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Computer Model for Fibrinogen Adsorption on
Polyurethane Surface
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=Abstra_ct=

Protein adsorption on the polyurethane surface was modelled by a modified random sequential ad-
sorption(RSA) process. In this model, polyurethane surface was modelled as a mixed domain of
hydrophobic and hydrophilic parts which was implemented by a 2 dimensional 150X 150 lattice in the
computer. Protein adsorption was simulated using a small box which represents a particle of the pro-
tein, and polyurethane lattice by considering their hydrophobic interaction. In order to validate the
model, we performed fibrinogen adsorption on polyurethane surface. Isotherms of the adsorbed pro-
tein were calculated and comparéd to the experimental data. The protein adsorption on the polyur-
ethane surface could be well described using this computer model.

INTRODUCTION

Protein adsorption is known to be the first stage of
blood-material interaction. Many researchers have tried to
find the basic mechanism of protein adsorption on poly-
meric surfaces'™. Among hundreds of plasma proteins,
three proteins such as albumin, fibrinogen and immun-
oglobulin G (IgG) bhave particularly been focused on this
research because of their richness in blood and preference
to adsorption on the artificial surface. There are many pap-
ers which reported the adsorption of these three plasma
proteins on various polymeric surfaces and their rela-
tionships to antithrombogenicity of biomaterials*~®. Since
fibrinogen is one of the adhesive proteins activating plat-
elet, 1t has been mostly focused in thrombosis researches.
Relationship between the adsorbed proteins and platelet
adhesion has been considered as one of the main factors of

thrombus formation in blood-material interaction. Poly-

meric surfaces also have various complex characteristics
according to their composition and fabrication methods.
Various techniques for surface modification were tried to
improve the antithrombogenicity of biomedical polymers.
Therefore, the characteristics of protein adsorption which
is closely related to platelet aggregation or thrombus for-
mation is shown in complex patterns according to the char-
acteristics of polymer surface. Only a few investigators
have attempted to model the protein adsorption on the pol-
ymeric surface. Jeon et al.” ¥ tried to find the character of
protein resistance of polyethyleneoxide (PEQ) chains ter-
minally attached to a hydrophobic solid substrate by theor-
etical consideration of the interaction energy between pro-
tein and PEQO surface. Sevastianov et al.” developed a
theoretical model of the reversible and irreversible protein
adsorption in a kinetic regime. They introduced the con-
trolling band concept which widely describes the monot-

onous distributions of the interfacial energetic properties of
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the protein-surface interactions. They explained the kinetic-
s of IgG and human serum albumin adsorption onto a
quartz surface using the approximation of the controlling
band. Straaten and Peppas'® presented a new method of
calculation of protein adsorption on polymeric surfaces.
Thermodynamic equilibrium of a three-component system
(water, proteiﬁ and polymer surface) was considered and
the protein concentration profile was described by con-
sidering the interaction parameters for protein-polymer,
water-polymer and protein-water contacts. In order to cal-
culate these interaction energies, the dispersive forces, the
hydrophobic effect and electron-donor-acceptor interac-
tion, which were suggested by Drago et al'”, were con-
sidered. Comparison with experimental results of protein
adsorption on various polymeric surfaces give satisfactory
results. These models except the model of Jeon et al. were
based on the macroscopic characteristics of the protein-sur-
face interaction.

In this paper, computer simulations of protein adsorp-
tion on polyurethane surface were described. For the sim-
ulations, the conventional random sequential adsorption
(RSA) model was modified. Protein molecules were also
modelled as adsorbed disks and the amount of the adsor-
bed protein was calculated at the equilibrium state. In or-
der to validate computer model, we performed protein ad-
sorption with polyurethane beads using 1251 labelled fi-

brinogen.
NUMERICAL SCHEME

Generally, polyurethane consists of two phases; hard
and soft microdomains. Diisocyanate is consisted primarily
in the hard segment and oligomer such as polyether, poly-
ester, polysiloxane, etc. are consisted in the soft segment.
In the aqueous environment, the hard (soft) segment can
be considered as the hydrophobic (hydrophilic) domain.
According to the chemical composition of polyurethane, its
surface was modelled by an 150X 150 square lattice which
was composed of two segment types; hydrophobic(H+)
and hydrophilic(H—) domains. The length of the mono-
mer chain of the hard segment, which is hydrophobic in
aqueous environment, is about 100A. Each point in the
150150 lattice represents a H+ or a H—, which was dis-

“ively

Fibrinogen Box

. Ly
OOOOO @OO

| _l—]—l_._
OO@OO@OO@O
@OOOOO@OOO

Fig. 1.
sorption process (H+ points:3 — failed adsorption)

Polyurethane lattice space, fibrinogen box, and ad-

The ratio of
H-+/H— points can be adjusted by the weighted random

tributed randomly as shown in Fig. 1.

sampling. In order to reduce the finite size effect, a per-
iodic boundary condition was adopted. In this simulation,
we concentrated our aim on the fibrinogen which is one of
the major plasma proteins. The shape of fibrinogen is fi-
brous and the length of the long side is about 400A; the
length of the short side is about 70A. By considering the
size of the fibrinogen with respect to that of the hydro-
phobic segment, fibrinogen is modelled as a small box
which is composed of a 33 lattice as shown in Fig. 1.
The adsorption of proteins and latexes on flat uniform sur-
faces ccribed by random sequential adsorption(RSA) pro-
cess. Such a process requires irreversible adsorption and no
diffusion of the particles on the surface after they are
adsorbed. An occupied site remains occupied, no site may
be occupied by more than one square, corresponding to
the conditions of irreversible adsorption and no overlap-
ping between particles, is assumed as described in respect-
1=~13 The hydrophobic surface in the conventional
RSA process was modified by the randomly mixed surface
of hydrophobic and hydrophilic domains. This mixed sur-
face represents the hard and soft segments of the polyur-
ethane surface. The process of the simulation by the modi-
fied random sequential adsorption is as follows;
1. Select a random position in the 150150 lattice which
is made of randomly mixed hydrophobic and hydrophil-

ic points at a given ratio.
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Table 1. Values of the parameters used in the simulations

= Pziﬂrar‘r")et‘ér name . Values”
Polymeric lattice (N X N) 150 x 150
Fibrinogen (m X m) I3Ix3,3%x4
Steady condition 300 trials
Adsorption criterion 5~9
H—:H+ 1:1, 1:2, 1:3, 1:4,
1:5, 1:6, 0:1

H— : Hydrophilic domain
H+ : Hydrophobic domain

2. Count the number of hydrophobic points in the 3% 3 fi-
brinogen box which is centered at the position selected
in the first procedure.

3. Determine success or failure of fibrinogen adsorption by
comparing the number of hydrophobic points counted
in 2.

4. Equilibrium state of protein adsorption was checked by
unabsorbed trials during above three procedures.

5. Calculate the total number of the adsorbed fibrinogen
molecules after the equilibrium state is arrived.

The parameters used in this simulation are summarized
in Table 1. Various ratios of H+/H~— points were tried to
validate the characteristics of our simulation. At first, the
fibrinogen box was modelled as a square of 3X3. The
shape of fibrinogen is more similar to a rectangle. There-
fore, the shape dependency of the protein adsorption was
tested using a 34 fibrinogen box. The threshold of pro-
tein adsorption was 5 of 9 points in the fibrinogen box,
which means that the hydrophobic interaction is strong
enough to adsorb on the polyurethane surface. Equilib-
rium state of the protein adsorption is one of the import-
ant parameters in this simulation. The amount of the
adsorbed fibrinogen is not changed at the equilibrium stat-
e. Thus, we could detect the equilibrium state of the ad-
sorption process by checking the accumulating number of
the successive adsorption failures. We tried to find the ap-
propriate equilibrium condition by changing the equilib-
rium state threshold in the simulation.

Total schematic diagram of the simulation is shown in
Fig. 2. Simulation was performed on IBM PC 386 using
Borland C++ version 2.0 language.

Initial polymeric surface —I

_,_l Randorm selection of position

Adsorption Change surface ]

Calculate Mean, 5D '

(End)

Fig. 2. Diagram of the modfied random sequential adsorption
process

FIBRINOGEN ADSORPTION ON
POLYURETHANE BEADS

For the quantification of fibrinogen adsorption, human
fibrinogen was labelled with Todine-125 (1251, 2mCi, Amer-
sham) as sodium iodide in dilute sodium hydroxide sol-
ution free from reducing agents(pH 7~11). 125T-Iabelled
fibrinogen was prepared by a modification of the Chlora-
mine-T method™ ¥ This method is suitable to incorporate
carrier-free radioactivity in small quantities of protein rap-
idly and with good efficiency.

Purified human fibrinogen was dissolved in PBS buffer
(pH 7.4) to a concentration of 20mg/ml, which was diluted
with 0.5M sodium phosphate buffer (pH 7.2) to a final con-
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Fig. 3. Adorption threshold test of the modifed RSA

centration of 10mg/ml. A volume corresponding to 2mCi
of Na-125T was added to 0.1ml of fibrinogen solution (10
mg/ml). After 10 44 of freshly made Chloramine-T solution
(1mg/ml in PBS buffer(pH 7.4), Sigma Chemical Co.,
MO) was added as a oxiding agent, the fibrinogen solution
was gently mixed for 1 minute and reacted for 10 minutes
at room temperature. The reaction was terminated by ad-
dition of 10 4l of sodium metabisulfite (Na:S:0s, 1 mg/ml in
PBS buffer(pH 7.4), reducing agent, Aldrich Chemical
Co.), followed by addition of 50,1 of potassium iodide
(K1, 1% (w/v), Aldrich Chemical Co.) and 0.1ml of 0.5M
sodium phosphate buffer (pH 7.2). The mixture was ap-
plied to the Sephadex G-25 column and each 0.5ml of
eluant was collected in a separate polystyrene tube.

The radioactivity of each fraction was observed with
gamma counter and the purified !2°I-fibrinogen was
obtained without free 251. Polyurethane beads were im-
mersed in Sml of 125I-fibrinogen solved PBS buffer at
37C for 1 hour. After incubation, beads were removed
and washed with PBS buffer (pH 7.4). The fibrinogen con-
tents adsorbed on the sample beads were quantitatively de-
termined by counting in a gamma scintillation counter (Bec-
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Fig. 4. Test of the protein shape deripendency (adsorption
threshold; square (3 X 3)=6—9, rectangle (3 x 4)=8 — 12, compensat-
ed (3 X 4)=rectagle (3 x4)x 12/9)

kmann DP 5,500). Appropriate control tubes were in-
cluded in all experiments and these blank values were sub-

tracted from test values.

RESULTS

In the test of the threshold of the equilibrium state con-
dition, it is sufficient that the value of threshold is 300 for
equilibrium of fibrinogen adsorption as shown in Fig. 3.
The adsorption process was slightly dependent on the shap-
¢ of the adsorbing fibrinogen as shown in Fig. 4. The
amount of the rectangular fibrinogen must be compensated
by its adsorbed area to compare it to that of the square
data because the difference of the area gives the different
limiting value of adsorption isotherm. Simulations were
performed for several ratios of the hydrophobic and
hydrophilic domains and these results are shown graphi-
cally in Fig. 5. As the area of the hydrophobic domain was
increased, more fibrinogen were adsorbed. Then it went to
a limit of 1,565. In Fig. 6, the amount of adsorbed fibrino-
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Fig. 5. RSA of fibrinogen on the various polyurethane surfac-
es with different ratios of hydrophobic and hydrophilic domains
(H+/H-)

gen was increased as the bulk concentration of the fibrino-
gen solution was increased. It saturated at about 0.4z

glem?,
DISCUSSION

The limit when the polymeric surface is fully hydro-
phobic is known as the jamming limit and its value is 54.6
% when the adsorbing elements are circular disks'®. Many
simulations of random sequential adsorption in two dir-
ensional space were performed with hard circular disks in
order to obtain the jamming limit. In our simulation, the
mean value of this limit of surface coverage is 62.6 %. The
difference between our and other’s jamming limit is expec-
ted to be caused by the difference in shape and size of the
adsorbed particle. In our case, a 3 X3 square box was used
while others used disk type adsorbed particles'®,

The surface concentration of adsorbed fibrinogen conver-
ged to about 0.4 ug/cm? in the experimental case. This val-
ue has some difference with others’”™'". This might be
caused from the difference in the incubation time, adsorb-
ing surafce, and the bulk concentration. In the experiments

adsorbed fibrinogen
concentration
(ug/cm®)
0.5

0.4

0.3

0.2

0.1

0 50 100 150 200
bulk conc. of fibrinogen solution (ug/ml)

Fig. 6. Fibrinogen adsorption on the polyurethane beads(in-
cubation time=1 hour)

of Brash and Ten Hove’s, they used fibrinogen solution of
0.7mg/ml and performed adsorption for about 3 hours un-
til it becomes a steady state. And then they found the con-
verged value of the adsorbed fibrinogen concentration near
0.7 ug/cm? with cuprophane surface'”.

In order to compare this simulation to the experiments,
the surface concentration of the adsorbed fibrinogen in
this simulation can be calculated. The molecular weight of
human fibrinogen is 340 kD, then the weight of a fibrino-
gen molecule is 5.65Xx 107" g. The size of the surface area
of the polyurethane used in this simulation is 150 150X
1002 A2, Therefore, the surface concentration of adsorbed
fibrinogen is about 0.039ug/cm? when 1,565 fibrinogen
molecules are adsorbed at equilibrium state on the test lat-
tice. This value is somewhat different from that of the ex-
perimental data. There are two major reasons for this in-
consistency. One is that the exact size of the hydrophobic
(hydrophilic) domain was not adopted in our calculation
of the surface concentration in the case of the computer
simulation. The other is that we assumed only monolayer
adsorption in the computer model. In the experimental

case, fibrinogen might be adsorbed in a multilayer on the
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polyurethane surface. Therefore, this computer model will
be more accurate when the amount of the adsorbed pro-
tein is very little and then the protein is adsorbed in a
monolayer.

This simulation started from the microscopic considera-
tions between the polyurethane surface and the adsorbing
fibrinogen. Thus, it can be easily adaptable to the case of
modified surface of polyurethane such as albumin immob-
ilized surface, PEO grafted surface by changing the ad-
sorption threshold. Qur simulation is limited to the equi-
librium stage of adsorption. Time scale of the adsorption
procedure must be defined for the simulation of Vroman
effect.
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