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ABSTRACT: A series of multiblock polyurethanes, con-
taining various poly(ethylene oxide) (PEO; number-average
molecular weight = 400-3400) contents (0-80 wt %) and
prepared from hexamethylene diisocyanate/PEO/poly-
(dimethylsiloxane) diol/polybutadiene diol/1,4-butanediol,
were used as modifying additives (30 wt %) to improve the
properties of biomedical-grade Pellethene. Different molec-
ular weights of PEO were used to keep poly(ethylene glycol)
at a fixed molar content, if possible, although the PEO con-
tent, related to the PEO block length in the multiblock poly-
urethanes, was varied from 0 to 80 wt %. The hydrophilic
PEO component was introduced through the addition of
PEO-containing polyurethanes and dicumyl peroxide as a
crosslinking agent in a Pellethene matrix. As the PEO con-
tent (PEO block length) increased, the hydrogen-bonding
fraction of the crosslinked Pellethene/multiblock polyure-
thane blends increased, and this indicated an increase in the
phase separation with an increase in the PEO content in the
crosslinked Pellethene /multiblock polyurethane blends. Ac-

cording to electron spectroscopy for chemical analysis, the
ratio of ether carbon to alkyl carbon in the crosslinked
Pellethene/multiblock polyurethane blends increased re-
markably with increasing PEO content. The water contact
angle of the crosslinked Pellethene/multiblock polyure-
thane blend film surfaces decreased with increasing PEO
content. The water absorption and mechanical properties
(tensile modulus, strength, and elongation at break) of the
crosslinked Pellethene /multiblock polyurethane blend films
increased with increasing PEO content. The platelet adhe-
sion on the crosslinked Pellethene/multiblock polyurethane
blend film surfaces decreased significantly with increasing
PEO content. These results suggest that crosslinked Pel-
lethene/multiblock polyurethane blends containing the hy-
drophilic component PEO may have potential for biomate-
rials that come into direct contact with blood. © 2003 Wiley
Periodicals, Inc. ] Appl Polym Sci 91: 23482357, 2004
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INTRODUCTION

Recently, segmented polyurethanes have been widely
used for various commercial and experimental blood-
contacting and tissue-contacting applications, such as
vascular prostheses, blood pumps, heart valves, pace-
maker lead wire insulation, catheters, artificial hearts,
and cardiac-assist devices, because of their generally
favorable physical and mechanical properties and
fairly good biocompatibility and antithrombogenicity
characteristics." Although many successful results
have been obtained with polyurethanes in different
biomedical devices, the inherent thrombogenicity of
segmented polyurethanes remains a problem.® Gener-
ally, blood coagulates and causes blood clotting when
it encounters foreign solid surfaces. This phenomenon
is assumed to begin with the initial adsorption of
blood proteins, which is followed by platelet adhesion
and activation of the coagulation pathway, leading to
thrombus formation.” Thus, several strategies have
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been proposed to improve the blood compatibility of
biomaterials, such as the incorporation of ionic groups
onto the polymeric surface,® the alteration of the sur-
face properties by grafting techniques,”'® the immo-
bilization of heparin, functionalized dextrans, or bio-
logical compounds,'"'* and the introduction of hydro-
philic polymers.

Among hydrophilic polymers, a particularly effec-
tive polymer for the prevention of protein adsorption
and platelet adhesion appears to be poly(ethylene ox-
ide) (PEO).” The hydrophilicity and unique solubility
properties of PEO produce surfaces that are in a lig-
uid-like state, with the polymer chains exhibiting con-
siderable flexibility or mobility."*'° It is well known
that PEO surfaces in water with rapidly moving hy-
drated PEO chains and a large excluded volume tend
to repel protein or platelet molecules that approach
the surface.'” The adsorption of PEO-containing block
or graft copolymers is more stable than that of PEO
homopolymers because the hydrophobic segments
provide hydrophobic adsorption forces or anchors to
the polymer substrate. PEO surfaces have been pre-
pared by the physical adsorption of various PEO-
containing amphiphilic block or graft copolymers onto
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TABLE 1
Description of Multiblock Polyurethanes Containing PEO

Sample PEO content
designation Composition of multiblock polyurethanes (molar ratio) (wt %)
A0 HDI/PDMS/PBD/BD (2/0/1.5/0.05/0.45) 0
A20 HDI/PEO(M,, = 400 g/mol)/PDMS/PBD/BD (2/0.9/0.6/0.05/0.45) 20
A40 HDI/PEO(M,, = 1000 g/mol)/PDMS/PBD/BD (2/0.9/0.6/0.05/0.45) 40
A60 HDI/PEO(M,, = 2000 g/mol)/PDMS/PBD/BD (2/1.0/0.5/0.05/0.45) 60
A80 HDI/PEO(M,, = 3400 g/mol)/PDMS/PBD/BD (2/1.1/0.4/0.05/0.45) 80

hydrophobic substrates.” However, one problem with
these methods is the stability of the PEO additives
entrapped in the substrates.

The more stable methods for preparing PEO sur-
faces include covalent coupling'®™* and graft copoly-
merization**2® of PEO or PEO-containing materials to
substrates, which create permanent PEO surfaces.
PEO surfaces have been prepared by the addition of
PEO-containing amphiphilic block copolymers (PEO-
PPO-PEO) as surface-modifying additives and by the
addition of dicumyl peroxide (DCP) as a crosslinking
agent in segmented polyurethane.”

DCP has been widely used as a crosslinking agent
for polyethers such as PEO and poly(propylene oxide)
PPO.?”*® Because the biomedical-grade polyurethane
(Pellethene) used in this study contains about 50%
polyether soft segments, DCP can be used to obtain
random crosslinking of Pellethene and multiblock
polyurethanes containing PEO. However, research on
the influence of multiblock polyurethanes containing
PEO on the properties of crosslinked Pellethene/
multiblock polyurethane blends can hardly be found.

In this study, a series of multiblock polyurethanes
containing various PEO contents (0-80 wt %; surface-
modifying additives) were synthesized from hexam-
ethylene diisocyanate (HDI)/PEO/poly(dimethylsi-
loxane) diol (PDMS)/polybutadiene diol (PBD)/1,4-
butanediol (BD). The PEO surfaces were prepared by
the addition of multiblock polyurethanes containing
various PEO contents to Pellethene, which was fol-
lowed by their crosslinking for enhanced blood com-
patibility. The chemical structure of multiblock poly-
urethanes containing PEO was examined with '"H-
NMR and Fourier transform infrared (FTIR)
spectroscopy. The surface properties of the
crosslinked  Pellethene/multiblock  polyurethane
blends were investigated with electron spectroscopy
for chemical analysis (ESCA) and measurements of the
water contact angles. The water absorption and tensile
properties of crosslinked Pellethene/multiblock poly-
urethane blends were also investigated. The blood
compatibility of crosslinked Pellethene/multiblock
polyurethane blends was evaluated with platelet-rich-
plasma (PRP) contact experiments, and the results
were observed with scanning electron microscopy
(SEM).

EXPERIMENTAL
Materials

A segmented biomedical-grade polyurethane pellet
(Pellethene 2363-80AE, Dow Chemical Co., Midland,
MI) was used after being washed with methanol for 3
days and being dried in a vacuum oven overnight at
60°C. PEO [number-average molecular weight (M,)
= 400, 1000, 2000, or 3400 g mol~'; Aldrich, Milwau-
kee, WI] and hydroxy-terminated PDMS (M,, = 1454 g
mol !, Shin-Etsu, Chiyoda-Ku, Tokyo, Japan) were
dried for 24 h at 80°C in vacuo before use. HDI (Al-
drich), PBD (Aldrich), and BD (Aldrich) were used
after dehydration with 4-A molecular sieves for 1 day.
DCP (Aldrich) was used as provided.

Synthesis of multiblock polyurethanes (modifying
additives)

The appropriate amount of dried PEO (M, = 400,
1000, 2000, or 3400 g molfl) and three drops of dibu-
tyltin dilaurate as a catalyst were dissolved in tetra-
hydrofuran (THF). HDI was slowly added to the so-
lution for 30 min, and the reaction mixture was stirred
for 6 h at room temperature. Then, PDMS, PBD, and
BD were added separately to the reaction mixture and
reacted for 5, 3, and 1 h, respectively. The obtained
multiblock polyurethanes were precipitated in n-hex-
ane, after being washed with an excess amount of
distilled water for the removal of any unreacted com-
ponents. They were dried for 2 days at 45°C in vacuo.
The compositions of the multiblock polyurethanes
prepared in this study are given in detail in Table L

Preparation of crosslinked Pellethene/multiblock
polyurethane blend films

Pellethene was dissolved in THF to form 15 wt %
solutions. The multiblock polyurethanes (ca. 40 wt %
with respect to the dry Pellethene pellet) and DCP (4
wt % with respect to the dry multiblock polyurethane
containing PEO) as a crosslinking agent were added to
the Pellethene solutions. The polymer blend solutions
were agitated homogeneously. Films were prepared
via solution casting from the polymer blend solutions.
The solvent was slowly evaporated at room tempera-
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ture for 2 days in a desiccator cabinet, and this was
followed by vacuum drying overnight at 60°C. The
crosslinking was performed by the heating of the film
in a vacuum oven at 120°C for 3 h.”

Characterization

The chemical structures of the multiblock polyure-
thanes containing PEO that were synthesized in this
study were analyzed with '"H-NMR and FTIR spec-
troscopy. 'H-NMR spectra were obtained on a 300-
MHz Fourier transform NMR instrument, which was
operated at 300 MHz with dimethyl sulfoxide as a
solvent. IR spectra were obtained with a Nicolet Im-
pact 400D computerized FTIR spectrometer. For each
sample, two scans at a 2-cm™ ' resolution were col-
lected in the transmittance mode.

The changes in the chemical structure of crosslinked
Pellethene/multiblock polyurethane blend film sur-
faces were analyzed by ESCA (ESCA 250). The ESCA
instrument was equipped with an Al Ka radiation
source at 1486.6 eV and 300 W at the anode. Survey
scan and Cls core-level scan spectra were taken for an
analysis of the film surfaces.

The surface properties of the crosslinked Pel-
lethene /multiblock polyurethane blend films were de-
termined by measurements of the water contact an-
gles. The contact angles were noted from a goniometer
(Erma Contact Angle Meter, Japan) by a water droplet
(3 nL) being carefully placed on the surface. The an-
gles were noted immediately after 3 min on both sides
of each drop. The contact angle, a measure of the
surface wettability, was used to determine the hydro-
phobicity and hydrophilicity.

The swelling property of the crosslinked Pel-
lethene/multiblock polyurethane blend films was ex-
amined by the measurement of the water absorption
content. The films were weighed after drying (Wy,)
and being immersed in purified water. After 1 day and
7 days, the films were taken out of the water, wiped
dry with tissue paper, and weighed again immedi-
ately (W, after drying. The water absorption was
determined as follows :

Water absorption (%) = (Wit = Wary) X 100/ W,y

The stress—strain measurements were carried out in a
sample extension on dumbbell specimens with a ten-
sile tester (SSTM-1 United Data System, Instron, Ja-
pan) at a crosshead speed of 20 mm/min.

Platelet adhesion

The test procedure for platelet adhesion was described
previously.””?® Briefly, human whole blood was col-
lected from healthy human donors in sodium citrate
(3.8%), which was used as an anticoagulant. PRP was
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obtained by centrifugation of the blood at 1500 rpm
for 20 min. The crosslinked Pellethene/multiblock
polyurethane blend films were hydrated with a phos-
phate-buffered saline (PBS; pH 7.4) solution over-
night. After the removal of the buffer solution, 1 mL of
PRP, in which the platelet density was adjusted to 1.17
X 10°/ pL, was added, and the films were rotated for
3 h at 37°C in a shaking incubator. The number of
platelets in the resulting PRP was countered immedi-
ately with a Coulter counter (blood cell calculator).
PRP incubated without films was used as a reference.
The platelet adhesion was determined from the per-
centage of the final number of platelets adhering to the
film surface against the reference value. For the SEM
observations, the adsorbed platelets were rinsed three
times with PBS, and then they were fixed on the
surfaces by the immersion of the films in 2.5 vol %
glutaraldehyde at room temperature for 2 h. The
platelets adhering to the surfaces were dehydrated
after treatment with ethanol/distilled water mixtures
(from 50 to 100% ethanol, in 10% increments, 10 min
per step), and then they were dried at room temper-
ature. The dried films were coated with evaporated
gold, and the adherent platelets were observed with
SEM (model 4200, Hitachi, Japan).

RESULTS AND DISCUSSION

Synthesis and characterization of multiblock
polyurethanes

Multiblock polyurethanes with various PEO contents
(0-80 wt %) were prepared from HDI/PEO/PDMS/
PBD/BD, as shown in Scheme 1. So that the moles of
poly(ethylene glycol) (PEG) remained constant, if pos-
sible, different molecular weights of PEO (M,, = 400—
3400) were used in this study, although the PEG con-
tent in the multiblock polyurethane was varied from 0
to 80 wt % (Table I). Therefore, the increase in the PEG
content was related to the increase in the PEG block
length. Figure 1 shows the FTIR spectra of multiblock
polyurethanes. The multiblock polyurethanes showed
characteristic peaks of the Si—CHj stretching band at
1260 and 1095, the Si—O—F5i stretching band at 1023
cm ™}, the N—H stretching band at 3310 cm™!, the
C=O0 stretching band at about 1700-1725 cm ', the
—CH,— stretching band at 1460 and 770 cm™', and
the CH= stretching band at about 1630-1690. The
characteristic peaks of PEO at 1413, 1359, 1343, and
843 cm ™' increased with increasing PEO content. The
structures of the multiblock polyurethanes synthe-
sized in this study were identified from these charac-
teristic peaks.

The 'H-NMR spectrum of a typical multiblock poly-
urethane (MP-A40) is presented in Figure 2. The char-
acteristic peaks corresponding to the methylene group
in the PEO block at 3.63 ppm, the methyl group in
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Scheme 1 Synthetic procedure for multiblock polyurethanes.

PDMS at 0 and 1.2 ppm, and CH=and CH,, of PBD at
2.4 and 5.8 ppm can be observed, confirming the struc-
tures (compositions) of the crosslinked Pellethene/
multiblock polyurethane blends. The methylene
group peak of PEO at 3.63 ppm was increased with
increasing PEO content in the crosslinked Pellethene/
multiblock polyurethane blends.

The sample designations, PEO contents, hydrogen-
bonding fractions (Xy's), ESCA results, and mechani-
cal properties of the crosslinked Pellethene/
multiblock polyurethane blend films are shown in
Table II. The PEO content of the crosslinked Pel-
lethene/multiblock polyurethane blend films was var-
ied from 0 to 80 wt % at a fixed blending ratio (30 wt
%) of the multiblock polyurethanes. Figure 3 shows
the decomposition of C=0O and N—H stretching
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Figure 1 IR spectra of multiblock polyurethanes.

bands of the IR spectrum for a control Pellethene film.
Xp was calculated from the total peak area (C;) and
the peak area of hydrogen-bonding C=0O or N—H
groups (Cp) as follows: X = Cp/Crp, where Cris equal
toa+ b+ cfor C=0 and a + b for N—H and Cj is
equal to b + ¢ for C=0 and b for N—H. The Xj values
for all the samples prepared in this study are shown in
Table II. The Xz o and Xz n_y values of the
crosslinked  Pellethene/multiblock  polyurethane
blend films increased with increasing PEO content (or
PEO block length). As the amount of PEO incorpo-
rated into Pellethene was increased, X; of the
crosslinked  Pellethene/multiblock  polyurethane
blends increased, and this suggested an increase in the
phase separation with an increase in the PEO content
in the crosslinked Pellethene/multiblock polyure-
thane blends. This increase may be attributed to the
increase in the PEG block length. Xj values are known
to be related to the phase separation and mechanical
properties of polyurethane.

Surface characterization of crosslinked Pellethene/
multiblock polyurethane blend films

To prevent the platelet adhesion of Pellethene, we
crosslinked Pellethene with a series of multiblock
polyurethanes containing the hydrophilic component
PEO and DCP as a crosslinking agent. In our prelim-
inary study, we observed that the water contact angles
of the crosslinked Pellethene/multiblock polyure-
thane blend film surfaces decreased with increasing
multiblock polyurethane content up to 30 wt %, and
no further significant increase in the contact angles
was found at a higher PEO content. This indicated that
surface saturation might have occurred at a multiblock
polyurethane content of approximately 30 wt %.
Therefore, we fixed the blending percentage of the
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TABLE 1II
Sample Designation, PEO Content, X; ESCA Results, and Mechanical Properties of Crosslinked
Pellethene/Multiblock Polyurethane Blend Films

. o/b Initial
PEO Atomic % tensile  Tensile Elongation
Sample content  Xj Xp modulus strength  at break
designation ~Component® (%) (C=0) N—H) C O N —(C—O0—/—C—C— (MPa) (MPa) (%)
P (Pellethene)  Pellethene 0.627 0510 747 21.6 3.7 0.16 85 55 788
MP-A0 P/A0 0 0.639  0.522 90 61 914
MP-A20 P/A20 5 0.640  0.535 129 67 950
MP-A40 P/A40 10 0.651 0549 734 231 35 0.52 118 72 1066
MP-A60 P/A60 15 0.665  0.558 166 75 1057
MP-A80 P/A80 20 0.679 0591 648 245 34 0.99 246 81 1348

X5(C=0) = hydrogen-bonding fraction for FTIR C=O0 stretching band; Xz(N—H) = hydrogen-bonding fraction for FTIR

N—H stretching band.

@ Blending ratio (%) of multiblock polyurethanes (A0, A20, A40, A60, A80); 30 wt %.

 Analyzed from survey scan spectra (ESCA).
¢ Analyzed from Cls core-level scan spectra (ESCA).

multiblock polyurethanes with PEO of various molec-
ular weights at 30 wt % in this study. The crosslinked
Pellethene/multiblock polyurethane blend films after
heating (120°C, 3 h) with DCP were insoluble in THF
(a cosolvent for Pellethene and multiblock polyure-
thanes), whereas the Pellethene/multiblock polyure-
thane blend films were soluble in THF after the same
treatment without DCP. This indicated that the heat
treatment (120°C, 3 h) with DCP was an effective
condition for the crosslinking of the multiblock poly-
urethanes and Pellethene matrix.

The chemical structure of the crosslinked Pel-
lethene/multiblock polyurethane blend film surfaces
was analyzed with ESCA. Figure 4 shows the ESCA
Cls spectra of Pellethene MP-A40 and MP-A80 sam-
ples. These samples had alkyl carbon (—C—C—, bind-
ing energy ~ 285.0 eV), ether carbon (—C—O—, bind-

ing energy ~ 286.6 eV), and carboxylic carbon
(O=C—0—, binding energy ~ 289.1 eV) peaks. How-
ever, the peak intensity of ether carbon increased with
increasing PEO content (see Table II). The increase in
the ether carbon peak was derived from the PEO
component of the crosslinked Pellethene/multiblock
polyurethane blend film surfaces because all the car-
bons in PEO were ether carbons. The oxygen content
and the ether carbon/alkyl carbon ratio of the surfaces
also increased as the PEO content increased.

Hydrophilicity of crosslinked
Pellethene/multiblock polyurethane blend film
surfaces

Because blood comes into contact with biomaterial
surfaces, the hydrophilicity of biomaterials is very

Absorbance

Absorbance

1800 1750 1700 1650

3500 3400 3300 3200 3100
Wave nurber (ami)

Figure 3 Decomposition of C=0O and N—H stretching of Pellethene films.
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Figure 5 Water contact angles of crosslinked Pellethene/
multiblock polyurethane blend films.

important for biocompatibility. The water contact an-
gles of crosslinked Pellethene/multiblock polyure-
thane blend film surfaces are shown in Figure 5. The
water contact angles on the surfaces decreased with
increasing PEO content. The hydrophilicity of the
samples was proportional to the PEO content of the
crosslinked  Pellethene/multiblock  polyurethane
blends. This phenomenon may be due to the hydro-
philic PEO chains extended into the water phase.
Figure 6 shows the relationship between the water
absorption (immersion time = 24 or 48 h) and the PEO
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Figure 6 Water absorption of crosslinked Pellethene/
multiblock polyurethane blend films after immersion in wa-
ter for 24 and 48 h.
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Stress (MPa)

Figure 7 Stress—strain curves of crosslinked Pellethene/
multiblock polyurethane blend films.

content in crosslinked Pellethene /multiblock polyure-
thane blend films. Generally, the interfacial free en-
ergy with water (or blood) is related to the hydrophi-
licity of a biomaterial, and its value decreases with
increasing hydrophilicity. Thus, the swelling property
of biomaterial films may be an important parameter in
many applications. The swelling property of
crosslinked  Pellethene/multiblock  polyurethane
blend films was examined by the measurement of the
water absorption after immersion in purified water for
24 or 48 h. The water absorption of the crosslinked
Pellethene/multiblock polyurethane blend films in-
creased remarkably with increasing PEO content. This
was attributed to the hydrophilic PEO component in
the crosslinked Pellethene/multiblock polyurethane
blend films.

Mechanical properties of crosslinked Pellethene/
multiblock polyurethane blend films

The stress—strain curves of crosslinked Pellethene/
multiblock polyurethane blend films are shown in
Figure 7. The mechanical properties (tensile modulus,
strength, and elongation at break) of control Pel-
lethene and crosslinked Pellethene/multiblock poly-
urethane blend films are compared in Table II. The
Pellethene film had a tensile modulus of 85 MPa, a
tensile strength of 54 MPa, and an elongation at break
of 787.8%. These properties of the crosslinked Pel-
lethene/multiblock polyurethane blend films were
higher than those of the control Pellethene film and
increased with increasing PEO content (or PEO chain
length). The increase in these properties may have
been due to the increase in X and the increase in the
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Figure 8 Platelet adhesion on crosslinked Pellethene/
multiblock polyurethane blend film surfaces.

flexibility (or mobility) of PEO molecular chains with
increasing PEO content (or PEO chain length) in the
crosslinked  Pellethene/multiblock  polyurethane
blend films.

Interaction of platelets with crosslinked
Pellethene/multiblock polyurethane blend film
surfaces

The platelet adhesion results for control Pellethene
and crosslinked Pellethene/multiblock polyurethane

YOO AND KIM

blend films are shown in Figure 8. As expected, the
highest adhesion was observed on the control Pel-
lethene surface, and PEO component significantly af-
fected platelet detachment. The platelet adhesion de-
creased markedly with increasing PEO content in the
crosslinked  Pellethene/multiblock  polyurethane
blend films. These results seem to be related to the
hydrophilic surface properties of the crosslinked Pel-
lethene /multiblock polyurethane blend films. Figure 9
shows SEM micrographs of samples. The number of
adhered platelets significantly decreased when PEO
was introduced into the crosslinked Pellethene/
multiblock polyurethane blend films. From these re-
sults, it was found that the crosslinked Pellethene/
multiblock polyurethane blend films containing the
hydrophilic component PEO were much more resis-
tant to platelet adhesion than the control Pellethene.

CONCLUSIONS

Multiblock polyurethanes with various PEO contents
(0-80 wt %) were synthesized from HDI/PEO/
PDMS/PBD/BD. For improved blood compatibility,
crosslinked Pellethene containing the hydrophilic
component PEO was prepared through a crosslinking
reaction of Pellethene and multiblock polyurethanes
with DCP as a crosslinking agent. As the PEO content
increased, the contact angle of the crosslinked Pel-
lethene/multiblock polyurethane blend films de-
creased, but water absorption increased remarkably.
Also, the mechanical properties (tensile modulus,
strength, and elongation at break) of the crosslinked

2.0k P10 EZOKV

MP-A40

MP-A60

MP-AS0

Figure 9 SEM micrographs of platelets adhering to crosslinked Pellethene/multiblock polyurethane blend film surfaces.
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Pellethene/multiblock polyurethane blend films in-
creased with increasing PEO content. By platelet ad-
hesion testing, we observed that the platelet adhesion
on the crosslinked Pellethene/multiblock polyure-
thane blend film surfaces decreased with increasing
PEO content. These results indicated that the blood
compatibility ~of the crosslinked Pellethene/
multiblock polyurethane blends was generally better
than that of the Pellethene film. These results suggest
that crosslinked Pellethene/multiblock polyurethane
blends containing the hydrophilic component PEO
may have potential as new materials for biomedical
applications that come into direct contact with blood.
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