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Abstract : In vitro and in vivo antithrombogenicity of poly(y-benzyl L-glutamate)/poly(propylene
oxide) block copolymer was studied. For in vitro evaluation of platelet adhesion on block copolymer
surfaces, a microsphere column method was used. For in vivo evaluation of the antithrombogenicity
of copolymer surfaces, small diameter(l.D. : 1.66mm) catheter precoated with copolymer was imp-
lanted in dogs to determine the mean thrombus weight. In vitro test showed that platelet adhesion
was suppressed on block copolymers having microphase-separated structure. In vivo test showed that
block copolymer surface exhibited excellent antithrombogenicity as compared with polyurethane ca-
theter.
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INTRODUCTION

Biomaterial thrombogenicity remains the most

important concern preventing even more widesp-
read application of artificial organs. Researchers
have typically taken one of two approaches in
attempts to eliminate this problem : the surface
modification approach,? in which formed poly-
mers are modified or new polymers synthesized
with surface properties deemed blood compatible,
or the pharmaceutical approaches,s'4 in which anti-
coagulant and antiplatelet agents are employed
along the polymer.

It has been reported that the heterogenicity of
the synthetic polymer surface plays an important
role in blood compatibility.® Okano et al® proposed
that the polymeric hydrophilic-hydrophobic micro-
separated structure is a key parameter for control-
ling antithrombogenic activity of polymers due to
its apparent inhibition of platelet aggregation.

The thrombogenic properties A-B-A triblock co-
polymers composed poly(y-benzyl L-glutamate)
(PBLG) and random copolymer of butadiene/acr-
ylonitrile were investigated taking notice of mor-
phological order and macromolecular motions of
polymer surfaces by Anderson et al” The micro-
heterophase structure and biocompatible proper-
ties of A-B-A block copolymers consiting of PBLG
as the A component and polybutadiene as the B
component were performed by Nakajima et al®
Thrombus formation on the A-B-A block copoly-
mers consisting of PBLG and poly(propylene
oxide) (PPO) from an in vitro test using canine
blood was minimum on a block copolymer con-
taining a PPO segment of 50 mol% by Imanishi et
al.?

In a previous study,’® we have studied antithro-
mbogenicity of A-B-A type block copolymers com-
posed of y-benzyl L-glutamate as the A component
and poly(ethylene oxide) (PEO) as the B compo-
nent in relation to the secondary structure of the
block copolymers. Throughout these studies, we
found out that platelet adhesion was minimized at
the highest content of e-helix in the block copoly-
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met.

In another paper,!! we have synthesized and
characterized A-B-A type block copolymers consis-
ting of PBLG as the A component and poly(propy-
lene oxide) (PPO) as the B component(abbrevia-
ted GPG). It was found that the helical content of
the GPG block copolymers decreaseés with in-
creasing PPO content.

The present study was aimed to clarify further
relationship between the antithrombogenicity of
GPG block copolymers and the secondary struc-
ture of the block copolymers. For this purpose, in
vitro evaluation of thrombosis on these block co-
polymer surfaces and implantation of these block
copolymer tubings in dog were performed.

METHODS AND MATERIALS

PBLG and three kinds of PBLG/PPO(GPG)
block copolymers with different content of PPO
were used in this study. The structural formulae
of these polymers are :

3
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PBLG homopolymer
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GPG block copolymer

The synthesis and structure study of the GPG
block copolymers have been reported!! and their
characteristics and secondary structure were brie-
fly summarized in Table 1 and 2, respectively.

Contact angles measurement . Chloroform solu-
tions containing about 5 wt% of the polymers were
prepared. Films were cast from these solutions on
clean microscope cover glass by evaporating the
solvent slowly at room temperature.
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Table 1. List of Samples Prepared

Propylene Glycol
mol(%) wt(%)

Sample [n],dl/g M, X 10+

PBLG 1.49 273 0.0 0.0
GPG-1 0.60 9.6 17.0 5.1
GPG-2 0.40 6.0 26.0 85
GPG-3 0.10 1.2 60.0 284

Table 2. -[ ], Values of Samples in 1,2-Dichloro-
ethane(EDC) at 25C

Sample G, mol.%® -[6lm» L 0J202/T 85"
PBLG 100.0 32,400 1.00
GPG-1 83.0 29,800 0.92
GPG-2 74.0 28,100 0.87
GPG-3 40.0 15,800 0.49

4G : content of Y-benzyl L-glutamate unit in copoly-
mer samples.

MG © ellipticity of the block copolymers,
(6] . ellipticity of the PBLG homopolymer.

After drying, the advancing contact angle exhi-
bited by a sessile drop of water or organic liquids
such as glycol, formamide, 1.2-diethanediol, dieth-
ylene glycol, and oleic acid was measured at 5 dif-
ferent sites of a sample by a contact angle gonio-
meter(Erma goniometer G-1 type). The contact
angle was determined by averaging these values.
The critical surface tension(Y.) was obtained by
Zisman's method.

Transmission electron microscopy - A solution
of the block copolymer in chloroform(0.05 wt%)
was cast on ion-etched carbon sputtered on collo-
dion-coated copper meshes, and thin films were
prepared by evaporation at room temperature. Af-
ter vaccum drying at room temperature for 24hr,
stained with RuQ,, and observed by a transmission
electron microscopy(JEOL JEM-7).

In vitro Evaluation of the Antithrombogenicity

on Polymer Surface

The coating of polymer on glass beads was car-
ried out by solvent evaporation technique : the
glass beads (15-35 meshes) were immersed in
about 2 wt% polymer solution in dichloromethane
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for 30min, and the glass beads were separated
from the solution. The glass beads were then dried
in vacuo at room temperature for 24hr. 1g of co-
polymer-precoated glass beads was closely packed
in a glass column(inner diameter . 3mm, length :
10cm) equipped with stop-cock. The packed
column was subjected to the following platelet
adhesion test : 4.0cm® of fresh whole blood was
collected from a healthy person with a disposable
syringe without using any anticoagulant and was
immediately passed through the column for 1 min
at a flow rate of 3em’min” using infusion pump
(Sage Instruments Model 351). The eluted blood
was collected in a sampling bottle containing 0.1cm?®
of EDTA as an anticoagulant. Platelet counts in
the eluted blood were done with platelet counter
(Coulter Counter Model S-plus). Platelet-rich plas-
ma(PRP) was prepared from the citrated blood of
a healthy person. 1.00cm® of fresh blood was colle-
cted in a disposable syrings containing 10cm® of 3.
8 wt% aqueous solution of sodium citrate. The cit-
rated blood was centrifused at 4T for 15 min at
700 revolution per minute to obtain PRP. The pla-
telet concentration of PRP was adjusted to 2 108
cell/cm?
which was prepared from the citrated blood by ce-

by dilution with platelet-poor plasma,

ntrifugation at 4C for 15 min at 3500 rev min.. 1g
of copolymer-precoated glass beads was poured
into the above PRP suspension and incubated at
37C for 4hr. Platelet counts in the eluted PRP
were done in the same way as the whole blood.

Effect of Ca** Ion on Platelet Adhesion on Poly-

mer Surface

Ca®™" ion was re-added into PRP suspension
containing 1lg of polymer-precoated glass beads
and PRP suspension was incubated at 37C
according to the time. The final concentration
of re-added Ca™™ ion was 2.5 mM/L.

In Vivo Evalution of the Antithrombogenicity on

Polymer Surfaces

The catheter of polyether urethane(Pellethane)
(outer diameter : 1.66mm, length : 20cm) was
coated on its internal and external surface with
the GPG-1 block copolymer by solvent evaporation

Polymer(Korea) Vol. 14, No. 6, December 1990
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technique with 2 wt% polymer solution in dichle-
romethane. The catheter was dried at room tem-
perature overnight, followed by sterilization with
gaseous ethylene oxide for 4 hr. The polymer-coa-
ted catheter was implanted in mongrel dogs of
mixed sex (10-15 kg) and anesthetized with
pentobarbital.

The catheter was rinsed with PBS and, following
surgical cutdown, positioned in external jugular
and femoral veins in the direction of blood flow.?
Bare PU catheter was used as contralateral con-
trol.

Following 1 hr and 48 hr of implantation, the
animal was systematically heparinized(200~ 300V
/kg) and terminated(conc. KCI) by syringe. Ves-
sels were exposed, ligated, and remaining blood
was gently flushed with PBS, followed by in situ
fixation of thrombi with 1.25% glutaraldehyde in
PBS solution(pH 7.4).

After removal and fixation in fresh solution,
vessels were opened longitudinally. After gross
examination, the surfaces was observed by scan-
ning electron microscope (SEM) (Jeol, Model
TSM-35). The weight of difference between 3cm
section of implanted and nonimplanted catheters
determined the thrombus weight.

RESULTS AND DISCUSSION

Surface Properties of Block Copolymers

Contact angles and critical surface tension(Y,)
of block copolymers by varous liquids were deter-
mined, which were affected by the copolymer
composition. As is shown in Table 3, the contact
angles of the block copolymers decrease and the
critical surface tension of the polymers increases
with increasing PPO content in the block copoly-
mers. These results indicate that the surface pro-
perties of the block copolymer films are influenced
by hydrophilic component in the blocks.

Microstructure of the Block Copolymers

The morphology of the block copolymer film is
shown in Fig. 1. The dark and light regions of the
micrographs corresponded to the crystalline PBLG
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Table 3. Contact Angle and Critical Surface Tension
(%) of the PBLG Homopolymer and GPG Block
Copolymer

Sample
Solvent o GPG-1 GPG-2 GPG-3

Water 723 470 430 31.0
Glycol 61.7 43.0 320 270
Formamide 59.0 300 27.2 21.7
1,2 di- 57.0 270 26.0 19.0
Ethanediol
Diethylene
Glycol 21.0 250 23.0 17.7
Oleic Acid 110 123 120 120

% 25.0 35.0 39.0 420

and amorphous PPO phases, respectively. Each
block copolymer shows microphase-separated
structures and the micro-structures of them are
dependent on the content of PPO. GPG-1 shows a
cylindrical or spheric structure whereas GPG-2
and GPG-3 show lamellar ones. With increasing
PPO content in the block copolymers, the light
regions increase.

Comparing the two micrographs leading to
lamella structure, it was found that bright and dark
images with sizes of ca. 0.1~1 im are seen in two
cases because of a difference in thickness, i. e, a
macroscopic phase separation formed by the cas-
ting of the dilute solution in CHCl,. By a closer
observation, very fine striations with an average
thickness of 0.05 4m for GPG-2 and 0.03 ¢m for
GPG-3 were seen in Fig. 1(b) and Fig. 1(c), repe-
ctively.

Adhesion Behavior of Blood Platelets on the

Surfaces of GPG Block Copolymers

Adhesion behavior of blood platelets on the
block copolymer surfaces was examined by a mi-
crosphere column method. Fig. 2(a) and 2(b)
shows platelet adhesion from whole blood and
PRP, respectively, on the polymer surfaces. These
results indicate that less platelets are adhered on
the block copolymer surface than on PBLG homo-
polymer.

Fig. 3 shows the relationship between platelet
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(b)

Fig. 1. Transmission electron micrographs of polymer films : (a) GPG-1 block copolymer : (b)GPG-2 block copoly-

mer ; (¢)GPG-3 block copolymer.
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Average number of eluted platelet ( x 104)

Blank GPG1 GPG2 GPG3 PBLG

Fig. 2(a). Average number of eluted platelet from
whole blood through polymer-coated glass beads co-

lumn.

adhesion from whole blood and PPO content in the
block copolymer. However, there was not found a
certain linear relationship between platelet adhe-
sion and PPO content as PRP, which was different
from platelet adhesion of PBLG-PEO block colo-
polymer.!® The suppression of platelet adhesion on
the block copolymers was attributed to the micro-
phase-separated structures of them. These results
may be regarded that protein structure may be
disrupted mildly after adsorption onto the block
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Fig. 2(b). Average number of eluted platelet from PRP
suspension in the polvmer-coated glass beads by de-

positing system.

copolymer which has the microphase-separated
structure.”® But the relationship between antith-
rombogenicity and secondary structure of adsor-
bed protein should be clarified in more detail. Yui

.
et all4®

reported that platelet adhesion has the
close relationship between the crystalline-amor-
phous microstructure of the copolymers. Okano et
al1o reported that platelet adhesion was suppres-
sed at the lamellar microstructure of the poly(hy-

droxy ethylmethacrylate)/polystyrene block co-

Polymer(Korea) Vol. 14, No. 6, December 1990
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Fig. 3. Platelet adhesion on the surfaces of GPG block
copolymer according to the content of PPO.

polymer surface. But the relationship between
microstructure of the our block copolymers and
platelet adhesion was not obtained by this time.
Fig. 4 shows the time dependence of the number
of eluted platelets from the surfaces of homopoly-
mer and GPG-1 block copolymer, respectively, in
the presence of calcium ions. These results indi-
cate that the presence of Ca™ ™
telet adhesion because calcium ions are required
for the platelet activation and aggregation accom-

enhances the pla-

panied with energy metabolism as well as the pro-
cess of cascade reaction of coagulation factors.!”
Also, in the case of the homopolymer, the number
of eluted platelets rapidly decreased with increa-
sing incubation. On the other hand, the number of
eluted platelets from the block copolymer surfaces
decreased gently. These results demonstrate that
platelets adhering to the surfaces of the block co-
polymers are less activated.

In Vivo Evaluation of the Antithrombogenicity of

Polymer Surface

The antithrombogenicity of our synthesized
block copolymer surface was examined by implan-
ting the block copolymer coated catheter of 1.66
mm outer diameter into the canine external jugu-
lar and femoral veins, where the antithrombogeni-
city was evaluated by mean thrombus weights on
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Fig. 4. Effect of calcium ion on platelet adhesion on
the surfaces of GPG-1 block copolymer(a) and PBLG
homopolymer(b) deposited in the PRP suspension
with time.

3cm sections. Extenal jugular and femoral veins
proved to be readily accessible, the latter via the
medical saphenous vein, but were tremendously
variable in size. Three experiments were run for
1 hr and two experiments were run for 48 hr. The
results of in vivo experiments for control and test
catheters are shown in Table 4, where the mean
values are demonstrated. These results indicated
that excellent improvement of antithrombogenicity
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was found in the block copolymer as compared
with control PU catheter. Blood compatibility was
expected to be superior, in jugular veins, with
their consistently greater diameters and, therefore,
reduced contact between catheter and vascular
epithelium. However, significant differences in
thrombus formation at the two sites were not
observed.

Table 4. Thrombus Weight on GPG-1 Coated Poly-
urethane(PU) and PU Catheters

Venous Thrombus (mg/3cm)

Sample  Site One Hour Two Days

I1st 2nd 3rd av. 1st 2nd av
GPG-1 Jugular 16 11 - 14 51 107 79
PU 4 39 91 - 65 346 425 385

GPG-1 femorat 13 32 23 23 - — -
PU 2 68 82 114 88 — — -—

19 BU MLCHU

5Ky %508 ARA2
(b)

Fig. 5. Scanning electron micrographs of thrombus
formation on the surfaces of PU(a) and GPG-1 block
copolymer(b) implanted for one hour in canine femo-
ral vein.
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Scanning electron micrographs(SEM) of middle
section of catheter surfaces implanted for 1 hr and
48 hr are shown in Fig. 5 and 6, respectively. The
surface of PU catheter was totally covered with
thrombus while less and thinner thrombus was
adhered to the block copolymer surface. GPG-1
coated catheter was superior in mean thrombus
weight to PU catheter, which is known to be of
relatively good antithrombogenicity. Therefore, in
vitro and in vivo experiments suggest the block
copolymer with microphase-separated and secon-
dary structure exhibited excellent antithrobogeni-
city.

In conclusion, the block copolymers having mi-
crophase-separated structure may be a promising
concept for the excellent antithrombogenicity ma-
terials.

KKt X1RAA ARAE

(b)
Fig. 6. Scanning electron micrographs of thrombus
formation on the surfaces of PU(a) and GPG-1 block
copolymer(b) implanted for two days in canine jugu-

lar vein.
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