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Albumin and fibrinogen were competi-
tively adsorbed onto dimethyldichlorosi-
lane-coated glass (DDS-glass) and platelet
activation was examined as a function of
the surface fibrinogen concentration. The
weight ratio of albumin to fibrinogen in
the adsorption solution was varied from
10 to 700. Platelet activation was quanti-
tated by the area and circularity of spread
platelets. When the DDS-glass was coated
with albumin alone, platelets were only
contact adherent and could not spread at

brinogen and albumin, however, platelets
were able to spread on the surface.
Platelet activation increased linearly as
the surface fibrinogen concentration in-
creased up to 0.02 pgfem® Platelets were
able to activate fully if the surface fi-
brinogen concentration was 0.02 pg/cm?
or higher, even though the surface was
dominated by albumin. It appears that
platelets can activate fully as long as only
a small fraction (2-15%) of the surface is
covered with tightly bound fibrinogen.

all. After competitive adsorption of fi-

INTRODUCTION

Surface-induced thrombosis complicates the long-term functioning of pros-
thetic devices, such as prosthetic vascular grafts, artificial heart values, and
hemodialysis membranes."> Thrombosis is a complex process involving pre-
dominantly platelets and selected platelet-adhesive proteins. It is generally
accepted that the first event in the blood/biomaterial interaction is the ad-
sorption of proteins onto the surface and that the nature of the adsorbed
protein layer largely influences the mural thrombus formation.**

It is well known that fibrinogen-coated surfaces are thrombogenic while
precoating with albumin makes all surfaces less reactive to platelets.”* It is
possible to inhibit acute thrombus formation for several hours or possibly for
the first few days of implantation by treating surfaces with nonthrombogenic
proteins such as albumin’™ If the adsorption solution is heavily loaded with
albumin or if the surface is exposed to this protein first, then the deposition
of fibrinogen from solution is decreased and the platelet activation is re-
duced.?** Thus, the amount of adsorbed fibrinogen has been often used as
a parameter for thrombogenicity of biomaterials. The surface fibrinogen con-
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centration, however, does not always account for the variation in biocompati-
bility observed for many materials.’** Lindon et al.” have shown that platelet
adhesion is related to the amount of antibody-recognizable fibrinogen rather
than the total amount of fibrinogen on biomaterials.

We examined the relevance of the surface fibrinogen concentration to the
platelet activation. In our previous studies, we examined the ability of
protein-coated surfaces to elicit platelet activation as a function of the surface
concentrations of fibrinogen and albumin.™” In those studies, proteins were
preadsorbed from single protein solutions. In this study, we examined
platelet activation on surfaces where fibrinogen and albumin were competi-
tively adsorbed. The platelet activation was quantitated using two numeric
values: spread area and circularity. Dimethyldichlorosilane-coated glass
(DDS-glass) was used as a model surface for competitive protein adsorption,
since albumin had the affinity to the surface high enough to effectively com-
pete with fibrinogen for adsorption sites.”

EXPERIMENTAL
Surfaces

Glass coverslips (Bellco Glass, Vineland, NJ) were cleaned by soaking in
2% Isoclean (Isolab, Akron, OH) solution at 60°C for 3 h, washing extensively
with distilled water, and drying at 80°C. Isoclean concentrate is composed of
potassium hydroxide (<%), octylphenoxypolyethoxyethanol (2%), ethanol
(<3%), and sodium xylene sulfonate (<3%) dissolved in water. Cleaned cover-
slips were coated with DDS by immersing in chloroform with 5% DDS for
30 min. The DDS-coated coverslips were rinsed with chloroform and ethanol
in sequence twice, and finally with distilled water before drying.

The surface composition of glass and DDS-glass was measured with
electron spectroscopy for chemical analysis (ESCA). Glass coverslips were
sent for analysis to the National ESCA and Surface Analysis Center for
Biomedical Problems of the University of Washington in Seattle, Washington.
The ESCA spectra were obtained on a Surface Science Instruments X-Probe
ESCA instrument.

Underwater contact angle measurements were made using a contact angle
goniometer (Rame-Hart, Mountain Lakes, NJ) with an immersion cham-
ber " Air-water—surface and octane—water—surface static bubble contact
angles were measured. At least six measurements on different surface regions
of each of the total five coverslips were made. Polar (rf) and disperse (rs)
components of the surface energy (r,,) and the surface—water interfacial en-
ergy (r.,) were calculated using the harmonic mean approximation method.*

Platelet preparation

Blood was withdrawn from healthy adult volunteers by venous puncture
after informed consent. The volunteers were kept free of aspirin throughout
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the study. Twenty milliliters of blood was collected into four Vacutainers
(Becton Dickinson, Rutherford, NJ) containing buffered sodium citrate.
Platelet-rich plasma (PRP) was separated from whole blood after centrifuga-
tion at 100g for 20 min at room temperature. Platelets were isolated from
plasma proteins by passage through a Sepharose CL-2B column
(2.5 x 10 cm) which was preequilibrated with divalent cation-free phosphate
buffered saline (PBS)(pH 7.4).* Previous experiments in our laboratory
showed that platelets were able to activate fully on the surface in the absence
of exogenous divalent cations.™ The obtained platelet suspension was kept
at room temperature and used in less than 30 min after separation.

Protein adsorption

Human fibrinogen (Sigma, Type I, St. Louis, MO) was purified further by
the Laki method as described previously.* The purified fibrinogen showed
clottability of at least 97%. The purified fibrinogen in PBS was frozen in
aliquots at —70°C at a concentration of about 2 mg/mL. Human albumin
(Sigma, 1X crystallized) was used as received. The 1X crystallized albumin
contained a minor fraction of albumin multimers according to SDS-polyacry-
lamide gel electrophoresis. The protein concentration was measured from
the absorbance at 280 nm using absorptivities of 1.506 x 10° cm’/g and
5.8 x 10° cm®/g for fibrinogen and albumin, respectively.?>*

To precoat DDS-glass with proteins and to introduce platelets, a simple
perfusion chamber was assembled from a glass slide (2.54 cm X 7.62 cm), a
glass coverslip (2.54 cm X 7.62 c¢m, number 1-1/2), and a silicone rubber
spacer (0.013 cm thickness, Dow Corning, Midland, MI).”® Protein solution
was added to the chamber by replacing PBS to avoid surface-air contact. The
volume of the protein solution was at least four times larger than that of PBS
in the chamber. The bulk protein concentration was varied from 1 mg/mL to
20 mg/mL for albumin, and from 0.01 mg/mL to 0.1 mg/mL for fibrinogen.
Proteins were adsorbed for 1 h at room temperature in the static state and the
chamber was washed with PBS to remove unadsorbed protein. The surface
protein concentrations were measured using radiolabeled proteins. Fibrino-
gen and albumin were labeled with I (Amersham, Arlington Heights, IL)
using Enzymobead reagents (Bio-Rad, Rockville Centre, NY).

Circularity and area of spread platelets

Platelets in PBS were introduced into the perfusion chamber and allowed
to settle on the surface by gravity. Platelets were observed with an inverted
light microscope (Nikon Diaphot, Garden City, NY) equipped with optics for
interference reflection microscopy (IRM). The IRM was used to examine the
platelet—surface interactions. Microscope images were projected to a video
camera (Newvicon, Model 65, Dage-MTI, Michigan City, IN) and subse-
quently directed to a computer for image analysis. The details of video mi-
croscopy was described before.”®
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Platelets on the surface were fixed with glutaraldehyde and stained with
Coomassie Brilliant Blue (CBB) solution for 1 h.” The area and circularity of
the fixed platelets were measured using a software obtained from Computer
Imaging Applications (Madison, WI). The circularity and area of at least
300 platelets from six separate experiments were measured and averaged.
The circularity is defined as P?/4mA, where A is the area and P is the perime-
ter of a spread platelet, respectively. The circularity has a minimum value of
1 for a perfectly circular platelet and the value becomes larger as the number
and length of pseudopods increase. It should be noted that, in addition to the
absolute value, the relative value of pseudopod length compared with the
platelet diameter also affects the circularity. The same pseudopods may
result in different circularity values depending on the size of platelets. Thus,
it is important to consider the circularity in conjunction with the spread area
in the evaluation of platelet activation.

RESULTS
Surface characterization

Surface free energies of cleaned glass and DDS-glass are summarized in
Table 1. The hydrophilic nature of glass is indicated by the low solid—water
interfacial tension (r.,). The air-water—solid and octane—water—solid contact
angles were increased upon DDS treatment on glass. The coating of glass
with DDS rendered the surface very hydrophobic and the 7, value increased
significantly. The increase in the dispersion component of r,, (r) was moder-
ate while the decrease in the polar component of r,, (r%) was substantial.
Thus, the increase in hydrophobicity by DDS treatment was mainly due to
the decrease in the polar component of r,,. A combination of high dispersion
with low polar component forces are known to promote and retain more
tightly bound plasma proteins.” Our previous data showed that albumin and
fibrinogen bound more tightly onto DDS-glass than onto glass.”

Figure 1 shows comparative high-resolution Cls spectra for the surfaces
studied. The major change in the Cls spectra with cleaning and DDS coating
was a decrease in the overall intensity. Peaks in the Cls spectra near 285 €V,
287 €V, and 289 eV were observed, which were consistent with the presence of
hydrocarbon, ether/hydroxyl and ester/acid species, respectively. There ap-
peared to be only small changes in the relative amounts of the different car-
bon species present after the treatments. The C/Si ratio from the ESCA data
has been used to measure the amount of organic material adsorbed in the

TABLE I
Contact Angles and Surface Free Energies (ergs/cm?®) of Glass and DDS-Glass
Surface ®air ®oclane Ygz ’YSF:I Ysv Ysw
Glass 16 1 17 £ 2 21.8 48.2 70.1 0.05

DDS-glass 71x3 90 = 2 23.3 16.7 400 17.0
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uppermost 10-50 A of glass surfaces.” The C/Si ratios of uncleaned, Isoclean-
cleaned, and DDS-glass are listed in Table II. Cleaning of glass by Isoclean re-
duced the hydrocarbon contamination more than 60%. This suggests that the
cleaning procedure removed most of the hydrocarbon contaminants held to
the surface primarily by van der Waals’ forces.”® Coating of glass with DDS
reduced the C/5i ratio further. Since any produced, perfectly clean surface is
bound to be rapidly contaminated when exposed to air or liquid,” the pres-
ence of small amount of contaminant may be unavoidable. An important
thing here is that the surface properties were reproducible as measured by
the contact angles and platelet activation.

TABLE II

ESCA Analysis of Glass Coverslips

Surface Composition (Atomic Percent)

Surface C/Si
C o Si

Uncleaned glass 351 37.2 190 1.85

Cleaned glass 18.9 45.5 26.9 0.70

DDS-glass 10.2 52.7 30.0 0.34
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Competitive fibrinogen adsorption and platelet spreading

Fibrinogen was adsorbed onto DDS-glass in competition with albumin at
various concentrations. Figure 2 shows examples of platelet spreading on
DDS-glass after the competitive protein adsorption. The bulk concentration
of fibrinogen was 0.05 mg/mL and the albumin concentration was either
2 mg/mL or 12 mg/mL. Figures 2A and 2B show the brightfilled images of
fully spread and only partially spread platelets, respectively, while
Figures 2C and 2D show IRM images of the same platelets. Platelets released
granules while they spread and some of the released granules are seen in
Figure 2A as indicated by arrows. In Figure 2B, some platelets are contact ad-
herent and others are only partially spread with their pseudopods remaining
extended (arrowheads). The center (arrows) of the poorly spread platelets
remained spherical. The IRM image provides information on the platelet-
surface contact sites.”” The grey (arrowhead) and black (arrow) images in
Figure 2C indicate close and focal contact sites, respectively. Overall, the
ventral membrane of fully spread platelets is tightly attached to the surface.
On the other hand, Figure 2D shows that platelets are only loosely attached
to the surface as indicated by the white image (arrows). Only pseudopods

A B

Figure 2. Brightfield (A,B) and IRM (C,D) images of platelets spread on
DDS-glass after competitive adsorption of fibrinogen and albumin. The
concentration of fibrinogen in the adsorption solution was 0.05 mg/mL
and the albumin concentration was either 2 mg/mL (A) or 12 mg/mL
(B). Proteins were preadsorbed at room temperature for 1 h. Platelets were
allowed to spread for 30 min at room temperature. Bar = 10 um.
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(arrowheads) are in tight contact with the surface. The average circularity of
fully spread platelets (Fig. 2A) is usually around 1.5. The average circularity
of only partially spread platelets with extended pseudopods (Fig. 2B) is al-
ways larger than 2.0 and usually ranges from 3 to 5. Thus, the platelet spread-
ing behavior can be quantitatively compared by measuring the spread area
and circularity.

Fibrinogen was adsorbed onto DDS-glass at three fixed concentrations
while the albumin concentration was varied from 1 mg/mL up to 20 mg/mL.
The spread area and circularity of platelets were measured as a function of
the albumin concentration in the adsorption solution (Fig. 3). As the bulk al-
bumin concentration increased at a given fibrinogen concentration, platelet
spreading was reduced and the pseudopods remained extended as indicated
by the increase in the circularity value (Fig. 3). The albumin effects (decrease
in area and increase in circularity) began to appear at the bulk albumin con-
centrations of 2 mg/mL, 5 mg/mL, and 10 mg/mL for the bulk fibrinogen
concentrations of 0.01 mg/mL, 0.05 mg/mL, and 0.1 mg/mL, respectively.
When the albumin concentration was very high compared to the fibrinogen
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Figure 3. Changes in the area and circularity of platelets spread on
protein-coated DDS-glass as a function of the bulk albumin concentration.
Fibrinogen was competitively adsorbed at the bulk concentrations of
0.01 mg/mL (O), 0.05 mg/mL (®), and 0.1 mg/mL (A). DDS-glass was pre-
coated with albumin and fibrinogen for 1 h at room temperature. Platelets
were allowed to spread for 30 min at room temperature. Average = 5. E.M.
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concentration, platelets were only contact adherent and could not spread at
all. It should be noted that precoating of DDS-glass with only 1 mg/mL of al-
bumin was enough to prevent platelet spreading, if fibrinogen was absent in
the adsorption solution.” The area and the circularity of spread platelets on
control DDS-glass without any precoated proteins were 40.3 um? and 2.11, re-
spectively. When DDS-glass was precoated with fibrinogen, the circularity
decreased to 1.43 while the spread area remained the same.”

Since platelet activation on the protein-coated DDS-glass is largely depen-
dent on the surface concentration of fibrinogen rather than the bulk concen-
tration, we measured the surface fibrinogen concentration after competitive
adsorption. Figure 4 shows the surface fibrinogen concentrations on DDS-
glass as a function of the albumin concentration in the adsorption solution.
When fibrinogen was adsorbed in the absence of albumin, the surface fibri-
nogen concentrations were 0.15 ug/cm? 0.33 ug/cm? and 0.44 ug/cm? for the
bulk fibrinogen concentrations of 0.01 mg/mL, 0.05 mg/mL, and 0.1 mg/mL,
respectively. Even when the bulk concentration of albumin is 100 times larger
than that of fibrinogen in the adsorption solution, the surface fibrinogen con-
centration still ranges from 0.02 ug/cm?® to 0.03 pg/cm?®

When the data in Figure 3 were replotted as a function of the surface fibri-
nogen concentration of Figure 4, all the data points fell on a single master
curve as shown in Figure 5. Platelets were able to spread fully when the sur-
face fibrinogen concentration was only 0.02 ug/cm?®. At that concentration, the
circularity of platelets was well below 2.0. Below 0.02 pg/cm? the area of
spread platelets decreased and the circularity increased linearly. At about
0.005 ug/cm?, platelets could not spread at all and remained discoid. Figure 5
indicates that platelets can spread fully as long as the surface fibrinogen con-
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Figure 4. Surface fibrinogen concentration as a function of the bulk albu-
min concentration. Fibrinogen was competitively adsorbed at the bulk
concentrations of 0.01 mg/mL (O), 0.05 mg/mL (@), and 0.1 mg/mL (A).
DDS-glass was precoated with albumin and fibrinogen for 1 h at room tem-
perature. Four separate experiments were done for each fibrinogen—
albumin mixture. Average + S.D.
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Figure 5. Changes in the area and circularity of platelets spread on
protein-coated DDS-glass as a function of the surface fibrinogen concentra-
tion. Fibrinogen was competitively adsorbed at the bulk concentrations of
0.01 mg/mL (O), 0.05 mg/mL (@), and 0.1 mg/mL (A). DDS-glass was pre-
coated with albumin and fibrinogen for 1 h at room temperature. Platelets
were allowed to spread for 30 min at room temperature. Average + S.EM.

centration is 002 pg/cm’® or above, if albumin is competitively adsorbed to
the surface. The surface albumin concentrations at which the albumin effects
begin to appear were measured as listed in Table III. Comparison of Figure 3
and Table III shows that albumin does not play any significant role in inhibit-
ing platelet spreading until its surface concentration reaches about
0.19 ug/cm?® Thus, it appears that the surface albumin concentration has to be
larger than 0.19 pg/cm? to inhibit activation of contact adherent platelets.

DISCUSSION

In general, cells respond to changes in the nature of the substrate by strik-
ing alterations in morphology and increase their ability to spread on the
surfaces suitable for adhesive contacts.* For platelets, spreading is a morpho-
logical manifestation of surface-induced activation and is related to the
strength and nature of substrate adhesion.”” We have used two parameters,
area and circularity of spread platelets, to describe surface-induced platelet
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TABLE III
Surface Protein Concentrations on DDS-Glass after Competitive Adsorption
of Fibrinogen and Albumin®

Bulk Concentration (mg/mL) Surface Concentration (ug/cm®)
Fibrinogen Albumin Fibrinogen Albumin
0.01 2.0 0.016° 0.186 * 0.003°
0.01 5.0 0.004 0.205 + 0.006
0.05 5.0 0.020 0.197 = 0.022
0.05 10.1 0.007 0.216 = 0.017
0.10 10.1 0.017 0.197 = 0.017
0.10 20.5 0.374 * 0.043

*Proteins were adsorbed onto DDS-glass for 1 h at room temperature.
*The value was read from Fig. 4.
‘Average + S.E.M. (n = 4).

activation. The two values allowed us to compare the ability of different sur-
faces to elicit platelet activation in a quantitative manner.”

This study showed that platelets could spread fully, if the surface fibrino-
gen concentration is 0.02 pg/cm’ or above. The surface fibrinogen concentra-
tions required for side-on and end-on packed monomolecular layers are
calculated to be 0.14 pg/em? and 0.89 ug/cm? respectively.” Thus, the surface
fibrinogen concentration of 0.02 ug/cm* accounts for only 2% to 15% of the
monolayer surface coverage depending on the fibrinogen orientation on
the surface. This means that platelets can be activated fully on the albumin-
dominated surface, if only 2% to 15% of the surface is covered with fi-
brinogen. Since albumin is expected to adsorb to the surface faster than
fibrinogen, we can assume that only small number of fibrinogen molecules
can adsorb in a side-on orientation, that is, a flatter adsorbed conformation.
As the surface albumin concentration increases, fibrinogen molecules are
likely to adsorb in an end-on orientation with fewer surface attachment.”
Thus, the actual surface coverage by fibrinogen is expected to be much less
than 15%. Fibrinogen molecules which are adsorbed in an end-on orientation
may maintain their ability to interact with platelets by exposing binding sites
to platelet receptors.** Grinnell and Feld made a similar observation with fi-
bronectin.*® The cell spreading activity and antibody reaction of fibronectin
was increased when the protein was precoated on the hydrophobic surfaces
in the presence of small amount of albumin. These observations support the
idea that the state of the adsorbed protein is more important than its amount
in influencing the behavior of adsorbed cells.”*

The surface fibrinogen concentration of 0.02 ug/cm® corresponds to
3.6 x 10" molecules/cm?, since the molecular weight of fibrinogen is known
to be 340,000 daltons. The surface area of platelets spread for 30 min in
our experimental condition was about 40 um’ (Fig. 3). Thus, the total area
of dorsal and ventral membranes can be assumed to be 80 um? Since it
is known that each activated platelet has 32,000 fibrinogen receptors,” the
density of fibrinogen receptors on fully spread platelet membranes is
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4 x 10 molecules/cm’. This value is approximately the same as the density
of the surface fibrinogen. This simple calculation suggests that platelets
can spread fully if the number of fibrinogen molecules on the surface is
the same as or larger than the number of fibrinogen receptors on the platelet
ventral membrane.

The weight ratio of albumin/fibrinogen in the adsorption solution used in
our study ranged from 10 to 700. Figure 3 shows that platelets can spread
fully if the albumin/fibrinogen ratio in the adsorption solution is about 100 or
less. Only about 1% of fibrinogen in the adsorption solution is enough to cre-
ate a surface environment which elicits full spreading of platelets. The fibri-
nogen concentration in plasma is known to be about 3 mg/mL,* and the total
serum proteins (that is, nonclottable proteins in plasma) is known to be
73 mg/mL.” Thus, the ratio of nonthrombogenic proteins versus fibrinogen is
about 25. This ratio becomes even smaller, if other platelet-adhesive proteins
remaining in the serum, such as fibronectin and von Willebrand factor, are
also considered. This may partly explain why platelets in PRP or blood can
still adhere and spread on biomaterials even in the presence of high concen-
trations of inert proteins such as albumin. The adsorption process of a
protein is known to be strongly influenced by the surface activities of other
proteins present in solution.” In addition, the extent of conformational
changes of adsorbed proteins depends on the surface properties.*> Thus, the
exact ratio of serum proteins/fibrinogen in the adsorption solution necessary
for platelet activation will depend on the type of proteins present in the
adsorption solution and the surface properties. Brash and ten Hove® and
Horbett* measured the adsorption of fibrinogen from plasma to various
solid surfaces, such as glass and polyethylene. Their data showed that the
surface fibrinogen concentrations were larger than 002 ug/cm® even when
the whole plasma was used as an adsorption medium. Thus, it is not surpris-
ing to see thrombus formation on those surfaces.’

Once the surface fibrinogen concentration is above a certain level, the ex-
tent of platelet activation appears to remain the same. This seems true
whether fibrinogen is adsorbed from a single or binary protein solution.
Thus, the surface which adsorb larger amount of fibrinogen is not necessarily
a more thrombogenic surface. The extent of changes in fibrinogen conforma-
tion and bioactivity may depend on the material surface properties and the
presence of other proteins.”" Therefore, comparison of the amount of ad-
sorbed fibrinogen on different biomaterials is not expected to provide a deci-
sive information on the potential thrombogenicity of the biomaterials. The
amount of albumin on the surface is also not expected to provide any conclu-
sive information on the surface thrombogenicity. Unless albumin completely
covers the surface, platelets can still recognize the surface. In addition,
platelets can displace adsorbed albumin, if albumin-surface interaction is not
strong.’®” Thus, protein adsorption data alone bear only a very crude rela-
tionship to thrombogenic potential of biomaterials.

The fact that biomaterials must ultimately be used clinically leads us to a
question as to whether in vitro tests have any predictive values in assessing
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the in vivo performance of any device. It has been suggested that mechanisms
governing short-term interactions of blood with biomaterials (minutes
to hours) are only partially related to the long-term (months to years)
compatibility of prosthetic vascular grafts and are unlikely to provide valid
predictive information.*® As suggested by Vroman, however, the main pur-
pose of in vitro studies is to understand how chain reactions of events are
set in motion by certain surface properties rather than to predict in vivo per-
formance of biomaterials.*® In addition, the absence of a direct correlation
between the in vitro or short-term in vivo studies and the long-term behavior
of vascular implants may reflect the present inadequacy of the short-term
model rather than any lack of relationship between short-term and long-term
events. For example, the short-term models, especially in vitro studies, do not
account for the changes in the composition of the initially adsorbed protein
layer. The initially adsorbed proteins can be displaced by other proteins***
or degraded by enzymes released from damaged cells.*” Short-term models
have to incorporate these changes that may occur in vivo during long-term
blood-surface contacts. Thus, accelerated test methods need to be developed
for the accurate prediction of the long-term blood—surface interactions.

This study was supported by the National Heart, Lung and Blood Institute of the Na-
tional Institute of Health through Grant HL 39081, RR 01296 (NESAC/BIO for the
ESCA analysis), and in part by BRSG 2-507-RR5586-22. The authors wish to acknowl-
edge Jun-Mo Chung for his assistance in the analysis of platelet circularity and area.

References

1. H.E. Kambic, 5. Murabayashi, and Y. Nose, “Biomaterials in artificial
organs,” Chem. Eng. News, 64, 30-48 (1986).

2. H.J. Weiss, Platelets, Pathophysiology and Antiplatelet Drug Therapy, Alan
R. Liss, New York, 1982, Chap. 4.

3. R.R. Kowligi, W.W. von Maltzahn, and R.C. Eberhart, “Fabrication
and characterization of small-diameter vascular prostheses,” ]. Biomed.
Mater. Res.: Applied Biomaterials, 22, 245-256 {1988).

4. R.E. Baier and R.C. Dutton, “Initial events in interactions of blood
with a foreign surface,” J. Biomed. Mater. Res., 3, 191-206 (1969).

5. ].L. Brash, “The fate of fibrinogen following adsorption at the blood-
biomaterial interface,” Ann. N. Y. Acad. Sci., 516, 206-222 (1987).

6. L. Vroman, A.L. Adams, M. Klings, G. C. Fischer, P.S. Munoz, and R.
Solensky, “Reactions with formed elements of blood with plasma
proteins at interfaces,” Ann. N. Y. Acad. Sci., 283, 65-76 (1977).

7. S.W.Kim, R.G. Lee, H. Oster, D. Coleman, J.D. Andrade, D.J. Lentz,
and D. Olsen, “Platelet adhesion to polymer surfaces,” Trans. Amer.
Soc. Artif. Intern. Organs, 20, 449-455 (1974).

8. E.W.Salzman, J. Lindon, D. Brier, and E. W. Merrill, “Surface-induced
platelet adhesion aggregation and release,”Ann. N. Y. Acad. Sci., 283,
114-128 (1977).

9. K. Park, D.F. Mosher, and S.L. Cooper, “Acute surface-induced
thrombosis in the canine ex vivo model: Importance of protein com-
position of the initial monolayer and platelet activation,” J. Biomed.
Mater. Res., 20, 589-612 (1986).

10. K. Kottke-Marchant, J. M. Anderson, Y. Umemura, and R. E. Marchant,
“Effect of albumin coating on the in vitro blood compatibility of
Dacron arterial prostheses,” Biomaterials, 10, 147-155 (1989).



PROTEIN ADSORPTION AND PLATELET ACTIVATION 419

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25,

26.

27.

28.

29.

30.

31.

J.N. Mulvihill, A. Faradji, E Oberling, and J-P. Cazenave, “Surface
passivation by human albumin of plasmapheresis circuits reduces
platelet accumulation and thrombus formation. Experimental and
clinical studies,” ]. Biomed. Mater. Res., 24, 155-163 (1990).

R.G. Lee, S.W. Kim, “Competitive adsorption of plasma proteins onto
polymer surfaces,” Thromb. Res., 4, 485-490 (1974).

H.V. Roohk, J. Pick, R. Hill, E. Hung, and R. H. Bartlett, “Kinetics of
fibrinogen and platelet adherence to biomaterials,” Trans. Am. Soc.
Artif. Intern. Organs, 22, 1-7 (1976).

J.N. Lindon, R. Rodvien, D. Brier, R. Greenberg, E. Merrill, E.W. Salz-
man, “In vitro assessment of interaction of blood with model sur-
faces,” J. Lab. Clin. Med., 92, 904-915 (1978).

T. A. Horbett and A.S. Hoffmann, “Bovine plasma protein adsorption
to radiation grafted hydrogels based on hydroxyethylmethacrylate
and N-vinylpyrrolidone,” Adv. Chem. Ser., 145, 230-254 (1975).

T. A. Horbett, “Adsorption to biomaterials from protein mixtures,”
ACS Symp. Ser., 343, 239-260 (1987).

J.N. Lindon, G. McManama, L. Kushner, E.W. Merrill, and E.W. Salz-
man, “Does the conformation of adsorbed fibrinogen dictate platelet
interactions with artificial surfaces?” Blood, 68, 355-362 (1986).

K. Park and H. Park, “Application of video-enhanced interference re-
flection microscopy to the study of platelet-surface interactions,”
Scanning Microsc., Suppl. 3, 137-146 (1989).

K. Park, EW. Mao, and H. Park, “Morphological characterization of
surface-induced platelet activation,” Biomaterials, 11, 24-31 (1990).
W.C. Hamilton, “A technique for the characterization of hydrophilic
solid surfaces,” J. Colloid Interface Sci., 40, 219-222 (1972).

Y.C. Ko, B.D. Ratner, and A.S. Hoffman, “Characterization of
hydrophilic-hydrophobic polymeric surfaces by contact angle mea-
surements,” J. Colloid Interface Sci., 82, 25-37 (1981).

J.D. Andrade, S.M. Ma, R.N. King, and D.E. Gregonis, “Contact an-
gles at the solid-water interface,”]. Colloid Interface Sci., 72, 488-494
(1979).

D. Tangen, H.]. Berman, and P. Marfey, “Gel filtration: a new tech-
nique for separation of blood platelets from plasma,” Thromb. Diath.
Haemorrh., 25, 268-278 (1971).

K. Park, S.]J. Gerndt, and H. Park, “Patchwise adsorption of fibrinogen
on glass surfaces and its implication in platelet adhesion,” J. Colloid In-
terface Sci., 125, 702-711 (1988).

E. Mihalyi, “Physicochemical studies of bovine fibrinogen. IV. Ultra-
violet absorption and its relation to the structure of the molecule,”
Biochemistry, 7, 208-223 (1968).

E. Brynda, N. A. Cepalova, and M. Stol, “Equilibrium adsorption of
human serum albumin and human fibrinogen on hydrophobic and hy-
drophilic surfaces,” . Biomed. Mater. Res., 18, 685-693 (1984).

D. H. Kaeble and J. Moacanin, “A surface energy analysis of bioadhe-
sion,” Polymer, 18, 475-482 (1977).

B.D. Ratner, S.C. Yoon, and N. B. Mateo, “Surface studies by ESCA of
polymers for biomedical applications,” in Polymer Surfaces and Inter-
faces, W.J. Feast and H.S. Munro (eds.), John Wiley & Sons, New York,
1987, pp. 231-251.

B. Casemo and J. Lausmaa, “Biomaterial and implant surfaces: On the
role of cleanliness, contamination, and preparation procedures,”
J. Biomed. Mater. Res.: Appl. Biomater., 22 (A2), 145-158 (1988).

A.K. Harris, “Cell surface movements related to cell locomotion,” in
Locomotion of Tissue Cells, Ciba Found. Symp., 14, 3-26 (1973).

S.L. Goodman, Platelet Activation and Polyurethanes for Biomedical Applica-
tions, Ph.D. Thesis, University of Wisconsin, 1987.



420

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49,

PARK, MAO, AND PARK

S.L. Goodman, T.G. Grasel, S. L. Cooper, and R. M. Albrecht, “Platelet
shape change and cytoskeletal reorganization on polyurethaneureas,”
J. Biomed. Mater. Res., 23, 105-123 (1989).

B.W. Morrissey, “The adsorption and conformation of plasma proteins:
a physical approach,” Ann. N. Y. Acad. Sci., 283, 5064 (1977).

D. A. Cheresh, S. A. Berliner, V. Vicente, and Z. M. Rugger, “Recogni-
tion of distinct adhesive sites on fibrinogen by related integrins on
platelets and endothelial cells,” Cell, 58, 945-953 (1989).

E Grinnell and M. K. Feld, “Fibronectin adsorption on hydrophilic and
hydrophobic surfaces detected by antibody binding and analyzed dur-
ing cell adhesion in serum-containing medium,” J. Biol. Chem., 257,
4888-4893 (1982).

T. A. Horbett and M. B. Schway, “Correlations between mouse 3T3 cell
spreading and serum fibronectin adsorption on glass and hydroxy-
ethylmethacrylate-ethylmethacrylate copolymers,” J. Biomed. Mater.
Res., 22, 763-793 (1988).

G. A. Marguerie, N. Thomas-Mason, M. J. Larrieu, and E. E Plow, “The
interaction of fibrinogen with human platelets in a plasma milieu,”
Blood, 59, 91-95 (1982).

H.R. Gralnick, S.B. Williams, and B.S. Coller, “Fibrinogen competes
with von Willebrand factor for binding to the glycoprotein IIb/IIla
complex when platelets are stimulated with thrombin,” Blood, 64, 797-
780 (1984).

S.E. Ritzmann and J.C. Daniels, “Serum protein electrophoresis and
total serum proteins,” in Serum Protein Abnormalities. Diagnostic and
Clinical Aspects, S.E. Ritzmann and ].C. Daniels (eds.), Little, Brown
and Company, Boston, 1975, Chap. 1.

M. Deyme, A. Baszkin, J. E. Proust, E. Perez, G. Albrecht, and M. M.
Boissonnade, “Collagen at interfaces II: Competitive adsorption of col-
lagen against albumin and fibrinogen,” J. Biomed. Mater. Res., 21, 321-
328 (1987).

H. Nygren and M. Stenberg, “Molecular and supramolecular structure
of adsorbed fibrinogen and adsorption isotherms of fibrinogen at
quartz surfaces,” J. Biomed. Mater. Res., 22, 1-11 (1988).

U. Jonsson, 1. Lundstrém, and I. Rénnberg, “Immunoglobulin G and
secretory fibronectin adsorption to silica,” . Colloid Interface Sci., 117,
127-138 (1987).

J.L. Brash and P. ten Hove, “Transient adsorption of fibrinogen on for-
eign surfaces: similar behavior in plasma and whole blood,” ]. Biomed.
Mater. Res., 23, 157-169 (1989).

T.A. Horbett, “Mass action effects on competitive adsorption of
fibrinogen from hemoglobin solutions and from plasma,” Throm.
Haemostas., 51, 174-181 (1984).

P. Didisheim, M. K. Dewanjee, M. P. Kaye, C.S. Frisk, D. N. Fass, M.V.
Tirrell, and P.E. Zollman, “Nonpredictability of long-term in vivo re-
sponses from short-term in vitro or ex vivo blood-material interac-
tions,” Trans. Am. Soc. Artif. Intern. Organs, 30, 370-376 (1984).

L. Vroman, “In vitro evaluation systems: a biological approach,” Ann.
N. Y. Acad. Sci., 283, 473-476 (1977).

L. Vroman and A.L. Adams, “Identification of rapid changes at
plasma-solid interfaces,” J. Biomed. Mater. Res., 3, 43—67 (1969).

S.M. Slack and T. A. Horbett, “Changes in the strength of fibrinogen
attachment to solid surfaces: an explanation of the influence of sur-
face chemistry on the Vroman effect,” J. Colloid Interface Sci., 133,
148-165 (1989).

S.R. Mulzer and J.L. Brash, “Identification of plasma proteins ad-
sorbed to hemodialyzers during clinical use,” J. Biomed. Mater. Res., 23,
1483-1504 (1989).

Received May 2, 1990
Accepted October 1, 1990





