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Abstract . Novel graft copolymers consisting of commercial polyurethane (Pellethane 2363 80 AE)
grafted with the y-benzyl and -alkyl-L-glutamate were synthesized and their mechanical properties
were studied. The peptide units formed an a-helical conformation, a -sheet conformation and a com-
bination of a-helical and random coil conformation for polyurethane grafted with y-benzyl-L-glutamate
(PGB), polyurethane grafted with y-ethyl-L-glutamate (PGE) and polyurethane grafted with y-methyl-
L-glutamate (PGM), respectively, as evidenced by FT-IR analysis. The tensile strength and elongation
of the graft copolymers decreased with increasing peptide content. The degree of water absorption
of the samples was less than three percent. The platelets adhesion performance for the PGB series
was less than ten percent as investigated by the Coulter counter. From the SEM pictures, fibrin net-
work and adhered platelets on the surface of PGB series were not seen. The clotting time of the graft
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copolymers was longer than that of polyurethane or homopolypeptide. The PGB series having an a-

helical conformation exhibited the clotting time of over eighty minutes.

INTRODUCTION

Polyurethane(PU, Pellethane 2363 80 AE, medi-
cal grade) is an unique class of polymers because
of its good physical and chemical properties. Poly-
urethane is also widely used in blood contacting
applications as prostheses,’ implants,? devices® and
organs.*

Synthetic peptides have been known to be pro-
mising as biomedical materials, because the modi-
fied protein components of natural tissue or organs
have been utilized in the reconstructive surgery
and also known to possess a biocompatibility.

The preparation of graft and block copolymers
containing peptide units has been attempted by us
to obtain biomaterials with improved antithrombo-
genic properties®™® We have been investigated
on the blood compatibility of the block and graft
copolymers consisting of polyurethanes, polypro-
pylene oxide, polyethylene oxide, polyethylene and
silicone as the main trunk polymers, and several
amino acids as the other components. The results
of previous studies showed that the mechanical
properties and blood compatibility of the polymeric
materials was affected by the peptide units in the
copolymers. The blood compatibility of graft co-
polymer was greatly influenced by the side chain
mobility and the conformation of the grafted pepti-
des.

The main objectives of the present study are to
synthesize the graft copolymers consisting of poly-
urethane and peptide units and to investigate the
mechanical properties and the blood compatibility
of the peptide grafted polyurethanes.

In this study, y-benzyl or -alkyl-L-glutamate N-
carboxyanhydride(NCA) is prepared. Peptide
grafted polyurethane is also synthesized by reac-
tion of polyurethane with NCA. The mechanical
properties and blood compatibility of the copoly-
mers obtained are investigated in relation to the
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conformation of the peptide segments.

EXPERIMENTAL

Materials

Polyurethane(PU, Pellethane 2363 80 AE, medi-
cal grade) was obtained from Dow Chemical Co.
L-glutamic acid and y-ethyl-L-glutamate(Sigma
Chemical Co)., trichloromethyl cholrofomate(TCF,
Hodogawa Co.) and sodium hydride(ab. 60% in
oil)(Wako Pure Chemical Industries) were used
without purification. Methanol, benzyl alcohol, hy-
drochloric acid and sulfonic acid were also used as
received. Dimethyl formamide, tetrahydrofuran,
ethylacetate, n-hexane, dioxane and benzene were
dried and purified with a usual solvent purification
process.

Esterification and Phosgenation of L-Glutamic

Acid

The esterification of the y-carboxyl group of the
L-glutamic acid was carried out by the usual me-
thod.”® The y-benzyl and y-alkyl-L-glutamate were
phosgenated in tetrahydrofuran at 45T, giving rise
to crude NCAs(compound 1 in Fig. 1). The crude
NCAs(1) were purified by recrystallization from
the solution of ethylacetate and n-hexane.!

Synthesis of Graft Copolymers

A schematic diagram of the synthetic route of
graft copolymers was given in Figure 1. The N-
substitution was carried out according to the pro-
cedure described by Blumstein.!! A three-necked,
round-bottom flask was equipped with a stirrer
and a nitrogen inlet. The reaction flask was placed
in an ice bath. An appropriate amount of sodium
hydride, as a 60% suspension in mineral oil, was
added to the reaction flask with pre-cooled poly-
urethane(2) solution(in dimethyl formamide)
kept below 0C for one hour. Initially, hydrogen
was evolved, and a greenish yellow color appeared
very rapidly. The color disappeared after the ex-

Polymer (Korea) Vol. 16, No. 1, January 1992



Blood Compafibility of Graft Polyurethane

H oo
9 (Il
foch—t,  ~N-C-0-PU—
| 0 2
NH—C~
0 NaH l<o“c, The
1
s
i —CHyCH,COOCH, )~ N — CO— P ~omr
_ 3
CH,CH,COOCH;CH AT 05
— CH,CH,CDOCH;
BICH,CH NH; BICH,CH=CH,
HNCHCH, 0 CH,CH=CH,
I
—N=L0-PU = N 0Py
0
4 6

l

!
——— l‘\|— C—0—PU ~rmn
PEPTIDE
5
Fig. 1. A schematic diagram of the synthetic route of
graft copolymer consisting of y-benzyl- and -alkyl-L-
glutamate and polyurethane.

cess of 2-bromo ethylamine was added to the poly-
urethane sodium salt(3) at 40T for half an hour.
The solution was precipitated into a large excess
of water to remove unreacted sodium halide. The
precipitates(4) was washed repeatedly with water
and methanol. The resulting polymer(5) was syn-
thesized by the reaction of PU-s-NH,(4) and y-
protected L-glutamate N-carboxyanhydride(1). In
this reaction, the substituted amino groups of
polyurethane acted as an initiator for the poly-
merization of NCA® The graft copolymers were
washed with benzene and dioxane for several
times to remove any homopolypeptides. The
results of the graft copolymerization were shown
in Table 1. Polyurethane sodium salt(3) was reac-
ted with ally bromide for detecting the changed
reaction site(6), which was controlled to be 0.1mol
and 0.01mol calculated from the amount of added
allyl bromide.

#2{H A16A A1% 1992d 19

Table 1. The Graft % and the Mechanical Properties
of the Graft Copolymer

Tensile Final
Samples Strength Elongation  Graft %
(kg/mm?) (%)
PU 2.55 1,104 0
PGB"-1 2.10 775 33
PGB-2 1.14 538 55
PGB-3 0.59 330 60
PGB-4 0.45 103 73
PGB-5 0.10 1.1 80
PGM"-1 2.36 358 4
PGM-2 2.62 259 32
PGM-3 1.86 196 43
PGE®-1 141 690 17
PGE-2 1.07 690 29
PGE-3 0.75 200 46

“ {[wt of copolymer-wt of trunk polymer]/wt of trunk
polymer} X 100

® Polyurethane grafted with BLG

9 Polyurethane grafted with MLG

@ Polyurethane grafted with ELG

Characterization

The conformation of peptide in the graft copoly-
mers was measured by FT-IR(NICOLET, Model
5DX). Scanning electron microscope(SEM, JEOL,
Model JSM 35CF) was used to investigate the
morphology of the platelets adhered on the poly-
mer surfaces. Coulter counter (Model S-plus) was
used to count the number of platelets. The gonio-
meter(Model G-1, Erma Optical Co.) was used to
measure the contact angle of polymer samples for
calculating critical surface tension.

Degree of Water Absorption

The weight of five dried samples was measured
with Sartorius balance Model A200S. These sam-
ples were dipped into the test tube filled with
deionized water maintained at 37C in an incubator
for ten days. The degree of water absorption, Q,,
(%), of these samples was calculated with the fol-
Qw( %)= [(Xz‘xl)/xlj X100,
where X, and X, are the weight of dry and swollen
samples, respectively.

lowing equation,
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Critical Surface Tension

The measurement of contact angle was carried
out using contact angle goniometer. A drop of or-
ganic liquid such as glycerin, formamide, diethy-
lene glycol, oleic aicd, 1,2-dichloroethane and n-
butyl alcohol was placed onto polymer films, and
the contact angle was measured at least ten diffe-
rent sites of a sample surface. The values of cos
6 of the samples were plotted against the surface
tension of each liquids used in this test by Zisman
method.'?

Tensile Strength and Elongation

The tensile strength and elongation under dry
state were measured according to the method of
ASTM D-638 by using Universal testing machine
(Toyo Boldwin UTM-4100) at a crosshead speed
of 10 mm/min.

Lee-White Method®

Polymer samples were coated onto the inside
wall of a test tube(15mm X 125mm, Corning Ltd.).
A 2ml of fresh human blood collected from a heal-
thy male donor of 24 years old was brought into
a test tube to contact the coated polymer. The
clotting time of five specimens was measured at
37C and the test was terminated soon after the
blood started to clot.

Column Method!*

The column method was adopted to count the
number of platelets and investigate the morpho-
logy of platelet adhered on the polymer surfaces.
Glass beads(40-60 mesh) precoated with 1 (w/v)
% polymer solution are packed into a glass tube
(10 cm in length, 3 mm in inner diameter). Fresh
human blood was passed through the tube packed
with precoated glass beads for 3 min at a flow rate
of 1 ml/min. Passed blood was mixed with anticoa-
gulant(ethylenediamine tetraacetic acid[EDTAJ)
in the sampling bottle to determine the number of
platelets using the Coulter counter(Model S-plus).
Glass beads precoated with polymer were in good
contact with blood for 20 minutes, and the mor-
phology of platelets adhered on the polymer surfa-
ces 1s investigated using SEM after the platelets
on the polymer surface were fixed with 1.25% glu-
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taraldehyde solution. Platelets adhesion perfor-
mance was estimated with the average value of
five tests of a sample.

RESULTS AND DISCUSSION

Conformation

The detection of amino group in amine substitu-
ted polyurethane(4) was very difficult due to that
the absorption peak of NH and NH, overlapped
around 3,200cm in FT-IR spectrum. Therefore,
in this study, to examine the state of reaction of
NH to NH,, allylbromide was used as a model
compound(6) in the reaction of sodium substitu-
ted polyurethane with 2-bromoethyl amine. Figure
2 shows infrared spectra of allyl substituted poly-
urethanes. The peak intensity of NH stretching
vibration appeared at 3,200cm’! was decreased
with increasing allyl contents. These spectra indi-
cated that the allyl(or ethylamino) substitution

Transmittance
Lxd

a i
3600 2600
Wavenumbers (cm~")

Fig. 2. IR spectra of polyurethane and allyl substituted
polyurethane ; a) polyurethane, b) 0.01 mol allyl sub-
stituted PU, and ¢) 0.1 mol allyl substituted PU.
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was successfully proceeded.

The conformation of the graft copolymer(5) was
identified by FT-IR analysis. Figures 3-6 showed
infrared spectra of the graft copolymers. It has al-
ready been reported that the characteristic peaks
for an a-helical conformation of peptide are shown
at 1,650 cm™! and 1,550 cm™ for amide I and amide
I, respectively.ls’16 Also the characteristic peaks
for a B-sheet conformation appeared at 1,630 cm’!
and 1,530 cm™ for amide I and amide I, respecti-
vely. And then the characteristic peaks for random
coil conformation appeared at 1,650 cm™ and 1,530
cm™ for amide I and amide II, respectively.

Figure 3 showed IR spectra for PGB series ha-
ving 1,650 cm(amide ) and 1,545 cm! (amide II),
where the peptide unit in PGB series had an a-he-
lical conformation. Figure 4 showed the IR spectra

Transmittance

1800 1600 ' 1450
Wavenumbers (cm ")

Fig. 3. IR spectra of PGB series ; a) polyurethane, b)
PGB-1, ¢) PGB-3, and d) PGB-5.

2| A16A A13 19929 1€

of PGB-3 and PGB-5. As shown in Fig. 4, the inte-
nsity of N-H peak increased with the content of
peptide in the copolymers. On the other hand,
PGM series having 1,653 cm™'(amide 1) and 1,545
em! and 1,533 cm™(amide 1) have a combination
of an a-helical and f-sheet conformation as shown
in Figure 5, while PGE series having 1,630 cm™
(amide I) and 1,530 cmn'! (amide II) show a B-sheet
conformation(Figure 6). A difference in conforma-
tion may affect the blood compatibility of the res-
pective graft copolymers. In particular, PGB series
are expected to exhibit a good blood compatibility
because the conformation of peptide segment of
the PGB series(helical conformation) is similar to
the conformation of peptide in the living body.

Physical Properties

Static mechanical properties of the graft copoly-
mers and polyurethane were measured by Univer-
sal testing machine and reported in Table 1. The
elongation and tensile strength of the graft copoly-
mers decreased with increasing content of peptide
segments of the copolymers. This observation is
understandable because the mechanical properties

Transmittance

3700 3300 2900
Wavenumbers (cm ")
Fig. 4. IR spectra of PGB series : a) polyurethane, b)
PGB-3, and ¢) PGB-5.
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Fig. 5. IR spectra of polyurethane and PGM series ;
a) polyurethane, b) PGM-1, and ¢) PGM-3.

of the peptide, in general, is relatively low, due to
the inter- and intra-molecular hydrogen bonding in
the polymer chain.

The degree of water absorption and the critical
surface tension of the samples were shown in Ta-
ble 2. Experimental error of the degree of water
absorption and critical surface tension were within
seven and five percent, respectively. For all the
samples, the degree of water absorption decreased
with increasing peptide content in the copolymers.
It is interesting to note that the degree of water
absorption of PGB series that have an a-helical
conformation is always greater than that of PGM
and PGE series which possess f-sheet conforma-
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Fig. 6. IR spectra of a) PGE-3 and b) polyurethane.

o

tion. We speculate that one of the possible reason
for this phenomenon is attributed to second order
conformational difference of grafted peptide. The
critical surface tension of PGB, PGM and PGE
series is in the range of 27-28 dyn/cm, 23-26
dyn/cm and 16-18 dyn/cm, respectively. This re-
sult is in agreement with the data reported pre-
viously.!"18

Blood Compatibility

In this study, Lee-White method and micros-
phere column method were utilized to evaluate the
blood compatibility of graft copolymers in vitro.
The results are shown in Table 3. The clotting
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time of PGB series(ca. 80 min) was much longer Table 3. The Platelets Adhesion Performance and the
than much that of commercial polyurethane(25 Clotting Time Ratio of Samples
min). Samples  Diatelets Adhesion Clotting Time
Performance® (%) Ratio™
PU 88+ 2 1.00
Table 2, Degree of Water Absorption and Critical PGB-1 19+ 1 3.80
Surface Tension of Samples PGB-2 49+ 2 3.80
Samples Degree gf Water Critical Surface‘ PGB-3 241 4.08
Absorption( %) Tension(dyn./cm) PGB-4 46+ 1 4.50
PU 3.3 295 PGB-5 97+ 2 2.17
PGB-1 29 28.1 PGM-1 82+ 2 142
PGB-2 24 29.9 PGM-2 64+ 2 1.26
PGB-3 2.5 274 PGM-3 30+ 1 1.76
PGB-4 2.8 27.9 PGE-1 30+ 1 1.10
PGB-5 25 27.8 PGE-2 40+ 1 1.00
PGM-1 2.8 26.1 PGE-3 40+ 1 1.30
PGM-2 0.8 26.6 ¥ [number of platelets in the column]/[number of
PGM-3 0.1 239 platelets in the fresh blood]
PGE-1 05 17.2 ® [clotting time of polymer samples]/[clotting time of
PGE-2 ~0 17.8 polyurethane] where polyurethane has the clotting
PGE-3 ~0 17.8 time of 25 min.

thane, b) PBLG, c¢) PMLG, and d) PELG.
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The adhesion of platelets on the polymers is
estimated as the percentage of the number of
platelets adhered onto the glass beads and glass
tube to the number of platelets in the fresh whole
blood. The percentage of platelets adhesion on
PGB series was less than ten percent. On the
other hand, 3-8% of platelets was adhered to
PGM and PGE. It is obvious, from the Table 3,
that the blood compatibility of the graft copolymer
is superior to the unmodified polyurethane.

The platelets adhesion to PGB series measured
by column method(a dynamic state) was not sig-
nificantly different from those of PGM and PGE
series. However, the clotting time ratio of PGB
series was greater than that of PGM and PGE
series. In the static blood compatibility test, the
blood compatibility of graft copolymers is expected
to be influenced by the conformation of peptide in
the graft copolymers.

The morphology of platelets adhered on the
surfaces of graft copolymers (PGB, PGM and

PGE) was investigated with SEM and shown in
Figures 7-9. The fibrin networks are not seen on
the surfaces of the graft copolymers although the
morphology of platelets is changed to a small ex-
tent.

In order to compare the blood compatibility and
mechanical properties of commercial polyurethane
(Pellethane 2363 80 AE) with the peptide grafted
polyurethane, the clotting time ratio of the copoly-
mers was plotted against their tensile strength as
shown in Figure 10. The clotting time of the graft
copolymer is longer than that of polyurethane, but
the mechanical properties are not. However, PGB-
1 has a comparable mechanical properties with the
commercial polyurethane and longer clotting time
than polyurethane.

Fig. 8. Scanning electron microscope pictures of platelets adhered onto PGB series ; a) PGB-1, b) PGB-2, ¢)

PGB-3, and d) PGB-5.

58

Polymer (Korea) Vol. 16, No. 1, January 1992



Blood Compafibility of Graft Polyurethane

Fig. 9. Scanning electron microscope pictures of platelets adhered onto PGM and PGE series ; a) PGM-1, b)
PGM-2, ¢) PGM-3, d) PGE-1, e¢) PGE-2 and f) PGE-3.
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Clotting time ratio
Fig. 10. The relation between clotting time ratio and
mechanical properties,

CONCLUSION

Novel graft copolymers consisting of the com-
mercially available polyurethane(Pellethane 2363

=2l A16A A1s 199293 1Y
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80 AE) and y-alkyl- or y-benzyl-L-glutamate were
synthesized, and their conformations, mechanical
properties and blood compatibilities were investi-
gated. The peptide segments of graft copolymers
showed an a-helical conformation for PGB series,
a B-sheet conformation for PGE series and a com-
bination of an a-helical and random coil conforma-
tion for PGM series samples as evidenced by FT-
IR spectra. The elongation and tensile strength of
the graft copolymers were decreased with increa-
sing the content of the peptide in the copolymers.
The degree of water absorption of the samples
showed less than three percent. The adhesion
of platelets on the PGB series were less than ten
percent. In the SEM observation, the fibrin net-
works and adhered platelets were not found on the
surface of PGB series. The clotting time of peptide
grafted polyurethanes was longer than that of
polyurethane and peptide. Among peptide grafted
polyurethane, the PGB series having a-helical con-
formation exhibited a longest blood clotting time.
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