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ABSTRACT: Polyurethane (PU)/polystyrene (PS) IPNs were simultaneously synthesized
at 80°C, controlling the reaction kinetics to change the morphology. Polymerization
kinetics of styrene was controlled by the content of initiator, and that of polyurethane
by the catalyst concentration. The effect of the initiator and the catalyst on the
polymerization rate was analyzed by NMR spectroscopy and FTIR. Gelation time was
also measured by using the advanced rheometric expansion system (ARES). Samples
with sea-and-island morphology were obtained, when the polymerization rate of PS was
relatively slow, and the phase separation time was long. When the polymerization rate
of PS was relatively fast, and the phase separation time was short, cocontinuous
morphology was obtained. The degree of phase separation and surface roughness
decreased, as the rate of PU network formation was increased, and the phase-continu-
ity was increased. The in vitro blood-compatibility tests showed that the surface
roughness was an important factor on the adsorption of fibrinogens and platelets. A
large amount of fibrinogens and platelets were adsorbed on the relatively rough surface
of samples showing sea-island morphology. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci

84: 379-387, 2002; DOI 10.1002/app.10358

Key words: IPNs; phase separation; morphology; biocompatibility

INTRODUCTION

Biocompatibility, especially blood compatibility,
is influenced by the surface properties of the ma-
terials, such as morphology, roughness, hydro-
philicy, etc. Surface morphology of the multicom-
ponent polymers shows different types of mor-
phology, sea-island, cocontinuous, and dual-
phase coexistence of sea-island and cocontinuous
morphology, due to different mechanisms of
phase separation. The morphology can be
changed by the kinetic and/or thermodynamic fac-
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tors.!~® Nucleation and growth is the dominating
phase separation mechanism in the metastable
region of the phase diagram. In this region, when
a nucleus is formed, it grows by a normal diffu-
sion process, and sea-and-island morphology is
developed. Spinodal decomposition occurs in the
unstable region. In the unstable region, the con-
centration fluctuations are delocalized and the
phase separation takes place spontaneously, lead-
ing to long-range phase segregation. In this mech-
anism, cocontinuous morphology is developed
when the separation is stopped at an early stage.
In the reaction-induced phase separation, the rel-
ative rate of polymerization to the rate of phase
separation is an important factor to determine
the degree of phase separation, and the relative
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Figure 1 Schematic phase diagram of simulta-
neously polymerized PU/PS IPNs.

rate of polymerization of each component also
influences the phase separation mechanism. The
degree of phase separation and the morphology
affect the surface properties, such as the surface
roughness, hydrophilicy, elasticity, and hardness.
Particularly, the surface roughness affects the
adsorption of proteins, and platelets. The initial
protein adsorption, and cell attachment on a sur-
face is increased, as the surface roughness is in-
creased, and this effect is related to the size of
proteins and cells adhered.®~'3

In 1994, S. C. Kim and his coworkers reported
that hydrophilic PU/hydrophobic PS IPNs exhib-
ited good blood compatibility as well as excellent
mechanical properties. They also investigated the
effect of the degree of phase separation on blood
compatibility with controlled morphology.'*~1¢
The reaction temperature, composition of mono-
mers, and crosslink density considerably affected
blood compatibility because the size of the dis-
persed PS domain was affected by those condi-
tions. As a result, protein adsorption and platelet
adhesion decreased as the size of the PS domains
decreased. Recently, they grafted PEO chains to a
PU network of PU/PS IPNs to suppress protein
adsorption and platelet adhesion. As a result,
they observed enhanced blood compatibility of the
PU/PS IPNs.7

In this study, polyurethane (PU)/polystyrene
(PS) interpenetrating polymer networks (IPNs)
were synthesized simultaneously, controlling the
kinetic conditions to change the morphology, and
the degree of phase separation. Polymerization
kinetics of styrene was controlled by the content
of an initiator, and that of polyurethane was done
by the catalyst concentration. Figure 1 shows the
scope of this study. In this schematic phase dia-
gram, the immiscible region increases with in-
creasing the PS conversion, and this trend be-

comes much faster as the polymerization rate of
styrene is increased. The phase separation during
the synthesis of PU/ PS IPN with low content of
BPO, the initiator, may start in a meta-stable
region, and the phase diagram at low PS conver-
sion becomes a dominant diagram to determine
the final morphology of PU/PS IPN. As a result,
the final morphology of PU/PS IPN shows sea-
and-island. However, in the synthesis of PU/PS
IPN with high content of BPO, the immiscible
region is rapidly increased, and the phase dia-
gram to determine the morphology may be that at
the higher PS conversion. As a result, PU/PS IPN
has the final morphology of a cocontinuous type.
Various types of morphology cause the change of
surface properties, as previously stated. This
change considerably affects blood compatibility,
and the effect is investigated in this study.

EXPERIMENTAL

Materials

Poly(ethylene glycol) (PEG, M,, = 600, Junsei
Chemical Co., Ltd.), 1,4-butanediol (1,4-BD, Jun-
sei Chemical Co., Ltd.) and trimethylolpropane
(TMP, Acros Organics) for the PU network were
degassed for 12 h under vacuum to remove mois-
ture before use. Styrene monomer (SM, Showa
Chemical Co., Ltd.) was purified by the conven-
tional method.’® Hexamethylene diisocyanate
(HDI, Tokyo Kasei Kogyo Co., Ltd.), divinylben-
zene (DVB, Aldrich Chemical Company, Inc.) as a
crosslinking agent for PS network, and benzoyl
peroxide (BPO, Fluka Chemika) as an initiator
for the polymerization of styrene were used with-
out further purification.

Synthesis

The diisocyanate-terminated PU prepolymer (Fig.
2) was prepared by reacting 1 equiv. of poly(eth-
ylene glycol) (PEG, M, = 600) with 2 equiv. of
HDI at 65°C for 2 h under N, atmosphere; 0.05 wt
% dibutyltin—diaurate (T-12) as a catalyst was
added to poly(ethylene glycol) before reaction.
HDI was poured into a four-neck flask held at
65°C in a heating mantle, and the degassed poly-
(ethylene glycol) was added dropwise to HDI
through a dropping funnel with vigorous stirring
of the mixture. The completeness of the reaction
was identified by the di-n-butylamine titration
method,'® and the product was kept below 0°C
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Figure 2 Synthetic scheme of PU prepolymer, and
schematic diagram of cast mold.

after N, purging. The molecular structure of PU
prepolymer was investigated by NMR spectros-
copy.

PU/PS IPNs having various morphology were
prepared by changing the reaction kinetics by
varying the catalyst/initiator concentration. PU
prepolymer, 1,4-BD, TMP, T-12, SM, DVB, and
benzoyl peroxide were mixed by a high-torque
stirrer in a 250-mL beaker for about 5 min. The
mixture was degassed under vacuum for about 3
min, and then cast in a glass plate mold with a
silicon spacer (Fig. 2). The PU network and PS
network were formed simultaneously in a convec-
tion oven at 80°C for 10 h, and the postcuring was
followed at 120°C for 2 h.

Kinetics

Conversion of styrene during the formation of PS
network was measured with different initiator
concentration (1.0 wt % to 5.0 wt % BPO) by using
'H-NMR spectroscopy. During the polymeriza-
tion, sample was taken in every 5 min, and dis-
solved in deuterated benzene for 'H-NMR spec-
troscopy. The conversion was determined by an-
alyzing the peak area of vinyl group portion of

styrene (CHy,=CHPh; 65.1-65.8 ppm, and
—CH,—CHPh—; 61.9-82.3 ppm). Conversion of
isocyanate group during the formation of PU net-
work with different catalyst concentration
(0-0.05 wt % T-12) was measured by using FTIR
equipped with demountable liquid cell, and heat-
ing accessory. The conversion was determined by
observing the decrease of isocyanate peak area at
2271 em ™!, caused by the formation of urethane
linkage.

Gelation Time

Gelation conversion and time during PS synthe-
sis, and PU synthesis were investigated by using
ARES, and PHYSICA, respectively. Gelation time
was determined by analyzing the shear modulus—
time graph. At gelation time, G’, shear storage
modulus increased and crossed the G”, shear loss
modulus curve, and the gelation conversion was
calculated by using the kinetic data, previously
obtained.

Morphology

The morphology of the top surface of the PU/PS
IPNs was investigated by the scanning probe mi-
croscopy (SPM, DI NanoScope IIla). SPM mea-
surement was performed in air with an etched
silicon probe, of which the length was 125 um,
and the spring constant was from 20 to 100 N/m.
Scanning was carried out in the Tapping™ mode,
and its frequency was about 0.5 Hz.

Surface roughness was investigated by analyz-
ing the three-dimensional SPM images with im-
age analyzer.

Swelling Behavior in Water

PU homopolymer, and PU/PS IPN samples were
dried at room temperature for 24 h under vac-
uum, and then immersed in distilled water until
equilibrated with water. The weight of the sample
was measured in every 15 min, and the swelling
ratio was calculated by the following equation.

Interfacial Energy

Interfacial energy between water and the PU/PS
IPNs, PU homopolymer surface was measured by
the underwater captive bubble technique.?° The
samples were equilibrated with distilled water for
more than 24 h, and the static bubble contact
angles of the surface—water—air and the surface—
water—octane were measured by a contact angle
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Figure 3 Kinetics of the polymerization: (a) polyurethane synthesis; (b) polystyrene

synthesis.

goniometer (Erma model G-I type) equipped with
an oil droplet apparatus in the water. Interfacial
energy between the surface and the water was
calculated from the geometric mean equation.

Fibrinogen Adsorption®'

Fibrinogen is one of the most important globular
proteins circulating in the blood. It plays a central
role in the regulation of hemostasis and thrombo-
sis by participating in blood coagulation and fa-
cilitating adhesion and aggregation of platelets.
The BPF (ICN Biomedicals, Inc.) was dissolved in
phosphate buffer saline (PBS) in a concentration
of 30 mg/mL. Samples (5 X 1 X 20 mm) were
immersed in the solution at 37°C under a mild
shaking condition. To consider the adsorption of
BPF’s on the wall of the vial, a blank test was
performed. After a series of immersion time (10,
20, 40, and 60 min), samples were removed, and
the changes of the concentration in the solution
were investigated by using an UV-spectrophotom-
eter.

Platelet Adhesion??

The adhesion and activation of the platelets on
the surfaces of PU homopolymers and PU/PS
IPNs were observed. After samples (10 X 10 mm?)
were equilibrated with PBS overnight, they were
then immersed in platelet-rich plasma (PRP),
which was obtained from Taejon Red Cross, at
37°C with mild shaking in an incubator. After
10 h, the samples were taken out from the solu-
tion and rinsed five times with PBS to remove the
weakly adsorbed platelets. Then the strongly ad-

sorbed platelets were fixed on the surfaces by
immersing the sample in 2-v/v% glutaraldehyde
PBS solution at room temperature for 2 h. After
the fixation, the samples were dehydrated with a
series of ethanol solutions (50, 60, 70, 80, 90, and
100 v/v%) for 15 min per each step. Then they
were dried in atmosphere overnight and under
vacuum for 5 h. The dried samples were coated
with evaporated gold, and the adherent platelets
were observed with Philips 535M SEM.

RESULTS AND DISCUSSION

Kinetics

Figure 3(a) and (b) shows the kinetics of PU syn-
thesis and PS synthesis, respectively. The poly-
merization rate of styrene could only be measured
before gelation, because the PS network could not
be dissolved in NMR solvent after gelation. The
reaction rate of isocyante group in the PU synthe-
sis increased as the content of the T-12 catalyst
was increased from 0 to 0.05 wt/wt %. The poly-
merization rate of styrene increased as the con-
tent of BPO, the initiator, was increased from 1.0
to 8.0 wt/wt %, because the amount of free radi-
cals, initially produced, was increased, and the
initial polymerization rate also increased.

Gelation Time and Conversion

Figure 4 shows the change of G', and G” values
during synthesis of PU and PS. In the synthesis of
PU with 0.025 wt/wt % T-12, G' increased, and
crossed the G"—curve at 5.2 min, which means
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Figure4 The change of G', and G” during the polymerization: (a) PU, O, [J; with 0.025
wt % T-12, @, B; without T-12; (b) PS with 1.0 wt % of BPO.

that the gelation occurred. In the synthesis of PU
without a catalyst, gelation was delayed about
14.3 min. However, the gelation conversions in
both cases were identical with each other at 0.55.
In the synthesis of PS with 1.0 wt/wt % of BPO,
gelation occurred at 47 min, and the gelation con-
version calculated was 0.24. The gelation time
with high BPO concentration was shown in Table
I. The gelation time of PS network decreased from
47 to 24 min, as the content of BPO was increased
from 1.0 wt/wt % to 5.0 wt/wt %.

Surface Morphology

Various surface morphology was observed, as the
catalyst and initiator concentration was varied.
The surface of PU/ PS IPN synthesized with 0.025
wt/wt % of T-12, and 1.0 wt/wt % of BPO shows
sea-island morphology. The PU-rich phase
formed the continuous matrix, and the PS-rich
phase formed the dispersed island. The surface of
PU/ PS IPN synthesized with 0.05 wt/wt % of
T-12, and 1.0 wt/wt % of BPO also shows sea-
island morphology, but the size of the dispersed
PS-rich domains was much smaller, because the

Table I Gelation Time of PS Networks with
Various Amounts of BPO

Content of BPO

Involved

(wt/wt %) Gelation Time (min)
1.0 47
3.0 35
5.0 24

PU reaction was much faster, the gelation of PU
occurred earlier, and the rate of phase separation
was decreased, with the time of phase separation
unchanged. During the synthesis of PU/PS IPNs
with 1.0 wt/wt % of BPO PU reacted faster than
PS, and the critical composition at the time of
phase separation, phis;, became smaller than 0.5
(Fig. 1, C;). The mixture composition 0.5 would
enter the metastable region, as the reaction pro-
cedure and the dominant phase-separation mech-
anism would be nucleation and growth. However,
when the BPO concentration was increased to 5.0
wt/wt %, the reaction rate of styrene became
much faster, and the phase separation occurred
at relatively lower conversion of PU, compared to
the previous case, which means that the critical
composition at the time of phase separation, ¢,
became closer to 0.5 and the mixture composition
0.5 would enter the unstable region, as the reac-
tion procedure and the dominating phase separa-
tion mechanism would be spinodal decomposition,
which would give cocontinuous morphology. In
the intermediate case with 3.0 wt/wt % BPO, both
phase separation mechanisms could occur. Ini-
tially, the mixture composition, ¢, = 0.5 would
enter into the metastable region at the start of the
phase separation but would enter the unstable
region as the reaction proceeds, and the both sea-
island and cocontinuous morphology was ob-
served in this case. The morphological patterns
were summarized according to the content of
T-12, and BPO in Table II. The SPM images of
surface morphology of the sample were shown in
Figure 5. Surface roughness was also investigated
by analyzing the three-dimensional SPM images
with the image analyzer, and the result was
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Table II The Morphological Patterns of Samples Prepared, and the

Notation
Content of T-12 Content of BPO Sample
(wt/wt %) (wt/wt %) Morphological Pattern Notation
0.025 1.0 Sea-island SI-1
0.050 1.0 Sea-island SI-2
0.050 3.0 Sea-island/Cocontinuous SI/CC
0.050 5.0 Cocontinuous CcC

shown in Figure 6. For the samples with sea-
island morphology, the roughness was decreased,
as the content of T-12 was increased, because the
viscosity of the reacting mixture was increased
and the phase separation was suppressed. The
roughness of CC was lower than SI-1 and SI/CC,
because the polymerization rate of styrene was
increased with increasing the BPO content and
gelation of thge PS, after which the phase sepa-
ration was stopped, which occurred earlier. SI-2
had a smoother surface than other samples, be-
cause the viscosity during the phase separation

Figure 5 SPM images of surface morphology of
PU/PS IPNs: (a) SI-1; (b) SI-2; (¢) SI/CC; (d) CC.

was very high, and the growth of the separated
nuclei was restricted.

Swelling Behavior in Water

Figure 7 shows the swelling behavior with water.
Generally, it has been known that the swelling
behavior of the polymer blend is strongly influ-
enced by its heterophase structure. When the
IPNs of hydrophilic and hydrophobic components
are swollen in water, the water diffuses through
the hydrophilic phase. At a fixed composition, the
swelling ratio in water decreases as the degree of
intermixing increases. In Figure 7, the equilib-
rium swelling ratio of PU/PS IPN having the sea-
island morphology was higher, compared to the
samples with cocontinuous morphology. If the hy-
drophilic PU-rich phase formed the matrix and
the hydrophobic PS phase formed the dispersion,
the swelling of the matrix in water was not re-
stricted. But if the hydrophobic PS phase also
formed a continuous phase, the swelling of the
hydrophilic PU phase was restricted by the neigh-
boring hydrophobic PS phase. The swelling be-
havior also reflected the morphology difference of
SI, SI/CC, and CC.

. e
‘] I

:

Surface roughness - RMS (nm)

SI-1 Si-2 si/cc cc
Figure 6 Surface roughness of PU/PS IPNs.
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Figure 7 Swelling behavior with water of PU/PS
IPNs.

Interfacial Energy

Figure 8 shows the interfacial energy with water.
The result of interfacial energy measurement
showed a similar trend with swelling behavior
with water. Interfacial energy between water and
PU/PS IPN having sea-island morphology was
lower than the sample with cocontinuous mor-
phology, which means that the surface became
more hydrophilic, with the swollen and expanded
PU phase on the surface.

Fibrinogen Adsorption

Fibrinogen is one of the most important globular
proteins circulating in the blood. It plays a central
role in the regulation of hemostasis and thrombo-
sis by participating in blood coagulation and fa-
cilitating adhesion and aggregation of platelets.
Fibrinogen is a relatively large (340 kDa) glyco-
protein composed of two each of three nonidenti-
cal polypeptide chains (AayBBy7ys,). The molecule
is folded in such a way that all six amino termini
are clustered in a central domain (E domain), but
the three different carboxyl ends are located at
opposite ends of distended molecule (D domain),
which are connected to the central domain by
three-stranded “coiled coils.” These D domains
can be split and displaced from the molecular
axis, and each coiled-coil rod was interrupted by a
small globular region to form an added globular
region adjacent to the central E domain through
the folding of A« chains. This macromolecular
dimensions and conformation of hydrated fibrin-
ogen considerably affects surface-dependant in-
teraction.?>2% Generally, proteins are heteroge-
neous molecules and contain regions of differing

polarity, charge, and hydrophilicity. Thus, pro-
teins exhibit amphoteric, and amphiphilic prop-
erties, and the net structure is a spontaneously
folding pattern with hydrophobic core and com-
plex irregular exterior surface formed by the po-
lar or hydrophilic side chains. Adsorption to the
surface may invoke the breakage of amphiphilic
balance and conformational changes in the pro-
tein, and cause the proteins to denature.'®?¢ In
this test, BPF was adsorbed rapidly within a few
minutes, and then reached equilibrium. Rela-
tively large amounts of BPFs were adsorbed on
the SI-1 compared with other samples (Fig. 9).
Dimer, trimer, and macromer of the hydrated fi-
brinogen have linear conformations predomi-
nantly, and increased affinity for the hydrophobic
surface compared with monomeric fibrinogen.?*
However, the sample surfaces in this study
showed similar value of interfacial energy with
water, that is, similar hydrophilicy. Otherwise,
the difference of surface roughness was large
enough to affect the conformational change of fi-
brinogens adsorbed, and adsorption kinetic of fi-
brinogen. Thus, it became a predominant factor
on the adsorption of fibrinogens, and the forma-
tion of adsorbed multiplayer of fibrinogens.? 1327
SI-1 had a rougher surface than the other sam-
ples, and relatively large amounts of BPFs were
adsorbed upon the SI-1 compared with the other
samples. However, SI-2, and CC had relatively
smooth surfaces compared with the surface of
SI-1, and the adsorption of BPFs was suppressed.

Platelet Adhesion

The interaction of platelets with the surfaces of
PU/PS IPNs was investigated by using PRP pre-

i

Interfacial energy (dyne/cm)

Si-1 Sl-2 sl/ce cc

Figure 8 Interfacial energy between PU/PS IPNs
and water.
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Figure 9 Amount of fibrinogens adsorbed on PU/PS
IPNs.

pared from human whole blood. Unstimulated
platelets shows a 2-um discoid shape, and func-
tioning platelets are divided into three zones: the
peripheral, sol-gel, and organelle.?® The periph-
eral zone consists of the platelet membrane, the
open canalicular system, and the exterior coat of
the platelet (rich in glycoproteins). Platelet glyco-
proteins form the basis of the platelet receptor
system for activation, and the sol-gel zone con-
tains a fibrillar contractile system that allows

shape change, pseudopod formation, and contrac-
tion. In the platelet adhesion test, platelets ini-
tially react with the surface by pseudopod forma-
tion, and then form aggregates through the bind-
ing of glycoproteins. In the BPF adsorption test,
the surface roughness was a predominant factor
on the adsorption. As a result, relatively large
amounts of BPFs were adsorbed on SI-1, having
the roughest surface among PU/PS IPN samples.
The platelets are easy to adhere to the surface
where a large amount of fibrinogens are previ-
ously adsorbed, because the preadsorbed fibrino-
gens cause excessive assembly of the glycopro-
teins on the platelets. In Figure 10, a large
amount of platelets were adhered to the surface of
SI-1 compared with other surfaces. However, the
platelets adhesion was suppressed to SI-2 and CC
surfaces, that is, relatively smooth surfaces.

CONCLUSIONS

In this study, we controlled the reaction rate,
gelation time, rate of phase separation, and phase
separation time during the synthesis of hydro-
philic PU/hydrophobic PS IPNs. As a result, two
samples (SI-1, SI-2) with sea-island morphology,
of which the size of PS-rich domain was different

Figure 10 SEM photographs of adhered platelets on PU/ PS IPNs: (a) SI-1; (b) SI-2;
(c) SI/CC; (d) CC.
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from each other, were obtained, when the poly-
merization rate of PS was relatively slow and the
phase separation time was long. SI-2 had smaller
PS-rich domains, and a smoother surface, com-
pared to SI-1, because viscosity at the onset of
phase separation was higher. When the polymer-
ization rate of PS was relatively fast, and phase
separation time was short, a relatively smooth
sample (CC) with cocontinuous morphology was
obtained, and when the polymerization rate of PS
was relatively intermediate, a sample (SI/CC)
with dual phase morphology was also obtained.
The CC surface was smoother than SI/CC, be-
cause the gelation of PS occurred earlier, and the
phase separation was stopped.

The swelling ratio with water increased, and
interfacial energy with water decreased, as the
phase continuity decreased, which indicated that
the surface became more hydrophilic with swollen
and expanded hydrophilic PU.

The blood-compatibility tests showed that the
surface roughness was a very important factor on
the adsorption of fibrinogens and platelets in this
study. A large amount of fibrinogen, and platelets
were adsorbed on the relatively rough surface of
SI-1 compared with SI-2, and CC with smooth
surfaces.

This study showed that the degree of phase
separation, surface hydrophilicity, and specially
surface roughness, which highly affect the non-
thrombogenic character of surface, could be
changed by controlling the morphology, and the
results may be very useful in the designing of
blood-contacting biomedical polymers.
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