement during preparation for sectioning (2). However, such views do
show some of the interdigitations that cooperate with desmosomes to lock
cells together (44). The intercellular cement probably fills all space
between these mechanical junctions in SC (32).

The top view of SC cells in Figure 3 (2) shows both the horny
plates and their overlapping interfaces. Chemicals could enter SC through
the intercellular spaces, the cellular plates, or both. But opposing opinions
on the subject have been expressed. In 1964 Kligman (2) said,
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