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ABSTRACT: An acute ex vivo canine series shunt technique, together with in vitro blood 
contact experiments, were used to study the blood compatibility of poly(styrene-b-butadiene-b-4-
vinylpyridine) triblock polymers. The ABC type triblock polymers were solvent cast from different 
solvents, and were chemically modified by quaternization of the pyridine block, crosslinking of the 
butadiene block, and sulfonation of the styrene block. The surface properties of the polymers were 
studied using contact angle measurements, ESCA, ATR-IR, and SEM. The polymers cast from 
chloroform were more thromboresistant than those cast from a mixture of butyraldehyde and 
chloroform. The chloroform-cast materials were more hydrophilic and contained a greater 
proportion of surface nitrogen than those materials cast from the mixed solvent. Quaternization 
dramatically increased thrombogenicity. Subsequent crosslinking and sulfonation to produce a 
charge mosaic structure did not improve blood compatibility. 
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The interaction of a polymer surface with 
blood usually results in the deposition of pro
teins, platelets and other blood components, 
which lead to the formation, growth and em
bolization of thrombi. The extent of this 
surface-induced thrombosis is determined in 
part by the nature of the polymer surface 
exposed to blood. Polymer surface properties 
that have been implicated in thrombosis in
clude surface energy, charge, hydrophilicity, 
surface morphology, surface chemical com
position and surface roughness.1.2 

Multiphase block copolymers are interesting 
materials for blood-contacting applications. 
Phase separation results in domains with dif
ferent chemical and physical properties which 
can lead to useful differential blood response 

characteristics. One multiphase copolymer fa
mily that has been extensively evaluated in 
blood contact studies is the family of the 
segmented polyurethane elastomers.3 - 9 These 
(AB).-type polymers exhibit phase separation 
into hard (semicrystalline or glassy) and soft 
(elastomeric) domains. The ratio of the surface 
hard to soft segments appears to be an impor
tant parameter in determining blood response. 
A number of researchers have examined the 
blood compatibility of ABA triblock poly
mers.10-13 Okano et a/.14 have proposed that 
the hydrophilic-hydrophobic balance be
tween the blocks is the principal determinant 
of the thrombogenicity of these materials. 

Only a few researchers have studied the 
blood compatibility of ABC-type triblock 
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polymers. 15 ·16 The poly(styrene-b-butadiene
b-4-vinylpyridine) ABC-type triblock poly
mers examined in this study are interesting in 
that selective modification of the individual 
blocks can be used to investigate the role of 
different surface properties in thrombogene
sis. These triblock polymers can be cast from 
different solvents resulting in either bali-in-the
box or trilayer lamellar morphologies. 17 - 19 

Selective quaternization of the poly( 4-vinyl
pyridine) blocks, crosslinking of the poly
butadiene blocks, and sulfonation of the 
polystyrene blocks result in the formation 
of a charge mosaic material15 ·16·19 - 23 in 
which the polycations and polyanions are in 
separate domains or phases. It is necessary 
to use an ABC-type triblock polymer to 
prevent the formation of a polyion complex 
where pairs of cations and anions exchange 
from their respective microdomains. The 
middle polymer block (in this case the poly
butadiene phase) is used to prevent ion ex
change, and thus create a charge mosaic 
structure. 

The different polymers examined were cast 
on the inner surface of polyethylene tubing. 
Selective chemical reactions were then carried 
out on these phase-separated materials. These 
surface modifications were extensively charac
terized using X-ray photoelectron spectros
copy (XPS or ESCA), contact angle measure
ments, attenuated total reflection infrared 
spectroscopy (ATR-IR) and scanning electron 
microscopy (SEM). This multiprobe approach 
was used to obtain as much information about 
the polymer surfaces as possible. 

Ex vivo blood contact experiments were 

performed using an acute canine femoral 
arterio-venous series shunt that has been pre
viously described24·25 and used to study the 
interaction of different polymers with 
blood.7·8·24·26 In this experiment, dynamic 
platelet and fibrinogen deposition profiles 
were determined using radiolabeling tech
niques. The series shunt arrangement allows 
for the investigation of a number of differ
ent materials using the same animal under 
similar physiological and hematological condi
tions. In vitro blood compatibility was assess
ed using a Lee-White clotting procedure27 

and an intrinsic coagulation pathway con
tact activation test specific to plasma kalli
krein.28 

EXPERIMENTAL 

Polymers 
The synthesis, morphology, and physical 

properties of the SBP triblock polymers com
posed of polystyrene (S), polybutadiene (B) 
and poly(4-vinylpyridine) (P) have been re
ported previously.19·21 Table I lists molecular 
weight and volume compositions of the two 
polymers SBP-10 and SBP-12 used in this 
study. The weight fractions are related to the 
molecular weights by 

X(S): X(B): X(P)=Mn(S): M"(B): M"(P) 

The volume fractions are related to molecular 
weight by 

¢(S) : ¢(B) : ¢(P) = 

M"(S)/ p(S): M"(B)/ p(B): M"(P)/ p(P) 

Table I. Molecular weight and volume compositions of the SBP samples studied 

Number average mol wt ( x 10- 3) Volume composition 
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Sample 

SBP-10 

SBP-12 

M. (S) 

30.1 

13.3 

M. (B) 

14.3 

15.6 

M. (P) 

28.5 

24.2 

M. (SBP) 

72.9 

53.0 

</J (S) 

0.41 

0.24 

</J (B) 

0.23 

0.34 

</J (P) 

0.36 

0.42 
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with bulk densities p(S)= 1.05, p(B)=0.89, 
and p(P) = 1.114 gem - 3 . 

Coating Procedure 
The polymers were solvent cast onto the 

inner lumen of 0.125" (3.18mm i.d.) poly
ethylene tubing (Intramedic® PE-350). The 
inner surface of the polyethylene tubing was 
first treated with chromic acid at room tem
perature for 2 h to increase its wettability. 
Following washing and drying, the polymer 
was cast from a 6% solution in either chlo
roform (designated as C) or in a 9: 1 (v/v) 
mixture of butyraldehyde and chloroform 
(designated as B). Chloroform is a good sol
vent for the S and B blocks, but not for the P 
block, resulting in a bali-in-the-box bulk 
morphology. 19 The mixture is a good sol
vent for all the blocks and results in a trilayer 
lamellar bulk morphology.19 The coating 
were dried at room temperature for 48 h 
under vacuum. 

For the in vitro experiments, a conical 
polyethylene test tube (content, lOrn!; diam
eter, 16.5 mm; length, 105 mm) was used. The 
polymer of interest was cast from a 3% so
lution onto the inner surface of the polyethyl
ene test tube. 

Surface Modification 
Quaternization of the pyridine block was 

accomplished using vapor-phase methyl bro
mide in the coated tube at 70°C for 48 h, 
followed by drying at room temperature for 
48 h under vacuum. An excess of methyl bro
mide was used to insure complete reaction. 
The quaternized block is designated P(Q). 

The poly(butadiene) (B) block on the coated 
tubing surface was crosslinked using a 5% 
(vjv) solution of freshly distilled sulfonyl chlo
ride in methyl cyanide at room temperature 
for 150 min. The crosslinked surface was 
rinsed in hexane, acetone, and a 10% (v/v) 
solution of carbon disulfide in hexane, fol
lowed by drying for 48 h under vacuum. The 
crosslinked polybutadiene block is desig-
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nated B(X). 
The final step involved sulfonation of the 

polystyrene (S) block using HS03Cl vapor at 
room temperature for 30 min. Nitrogen gas 
was then used to displace the HS03Cl vapor 
and the sulfonated surface washed with 1,2-
dichloroethane, acetone and water, and then 
dried in vacuum for 48 h at room temperature. 
The sulfonated polystyrene block is designated 
as S(S}. 

Surface Characterization 
The surface properties of the polymers were 

determined directly on the coated surfaces. 

ESCA 
A Physical Electronic PHI 548 ESCA spec

trometer with a 300 W Mg anode was used to 
obtain surface elemental compositions. A pass 
energy of lOOeV was used to obtain the data, 
which were corrected for atomic sensitivity.29 

Contact Angle Measurements 
The underwater captive bubble technique of 

Hamilton,30 modified for the curved surfaces31 

was used here to obtain contact angle data. 
Air-water and octane-water (where possible) 
contact angles were determined on sections of 
the inner surfaces of the coated tubing. Where 
possible, the solid-water interfacial energy Ysw 
was calculated using the harmonic mean 
approximation. 32 

ATR-IR 
A Nicolet 7199 FT-IR coupled with a Barnes 

300 ATR accessory were used to obtain the 
ATR-IR spectra. The coated tubings were 
sliced longitudinally and pressed against a 45o 
Germanium crystal. Spectra were collected at
a resolution of 2cm- 1 . 

SEM 
Two scanning electron microscopes (SEM) 

were used: A JEOL 35C SEM at the University 
of Wisconsin operated at an accelerrating vol
tage of lOkV, and a Hitachi S-430 SEM at the 
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Figure I. Details of the ex vivo cannulation site show
ing the joined series test section. 

Osaka University operated at 20 kV were used 
to examine the topology of coated surfaces and 
to obtain a cross-sectional view of the coating. 

Ex Vivo Blood Contact 
The acute canine ex vivo femoral series 

shunt experiment used for the blood
compatibility studies has been described in 
detail previously.24 Following hematological 
screening, dogs were injected with autologous 
51 Cr-labeled platelets and 1251-labeled purified 
fibrinogen. The femoral artery and vein in one 
leg were cannulated with the shunt which 
consisted of an entrance region, joined series 
test section and return section (Figure 1). The 
shunt was initially filled with a divalent cation
free Tyrodes solution to prevent blood-air 
contact. The joined series test section consisted 
of a series of randomized 5 em section of each 
of the materials tested, and a polyethylene 
control joined using external silicon tubber 
connectors. 

In the blood contact experiment, at the end 
of a predetermined blood contact time, the 
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femoral artery was clamped shut. Blood was 
then flushed out of the shunt via a branch 
artery. The purpose of flushing was to remove 
the bulk blood in the shunt, leaving only blood 
components that had adhered to the tubing 
surface. Immediately following flushing, the 
joined series test section was removed, fixed 
with 2% glutaraldehyde, and then each ma
terial subdivided into section for gamma 
counting and SEM examination. 

A new set of randomized test sections was 
inserted into the shunt for each blood contact 
time period, which ranged form 1/2 to 60min. 
Three separate repeat surgeries using three 
different animals were performed. During each 
surgery, blood flow through the shunt was 
continuously monitored, and blood samples 
were taken at regular intervals for radioac
tivity determination, platelet count, fibrinogen 
level, hematocrit, and hematological function 
tests.24 After correction for background and 
decay, platelet and fibrinogen deposition per 
unit area of surface was calculated from the 
radiolabeling and hematological data. SEM 
samples were obtained at each time point in 
order to characterize thrombus morphology 
on each surface.25 

In Vitro Blood Contact 
Canine blood coagulation time was mea

sured using the method of Lee and White.27 

The contact phase activation of the intrinsic 
coagulation pathway was determined by 
measuring the rate of generation of kallikrein 
using a fluorometric technique developed by 
Matsuda et al.28 In vitro examination of de
posited platelets was performed using canine 
platelet rich plasma for 20 min contact. This 
was followed by fixation of the deposited 
platelets using 1% glutaraldehyde, and SEM 
examination. 

RESULTS 

Ex Vivo Blood Contact 
Figures 2-5 show the temporal sequence of 
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Figure 2. Ex vivo platelet deposition as a function of 
time for the unmodified polymers SBP-10/C, SBP-10/B, 
SBP-12/C, SBP-12/B and polyethylene. 
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Figure 3. Ex vivo fibrinogen deposition as a function 
of time for the unmodified polymers SBP-10/C, SBP-
10/B, SBP-12/C, SBP-12/B and polyethylene. 
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Figure 4. Ex vivo platelet deposition as a function of 
time for the chemically modified polymers SBP(Q)-12/C, 
SB(X)P(Q)-12/C and S(S)B(X)P(Q)-12/C, and for SBP-
12/C. 
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Figure 5. Ex vivo fibrinogen deposition as a function 
of time for the chemically modified polymers SBP(Q)-
12/C, SB(X)P(Q)-12/C and S(S)B(X)P(Q)-12/C, and for 
SBP-12/C. 

845 



M. D. LELAH et a!. 

(a) (b) 

(c) (d) 

Figure 6. SEM micrographs of ex vivo blood contact on SBP-12/C at (a) l min, (6) 5 min, (c) 15 min, and 
(d) 60min of blood contact, showing sequence of platelet deposition and aggregation, thrombus formation 
and embolization. 

platelet and fibrinogen deposition per unit area 
over 60 min of blood contact for all surfaces 
studied. The error bars represent standard 
errors from the mean for the 3 experiments. 
The platelet and fibrinogen deposition results 
show a peak at 15-20 min of blood contact. 
This peak corresponds to the competition be
tween thrombus deposition and embolization 
(embolus formation)24 and thus can be used as 
one measure of the acute blood compatibility 
of the various materials. From Figures 2 and 3, 
the samples cast from chloroform (SBP-10/C 
and SBP-12/C) were more thromboresistant 
than those cast from a butyraldehydej 
chloroform mixture (SBP-1 0/B and SBP-
12/B). There appeared to be little difference in 
blood response between the SBP-1 0 and SBP-
12 materials cast from the same solvent. From 
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Figures 4 and 5, it can be seen that quaterni
zation drastically increased thrombogenicity. 
Any effects of crosslinking and sulfonation 
were masked by the quaternization. 

Figure 6 shows the morphology of the blood 
components on the surface of SBP-12/C at 1, 
5, 15 and 60 min of blood contact. The microg
raphs, which typify the results on the un
modified polymers, (SBP-1 OjC, SBP-1 0/B, 
SBP-12/C, and SBP-12/B) show initial single 
platelet deposition with pseudopod extension, 
but little spreading at 1 min. By 5 min 10-
20 ,urn size aggregates formed (Figure 6b ), ho
wever again little platelet spreading is obser
ved. At the peak time of 15 min large clumps 
about 50-100 ,urn in size can be observed 
(Figure 6c). At the end of the experiment, at 
60 min of blood contact, most of the large 
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(e) 

Figure 7. SEM micrographs of ex vivo blood contact 
on S(S)B(X)P(Q)-12/C at (a) l min, (b) 5 min, (c) and (d) 
15min, and (e) 60min of blood contact. (c) shows a 
thrombus composed of platelets, red cells, leukocytes 
and fibrin. (d) shows a low magnification of the tubing 
with large thrombi covering the whole surface. (e) shows 
spread white cells covering the polymer surface with 
small platelet clumps. 

thrombi have embolized, leaving small platelet 
aggregates (5-10 ,urn in size) and some white 
cells in various stages of activation (Figure 6d). 

In contrast, the morphology of the blood 
components on S(S)B(X)P(Q)-12/C shown in 
Figure 7 indicates increased platelet depo
sition, consistant with the results in Figure 4. 
The sequence shown in Figure 7 is typical for 
the chemically modified materials. At 1 min of 
blood contact (Figure 7a), platelet spreading is 
extensive. The lower layer of platelets were 
often spread with the appearance of a well 
developed hyalomere. By 5 min large platelet 
thrombi are observed (Figure 7b). At the peak 
time of about 15min, large thrombi (100-
400 ,urn in size) covered the surface of the 
tubing. The thrombi are composed of platelets, 
white cells, red cells and an occasional fibrin 
network (Figure 7c). A view of a section of 
tubing at low magnification is shown in Figure 
7d where the large thrombi can be seen to 
cover the whole surface. By 60 min of blood 
contact, most of the thrombi have embolized 
leaving smaller platelet clumps. The surface is 
however covered with spread leukocytes as 
shown in Figure 7e. 
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Table II. In vitro and ex vivo results normalized to polyethylene controls 

In vitro Ex vivo 

Sample 

SBP-10/C 
SBP-10/B 
SBP-12/C 
SBP-12/B 
SBP(Q)-12/C 
SB(X)P(Q)-12/C 
S(S)B(X)P(Q)-12/C 
SBP(Q)-12/B 
SB(X)P(Q)-12/B 
S(S)B(X)P(Q)-12/B 

Lee-White clotting 
time ratio 

0.68 
0.72 
0.36 
0.33 
0.41 
0.44 
0.46 
0.53 

In all the animal experiments, shunt blood 
flow rates were initially between 350 and 
450ml min- 1 (wall shear rates of 1850-2400 
s- 1). These rates decreased 20-30% around 
the peak deposition period (10-30 min) and 
then increased again to about 10% below 
original levels. Analysis of blood samples re
moved at 30 min intervals indicated little vari
ation in platelet count, fibrinogen level, in 
vivo fibrinogen clottability, hematocrit, acti
vated partial thromboplastin time, prothrom
bin time and euglobulin lysis time. Only the 
plasma protamine paracoagulation test turned 
positive toward the end of each surgery. 

In Vitro Blood Contact 
The in vitro blood contact results (normal

ized with a polyethylene control) and shown 
in Table II, together with peak platelet ex vivo 
results (also normalized with a polyethylene 
control). The Lee-White clotting time ratios 
show that the unmodified polymers have 
longer clotting times than the modified 
polymers, consistant with the ex vivo data. 
The contact activation ratios are also lower 
for the unmodified polymers, indicative of 
lower intrinsic coagulation activity on these 
materials. The in vitro results show the ma
terials cast from butyraldehyde and chloro
form to be more thromboresistant (longer 
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Contact activation 
ratio 

0.76 
0.86 
1.36 
1.03 
1.23 
1.37 
1.07 
0.98 

Peak platelet 
deposition ratio 

2.1 
3.0 
2.0 
3.1 
9.0 

11.5 
11.3 

Lee-White clotting time) than those cast 
from chloroform, but the ex vivo results 
show the opposite trend (greater platelet de
position). 

Figure 8 shows in vitro platelet deposition 
on SBP-12/C, SBP(Q)-12/C, SB(X)P(Q)-12/C 
and S(S)B(X)P(Q)-12/C after 20min of con
tact. The SEM results support the in vitro 
data in Table II. Single platelets with little 
activation can be seen on SBP-12/C (Figure 
8a), while more extensively activated platelets 
and/or clumping are evident on the surfaces of 
the chemically modified polymers (Figures 
8b-d). 

Surface Characterization 
Contact angle and ESCA data are shown in 

Table III. The solid-water interfacial energies 
(Ysw) calculated for the unmodified polymers 
are low, indicating that they are rather hy
drophilic surfaces. The chloroform cast ma
terials (SBP-10/C and SBP-12/C) were slightly 
more hydrophilic than the same polymers cast 
from a mixture of butyraldehyde and chloro
form. The ESCA N/C ratios for these ma
terials indicate that the SBP-10/B and SBP-
12/B coatings contain less surface nitrogen and 
thus less poly( 4-vinylpyridine) phase on the 
surface than the same materials cast from 
chloroform. The poly( 4-vinylpyridine) phase is 
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(a) (b) 

(c) (d) 

Figure 8. SEM micrographs of in vitro platelet deposition on (a) SBP-12/C, (b) SBP(Q)-12/C, (c) 
SB(X)P(Q)-12/C, and (d) S(S)B(X)P(Q)-12/C at 20 min contact. The few platelets on SBP-12/C are not 
activated while platelet deposition/aggregation is higher on the other materials. 

Sample 

SBP-10/C 
SBP-10/B 
SBP-12/C 
SBP-12/B 
SBP(Q)-12/C 
SB(X)P(Q)-12/C 
S(S)B(X)P(Q)-12/C 

Polymer J., Vol. 17, No. 7, 1985 

Table III. Contact angle and ESCA results 

Contact angle 

0 0 Y,w 
NjC 

dyncm- 2 

27 34 1.5 0.025 
39 48 3.4 0.016 
33 30 1.6 0.020 
33 43 2.4 0.010 
18 Spread 0.0084 
13 Spread 0.0033 
15 Spread 0.0034 

ESCA 

s;c BrjC Cl/C 

0.0089 
0.010 0.0048 0.0074 
0.039 0.0053 0.0083 
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Table IV. ATR-IR absorbance ratios 

A!s9s A,64o 

Sample A,49s A,49s 
(pyridine) (quat. salt) 

SBP-10/C 1.89 
SBP-10/B 1.77 
SBP-12/C 3.31 
SBP-12/B 2:62 
SBP(Q)-12/C 0.16 2.91 
SB(X)P(Q)-12/C 0.07 0.82 
S(S)B(X)P(Q)-12/C 0.08 0.80 

more hydrophilic than polystyrene or polybu
tadiene, and thus a lower interfacial energy 
(Ysw) is observed for SBP-10/C and SBP-12/C. 

It was not possible to obtain interfacial 
energies for the modified polymers as octane 
bubbles spread on the surfaces of these ma
terials. In addition, the water-air contact ang
les were low, indicating that the modified 
surfaces were more hydrophobic than the un
modified surfaces. The ESCA results indicate a 
significant decrease in surface nitrogen on the 
modified materials. It appears that the poly( 4-
vinylpyridine) phase may be partitioned in 
such a way that it is further from the surface 
than the other phases. Namely, the surface 
structure must have been altered by 
quaternization. 

A result of crosslinking the butadiene phase 
is a reduction in surface bromine and an 
appearance of surface chlorine. This indicates 
that the counter ion of the quaternary am
monium salt was partly converted from Br- to 
Cl- in the process of cross1inking. The sulfur 
present on the surface ofS(S)B(X)P(Q)-12/C is 
due to both the crosslinking agent used and the 
sulfonation reaction. 

Table IV lists the various ATR-IR absor
bance peaks of interest ratioed to the styrene 
absorbance peak at 1495 cm- 1 (an internal 
standard), for the materials studied. An exam
ination of the data for the unmodified po
lymers shows the SBP-12 materials to possess 
higher absorbances due to the pyridine ring (at 

850 

A34oo A911 A963 A12oo 

A149s A,49s A,49s A,49s 
(N-H stretch) (1,2 vinyl) (1,4 trans C=C) (O=S=O) 

0.19 0.38 1.12 
0.16 0.35 1.07 
0.48 0.51 1.96 
0.14 0.32 1.14 
1.40 0.21 1.32 
0.20 
0.20 0.56 

1595 and 3400 cm- 1). This is consistant with 
higher volume fractions of poly( 4-vinyl
pyridine) (Table I). In addition, the poly
mers cast from chloroform (C) have higher 
pyridine ring IR absorbances than. the same 
polymers cast from butyraldehyde and chlo
roform (B). This indicates that the surfaces of 
SBP-10/C and SBP-12/C are richer in the 
poly( 4-vinylpyridine) phase than the corre
sponding SBP-10/B and SBP-12/B materials. 
These results are consistent with the contact 
angle and ESCA results in Table III. 

Quaternization of S13Pc12/C results in a 
reduced IR absorbance due to the pyridine 
ring (at 1595 em - 1) but a new peak at 1640 
em - 1 is due to the quaternary ammonium salt 
(Table IV). The dramatic reduction in the 
absorbance at 1595 em - 1 indicates almost 
complete quaternization. Interestingly, the 
N-H absorbance at 3400 em - 1 is very high for 
SBP(Q)-12, although the ESCA data in Table 
III shows a reduced surface level of nitrogen. 
This could be due to the vapor phase quaterni
zation procedure used which can result in 
quaternization through the whole thickness of 
the coated polymer film. The penetration de
pth of the ATR-IR beam is much deeper 
(1000-10,000A) than the escape depth of 
electron in ESCA (50 A), and thus ESCA is far 
more surface sensitive. The subsequent de
crease of the 1595, 1640, and 3400 em - 1 bands 
on crosslinking and su1fonation (SB(X)P(Q)-
12/C and S(S)B(X)P(Q)-12/C) indicate that 
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(a) (b) 

(c) (d) 

Figure 9. SEM micrographs of(a) SBP-12/C surface showing microstructure, (b) and (c) S(S)B(X)P(Q)-
1 2/C surface showing microstructure and protrusions, and (d) cross-sectional view of the polyethylene 
tubing showing coating of SBP-12/C. 

quaternization may have been affected by these 
latter modifications. These decreases are con
sistent with the contact angle and ESCA re
sults in Table III. 

The ATR-IR results in Table IV also show 
that, as expected, crosslinking eliminated the 
absorption bands at 911 and 963 em - 1 . These 
bands are due to 1, 2 vinyl and 1,4 trans C = C 
groups, respectively. The broad band at about 
1200 em- 1, which corresponds to the 0 = S = 

0 asymmetric stretch, appears on sulfonation 
(sample S(S)B(X)P(Q)-12/C). 

SEM micrographs of the surfaces of SBP-
12/C and S(S)B(X)P(Q)-12/C are shown in 
Figures 9a-c. The high resolution micrograph 
of the surface of SBP-12-C in Figure 9a is 
representative of all the materials, except 
S(S)B(X)P(Q)-12/C. In Figure 9a there ap
pears to be microstructure on the order of 
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0.1 ,urn, with occasional larger 1 ,urn bumps. 
The high magnification of S(S)B(X)P(Q)-12/C 
(Figure 9b) also shows the microstructure on 
this surface. It is not clear whether the fine dots 
are actual pores, or regions of low electron 
density. However, superimposed on this mi
crostructure are protrusions of 1-2 ,urn in 
diameter, regularly spaced on the surface of 
S(S)B(X)P(Q)-12/C, as shown in Figures 9b 
and c. These protrusions may be an artifact of 
the coating process, or due to block incom
patibility, resulting in phase separation. It 
should be noted however, that phase sepa
ration determined on sectioned bulk polymer 
samples using transmission electron micros
copy results in phases that are of the order of 
400 A in smallest dimension. 18 

In Figure 9d, a cross-section of the surface 
of SBP-12/C is shown. The coating is seen to 
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fold over the edge of the cut, onto the cross
sectional surface of the polyethylene tubing. 
This is due to deformation under the cutting 
stress. Nevertheless, this figure, and other 
views confirm the existence of an intact coating 
for this and for all the other materials studied. 
The thickness of the triblock polymer films are 
estimated to be 

DISCUSSION 

Blood Compatibility 
The canine ex vivo series shunt experiment 

used in this study has been described in detail 
previously.24 The technique is a useful model 
for the determination of the blood compati
bility of a number of materials under con
ditions of flowing nonanticoagulated blood. 
The ex vivo technique allows for the simul
taneous determination of the thromboembo
litic potential of several materials under simi
lar physiological and hematological condi
tions. This reduces the time and expense of 
animal testing, and requires fewer animals to 
obtain a substantial amount of ex vivo blood 
contact information. The effects of sample po
sition in the series and cross-contamination 
have been addressed,24 and found to be mini
mal under the experimental flow conditions. 

The ex vivo results in Figures show an 
increase in platelet and fibrinogen deposition 
to a peak at of blood contact, 
followed by a decrease to 10 min of blood 
contact. This general trend has been previously 
observed on a number of different sur
faces.6-8·24·26 The platelet peak height is used 
as a measure of blood compatibility the 
higher the peak the poorer blood compati
bility. Fibrinogen deposition generally follows 
the 'platelet deposition profiles. The ex vivo 
results in Figures show that thromboge
nicity is affected by both the casting solvent 
system, and by surface chemical modification. 
It should be noted, however, that the magni
tudes of the platelet and fibrinogen peaks for 
the surfaces studied here are much greater than 
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the polyethylene control (Table II) and much 
greater than those observed on a number of 
different polyurethanes.6- 8 The polymer 
systems studied here would thus be rather 
thrombogenic and are not likely to be found 
practically useful for blood-contacting appli
cations. However, it is useful to study the ef
fects of surface modification in order to 
further understand the mechanisms of blood
material interactions. 

The ex vivo SEM results (Figures 6 and 7) 
complement the radiolabeling data (Figures 

The sequence of platelet deposition and 
aggregation, thrombus formation, growth and 
embolization are observed in Figures 6 and 7. 
The thrombi formed on the surface of SBP(Q)-
12/C at 15 min (Figure 7c) are composed of 
platelets, red cells, leukocytes and an oc
casional fibrin mesh. By 60 min of blood con
tact (Figure 7d) the surface is covered with 
spread leukocytes. This behavior has been 
observed on other very thrombogenic sur
faces,25·26·33 - 35 Leukocytes can migrate to the 
surface due to the release of chemotactic 
agents by the thrombi, and these cells may 
aid in the detachment of thrombi. Leukocyte 
spreading may be due to the activation 
of the leukocytes, but adhesive proteins such 
as fibronectin may also induce spreading.25 

The in vitro results in Table II and Figure 8 
are similar to the ex vivo results (Figures 7) 
in that the surface modified polymers de
monstrate shorter clotting times, higher ex
tents of contact activation, and high levels of 
platelet deposition and activation. A com
parison of the ex vivo and in vitro results 
shows, however, that the ex vivo data is more 
sensitive to surface modification. Quaterni
zation of SBP-12/C resulted in a 4.5-fold in
crease in peak platelet deposition, but only 
a 1.9-fold decrease in clotting time, and a 
1.8-fold increase in contact activation time 
(Table II). It is also interesting to compare in 
vitro platelet deposition (Figure 8) with ex vivo 
platelet deposition (Figures 6 and 7). From the 
experiments conducted here it appears that the 
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in vitro results can predict gross relative trends, 
but the in vitro results are less sensitive mea
sures of blood compatibility. 

Effect of Solvent Casting 
The polymers cast from chloroform (SBP-

10/C and SBP-12/C) are more thromboresist
ant than those cast from a butyraldehyde and 
chloroform mixture (SBP-1 0/B and SBP-
12/B) as shown in Figures 2 and 3, and Table 
II. From transmission electron microscope 
studies on thin sections of bulk material, the 
former polymers demonstrated ball-in-the-box 
morphologies, while the latter polymers pos
sess trilayer lamellar morphologies. 17 •19 It 
was not, possible, however, to distinguish sur
face morphology using SEM in the present 
study. 

The contact angle, ESCA and ATR-IR data 
in Tables III and IV show that the polymers 
cast from chloroform are more hydrophilic 
and contain more surface nitrogen than those 
cast from the butyraldehydefchloroform mix
ture. Hydrophilicity has been associated with 
blood compatibility1·14 so it may be possible to 
explain trends in the data presented here on 
the basis of relative hydrophilicity. However, 
in absolute terms, the polymers studied are 
quite hydrophilic and yet are thrombogenic. 
The primary conclusion from this section is 
that choice of solvent affects both bulk and 
surface morphology and blood compatibility. 

Effect of Chemical Modification 
Quaternization of the pyridine blocks was 

found to drastically increase the thromboge
nicity of SBP-12/C (Figures 4 and 5, and Table 
II). Subsequent crosslinking and sulfonation 
appeared to have little further effect on the 
blood response. Although negative surface 
charge has been long associated with blood 
compatibility,36 - 38 there are some impor
tant exceptions. 28 ·39·40 The reason for the con
tradictions may be related to differences in 
chemical type and distributions of ionic 
groups or charge on the surface. 7 •28 ·40 Previ-
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ous work 7 has suggested that the presence 
of both positive and negative charges may 
lead to thromboresistant materials. In the 
previous study with polyurethanes,7 positive 
and negative charges situated within the same 
hard segment phase improved blood com
patibility. In the present study, the positive 
and negative charges are situated in different 
phases, giving rise to a charge mosaic con
figuration.41 This did not improve blood 
compatibility. However, the polymers studied 
contained a high amount of poly(4-vinyl
pyridine) compared to the amount of poly
(styrene) present. The pyridine blocks are 
more easily quaternized than the styrene 
blocks sulfonated, leading to a gross imbal
ance in the charge distribution. Further work 
should be directed toward examining sam
ples with smaller levels of poly( 4-vinyl
pyridine). 
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