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SYNOPSIS

Membranes used for hemodialysis should have good mechanical strength to withstand the
maximum transmembrane pressure. Although crosslinked poly(vinyl alcohol) membrane
has superior permeability to solutes, its wet breaking strength is low. Mechanical strength,
dry and wet, of membranes made from crosslinked blendmers of poly(vinyl alcohol) and
polyacrylonitrile was investigated. The possibilities of these membranes for the application
as dialysis membranes were evaluated by estimating its solute permeabilities. The optimum
membrane selected shows permeability and mechanical properties comparable with the
commercial regenerated cellulose membrane. Polyelectrolyte grafting made the membrane
more blood-compatible. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

The vital part of the extracorporeal hemodialyzer is
the semipermeable membrane that removes certain
toxic substances from blood by diffusion. The im-
portant characteristics of dialysis membranes are
the permeability properties, material biocompati-
bility, and mechanical integrity.! Regenerated cel-
lulose membranes, currently being used on the larg-
est scale in hemodialysis, 2 because of their good me-
chanical strength and solute permeability, are
known to activate most strongly the complement
system,® which results in transient leucopenia.*
Complement activation can be reduced by modifi-
cation of the cellulose surface with poly(ethylene
glycol) (PEG), having terminal carboxyl groups.>®
Since permeability is directly related to the molec-
ular weight of the solute, there is little selectivity in
the filtering of closely related molecules through
cellulosic membranes.?’ Therefore, novel mem-
branes need to be developed with high selectivity.
Poly(vinyl alcohol) (PVA) is used as a basic ma-
terial for a variety of biomedical applications, in-
cluding contact lens material, skin-replacement
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material, reconstruction of vocal cords, and articular
cartilage replacement. But its main disadvantage is
its weak mechanical strength.® Efforts have also been
made to use PVA membranes for artificial kidney
applications,®!! as they have superior permeability
characteristics and blood compatibility. Still, its ap-
plication is limited due to lack of adequate wet
breaking strength. With the proper composition of
hydrophobic and hydrophilic regions, membranes
with ample strength and permeability can be de-
veloped. Many studies have been carried out in this
direction.'?!® Inclusion of the hydrophilic group in
the hydrophobic membrane structure by blending,
copolymerization, or crosslinking induced by chem-
ical reactions is reported for high selectivity toward
water. 1418

We attempted to develop membranes based on
PVA having wet breaking strength comparable to
commercial regenerated cellulose membrane. In
the present work, crosslinked blendmers of PVA
and polyacrylonitrile (PAN) were prepared in
various ratios and the membranes obtained were
studied for their mechanical and permeability
properties. Membranes containing PAN cause less
activation of the complement during dialysis and
were found to cause a reduction in dialysis-related
symptoms.}” The membrane with an optimum
blend ratio is further modified by grafting syn-
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thetic polyelectrolyte and evaluated by its anti-
thrombotic and permeability properties. Poly-
electrolyte-grafted PVA-PAN membranes exhibit
permeability, mechanical properties, and anti-
thrombogenicity comparable with the commercial
cellulose membrane.

MATERIALS

Polyelectrolyte was synthesized in our laboratory
from poly (cis-1,4-isoprene) (natural rubber) as per
the standard procedure.''®* PVA (MW 125,000, 88%
mol hydrolyzed, viscosity of 40 g/L aqueous sol. at
20°C, 35-50 ¢cP, BDH Chemicals, No. 29791) and
PAN (MW 150,000, cat. #3914, Polysciences Inc.)
was used as obtained. Standard cellulose membrane
(0.1 mm thickness, MW cutoff 6000) from Thomas
Scientific, Swedesboro, USA, was used as the con-
trol. All other chemicals used were of AR grade.

EXPERIMENTAL

Preparation of Membranes

PVA (100 g/L) was dissolved in dimethyl sulfoxide.
The desired amount of the PAN solution (30 g/L)
was added and mixed well to obtain blends of dif-
ferent ratios. A sufficient amount of paraformalde-
hyde was added (for 1 g PVA, 1 g paraformaldehyde)
and mixed well. Solutions were spread over a leveled
glass plate and heated in a vacuum oven at 60°C for
48 h. Membranes were peeled off from the glass plate
and soaked in NaOH solution (20 g/L) for 1 h and
cleaned with distilled water. These membranes were
of 0.1 mm thickness.

Mechanical Properties

The tensile strength and elongation under dry and
wet conditions were evaluated according to the
method of ASTM D-882 by use of a universal test
machine (Chatillon, UTSE-2) at a crosshead speed
of 25 mm/min. Samples were cut into strips of 5
mm and a grip length of 25 mm was used. For testing
the wet tensile strength, membranes were preswelled
in distilled water (D.W.). Wet dimensions were used
for the calculations.

Degree of Swelling

The weight of completely dried samples of equal area
were taken, and these samples were dipped in D.W.

for equilibrium swelling. The degree of swelling was
calculated from the relation

QW (%) =[(X2—-X1)/X1] X100

where X1 is the weight of the dried samples, and
X 2, the weight of the swollen samples.

Permeability Studies

An equilibrium-type dialysis cell (3784-D30, Arthur
H. Thomas Co., USA) was used for determining the
permeability properties of various molecules through
the membrane at room temperature. The membrane
was clamped between two compartments using a
suitable supporting and sealing device. The volume
of each chamber was 12 cm?® and the effective mem-
brane area was 12 cm?. The upper compartment was
filled with a mixture of solutes containing urea (1
g/L, MW 60), creatinine (0.1 g/L, MW 113), uric
acid (0.1 g/L, MW 168), inulin (0.25 g/L, MW
5000), and albumin (1 g/L, MW 69,000) in 0.1M
phosphate buffer, pH 7.4, or calf blood having urea
(0.58 g/L) creatinine (0.0096 g/L) and albumin
(32.7 g/L.) and the lower compartment with phos-
phate buffer, pH 7.4. Dialysis was performed for 4
h, dialysates collected, and the permeability of sol-
utes analyzed by noting the optical density, colori-
metrically, employing a diacetyl monoxime reagent
for urea,!® an alkalic medium with picric acid for
creatinine,?® and a bromcresol green reagent for al-
bumin.?! The optical density (0.D.) is directly pro-
portional to the concentration of the solute. The
permeability percentages were calculated from trip-
licate experiments as

Permeability (%)

_ 0.D. of solute in dialysate
0.D. of solute in mixture or blood

X 100

Octane Contact Angle

Here, the octane/water method was selected as a
probe for investigating the polar interactions across
the polymer/water interface.?? Briefly, the pre-
swelled substrates were completely immersed in tri-
ple-distilled water in a glass container. The goni-
ometer ( Kernco Instruments, El Paso, Texas, USA)
was aligned and focused on the polymer-water in-
terface and a drop of 0.1-0.2 uL of 99.99% pure n-
octane was allowed to adhere to the interface. The
apparent octane—polymer contact angle was mea-
sured immediately. At least 30 angles were measured
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TableI Characteristics of PVA—PAN Membranes

Tensile Strength (MN/m?) Elongation (%)

Sample Degree of Swelling (%) Dry Wet Dry Wet
PVA 95 40.22 + 25 21.68 £ 2.1 255 + 16 847 £ 31
PVA-PAN (90 : 10) 91 41.69 + 29 34.72 £ 1.2 202 + 15 404 + 18
PVA-PAN (87 :13) 91 41.79 + 2.6 38.84 £ 2.1 142 + 12 - 592 £ 21
PVA-PAN (85:15) 72 4267 £ 19 3737+ 14 120 £ 10 474 + 20
PVA-PAN (83:17) 74 44.24 + 25 2452 + 1.5 112 + 13 352 + 18
Cellulose 49 4286 + 2.8 38.65 £ 1.1 61+ 5 82+ 4

on each surface, averaged, and expressed by their
standard deviation.

Polyelectrolyte Grafting

Polyelectrolyte (PE) was grafted onto the PVA-
PAN membrane (87 : 13) by exposing it to 5 g/L
aqueous solution of PE overnight, and the mem-
branes were vacuum-dried and Co® ~-irradiated
with a dosage of 0.275 Mrads in a nitrogen atmo-
sphere.??

Platelet Adhesion Studies

Calf platelets were isolated by centrifugation within
2 h after collection from citrated blood as described
elsewhere?! and washed with tyrode solution for the
platelet-adhesion studies.? The number of platelets
adhered onto the membranes were counted under
an optical microscope in randomly selected fields.
A total of 30 fields from triplicate experiments were
counted, averaged, and expressed as the mean num-
ber of platelets adhered per square millimeter with
standard deviation.

Plasma Recalcification Time (PRT)

PRT was determined using the standard techniques
of Austen and Rhymes.?® Platelet-rich plasma was
separated from citrated calf blood and tested for re-
calcification time under controlled pH (7.4) and
temperature (37°C). Clean glass tubes were coated
with PVA, PAN, and a PVA-PAN blend from their
respective solutions, dried in a vacuum oven, rinsed
with D.W_, and vacuum-dried at 60°C for 4 h. Calf
plasma 0.1 mL, was pipetted into these tubes con-
taining 0.1 mL of 0.9% saline and thermostated at
37°C. After incubation of exactly 2 min, 0.1 mL of
0.25 M CaCl, was added and the clotting time was
registered. The test was repeated at least five times

and the recalcification time expressed in seconds
with the standard deviation.

IR Spectra and Microscopy

The IR spectra of PVA, PAN, and PVA-PAN film
(87 :13) were recorded using an IR spectrophotom-
eter (Perkin-Elmer, 597). The surface morphology
of the PVA-PAN (87 :13) membrane was observed
using a scanning electron microscope ( SEM, Hita-
chi, S-2400).

Sterilization of the Membranes

Sterilization of the membranes were done by Co®
v-irradiation at a total dose of 2.5 Mrads or by au-
toclaving at a temperature of 121°C under 138 kN /
m? pressure for 10 min.

RESULTS AND DISCUSSION

The characteristics of membrane samples are shown
in Table I. The degree of swelling is decreased with
the increasing concentration of PAN. The swelling
of hydroge! membranes is mainly due to its amor-
phous region.?” Blending causes a decrease in the
noncrystalline region, which decreases the swelling
property of the membranes. In the dry state, tensile
strength is only marginally increased, whereas elon-
gation has decreased significantly with an increasing
concentration of PAN. It is interesting to note that
in the wet state the tensile strength increased when
the concentration of PAN increased to 13% (PVA-
PAN, 87 : 13), whereas a further increase in PAN
content decreased the mechanical strength. As PAN
content increases beyond 13%, segregation of PAN
may take place, and in the swollen condition, this
may hinder chain orientation along the stress di-
rection and cause a decrease in wet mechanical
strength. Hydrogel membranes which swell in an
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Table II Permeability® of Solutes Through PVA-PAN Membranes

Sample Urea Creatinine Uric Acid Insulin Albumin
PVA 61.8 + 2.6 36.9 + 1.0 249+ 1.0 7.3+ 05 1.5+ 0.5
PVA-PAN (90:10) 61.7+ 1.5 376 £ 1.5 22.1+1.0 8.3+0.5 29+05
PVA-PAN (87:13) 56.6 £ 1.5 34.1 £ 2.0 19.2 + 1.5 7.3+ 1.0 1.8+ 0.5
PVA-PAN (85: 15) 56.6 + 1.5 314+ 1.5 17.5 + 1.5 75+ 05 1.5+ 05
PVA-PAN (83 :17) 51.2+1.0 254+ 1.5 146 + 1.0 5.0+ 0.5 0.8+ 0.5
Cellulose 60.4 + 1.0 35.9 + 1.0 216 £ 1.5 88+ 0.5 1.4 +05

® Permeability expressed as percentage passed.

aquous media would show poor mechanical strength
in the swollen state. From the viewpoint of me-
chanical properties, hydrophobic polymers are pref-
erable, being tough and tear-resistant.?® It has been
reported that inclusion of the hydrophilic group in
the membrane structure decreases the mechanical
strength?; conversely, inclusion of the hydrophobic
group increases the mechanical strength.

Solute permeability of blended membranes from
a mixture of different solutes are given in Table II.
Solute permeability is reported as the percentage
passed in 4 h as the comparative data. Cellulose
membrane was used as a control. As the concentra-
tion of PAN increases, the permeability of all solutes
decreased. Even though the blending significantly
increased the mechanical properties, the decrease in
the degree of hydration had a negative impact on
the permeability. It is observed that the modification
that increases the strength usually decreases the
permeability and methods that improve the per-
meability degrade the mechanical property.?® PAN
is known to be a glassy polymer, and, in general,
glassy polymers show low permeability. Based on
the free-volume theory of diffusion, Yasuda et al.
indicated that the diffusive permeability of solutes
through hydrogel membranes is explained by the
water content.?** The permeation of water or water-
soluble solutes is reported to be dependent on the
degree of swelling of PVA films®! and it is assumed
that it diffuses only through the water phases in the
water-swollen membranes. Here, also, it seems that
permeability of solutes is directly proportional to
the equilibrium water content of the blend mem-
branes. However, the permeabilities of cellulose and
PVA membranes for different solutes are close, while
their degree of swelling varies significantly. Lee et
al. reported different states of water in hydrogels,
referred to as “bound water,” “intermediate water,”
and “bulk water.”?? Water-soluble solutes are dif-
ficult to diffuse through intermediate water and even
more difficult to diffuse through bound water.?® It
seems that the amount of bulk water allowing the dif-

fusive permeation may be same in cellulose and PVA
membranes. Cellulose membrane is considered to be
a porous membrane with a molecular weight cutoff of
6000 and the primary action is that of a sieve.2 Also,
the total permeability may be due to separate contri-
butions from “pore” and “solution-diffusion” mech-
anisms.3* The permeability through the PVA mem-
brane may be only through a diffusion mechanism.
Lee and Won reported that inclusion of the hy-
drophilic group in the PAN membrane structure en-
hanced its permeation flux to about 10 times that
of homogeneous membrane.?® We selected an opti-
mum blend ratio of 87 : 13 (PVA : PAN) by making
a compromise between the wet breaking strength
and solute permeability. IR spectra of this mem-
brane is depicted in Figure 1. The blended membrane
showed all the characteristic peaks of PVA and PAN
(O — H stretching # 3300-3200, C — N stretching #
2300-2200). However, the peaks related to PAN are
weak because of their low PAN content. The posi-
tion of all bands in PVA-PAN are the same as in
the components. This is an indication that within
the limitations of this technique little interaction
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Figure 1 IR spectraof (1) PVA, (2) PAN, and (3) PVA-
PAN membrane (87 : 13).



Figure 2 SEM micrograph of PVA-PAN membrane
(87:183).

between component polymers have taken place dur-
ing blending. From the SEM study, it seems that
the surface of PVA-PAN (87 : 13) is smooth and
the blending is homogeneous. It shows no phase
separation and it can be assumed that PAN is a
finely dispersed filler which acts as a reinforcement.
However, beyond 13% of PAN content, some seg-
regation of PAN may take place. A typical micro-
graph of the PVA-PAN (87 : 13) membrane surface
is shown in Figure 2.

From the octane contact angle data (Table III),
it seems that as the concentration of PAN increases
the membranes become comparatively hydrophobic.
This could be related to the induced hydrophobic
moeity of PAN. It is known that cell adhesion is
greater on hydrophilic substrates compared to hy-
drophobic ones.?® However, it seems that the adhe-
sion of platelets (Table III) onto blended membranes
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are similar. Further, compared to bare PVA mem-
brane, platelets seen on blended membranes are ap-
parently reduced. The adhesion of blood cells to any
substrate differs with the species of blood. Therefore,
the results obtained with calf blood platelets cannot
be compared with human blood cells in a quanti-
tative way, when studies are directed toward the hu-
man hemodialysis problem. However, it can be taken
as a relative measure in the pattern of adhesion to
the membrane.

From plasma recalcification studies, it seems that
there is no difference in the recalcification time for
blended membrane surfaces compared to PVA.
However, the PE-grafted surface showed a signifi-
cant inhibition of plasma coagulation. Enhanced
biological activity in terms of PRT has been achieved
by heparinization of PVA.?" The outstanding anti-
coagulant activity of heparin is attributed to the high
concentration of sulfamate and carboxylate groups.
PE also has sulfamate and caboxylate groups similar
to heparin.® Compared to cellulose membrane,
platelet adhesion onto PE-grafted PVA-PAN
membrane is reduced. The increased antiplatelet
activity may be due to the electronegetivity of sul-
famate and carboxylate groups. Surfaces modified
similarly with synthetic PE showed an improved
antiplatelet property.?®® Adhesion of platelets onto
material surfaces plays an important role in the
process of thrombus formation,*® and the clot ini-
tiation on any surface may be correlated with its
electronegetivity.*! Vascular walls are anionic mu-
copolysaccharides possessing a negative net charge
associated with the anionic sulfate and carboxylate
groups. This negative charge repels platelets and
other negatively charged species.*?*?

Membranes with an optimum blend ratio (87 :
13) selected are further studied along with the PE

Table IIT Octane Contact Angle, Plasma Recalcification Time (PRT), and Platelet Adhesion Data of

PVA-PAN Substrates

Octane Contact PRT
Sample Angle (degree) (s) Platelets Adhered/mm?

PVA 131 + 4 240 7 28+ 5
PVA-PAN (90: 10) 127 £ 2 235 + 13 24+ 5
PVA-PAN (87 :13) 121 =3 239+ 6 24+ 5
PVA-PAN (85 :15) 119 + 2 238+ 4 245
PVA-PAN (83:17) 117+ 4 236 =+ 7 245
Cellulose 130 £ 3 — 21+ 3
PAN 119+ 3 269 £ 18 20+ 5
(87:13) PE — 341 + 10 19 +4
Glass — 140+ 6 —

(87 : 13) PE, polyelectrolyte-grafted PVA-PAN (87 : 13).
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Table IV Permeability® of Solutes and No. of Platelets Adhered During Dialysis of Calf Blood Through
the PVA-PAN (87 : 13) Membrane Before and After Sterilization

Permeability of

Membranes Urea Creatinine Albumin Platelets
Before sterilization
PVA 477+ 1.0 35.7+ 3.5 1.7+ 0.5 122 £ 10
PVA-PAN (87 :13) 455+ 15 33.3 £4.0 1.3 £ 0.5 112+ 8
(87:13) PE 50.5 1.5 36.6 + 2.0 1.9+ 0.5 82 + 10
Cellulose 440+x 1.5 326+ 25 1.5 0.5 87 £ 10
After y-irradiation
PVA 471+ 1.0 34.1 £25 1.4 £ 0.5 124 + 11
PVA-PAN (87 :13) 455 £ 1.5 326 +t1.5 1.6 = 0.5 104 = 11
(87:13) PE 509 £ 2.5 35.6 £ 3.5 1.6 £ 0.5 76+ 9
Cellulose 455+ 1.5 323+25 14 +05 86+ 9
After autoclaving
PVA 429+ 15 28.1 + 3.0 0 126 + 13
PVA-PAN (87 :13) 40.4 £ 2.0 26.1 = 3.0 0 110 = 10
(87:13) PE 449+ 1.5 29.2 £ 2.0 0 80+ 8
Cellulose 403+ 15 26.1 £ 4.5 0 87+ 11

(87 : 13) PE, polyelectrolyte-grafted PVA-PAN (87 : 13).
® Permeability expressed as percentage passed.

grafted for solute permeability from calf blood. The
effect of sterilization of these membranes on per-
meability and mechanical strength are given in Ta-
bles IV and V. It seems that the solute permeability
through PE-grafted membrane is more than that of
nongrafted membrane and is better than that of cel-
lulose membrane. This may be due to the reduction
in the deposition of plasma components onto the
membrane from blood. It has been reported that a
proteinaceous material is continuously deposited on

the surface of membranes during dialysis.** How-
ever, detailed studies are required to evaluate the
effect of the adhesion of blood components onto the
membrane surface on the efficiency of permeability.
There is also a significant reduction in platelet adhe-
sion from blood onto grafted membrane, supporting
the antithrombotic activity of PE. Bengeling et al.
observed good anticoagulant activity with some PE.%

It seems that membranes sterilized by Co% ~-
irradiation have no variation in the permeability

Table V Tensile Strength and Elongation of PVA-PAN (87 : 13) Membrane Before and After

Sterilization
Tensile Strength (MN/m?) Elongation (%)

Membranes Dry Wet Dry Wet
Before sterilization
PVA 40.22 + 2.5 21.68 + 2.1 255 + 16 847 + 31
PVA-PAN (87 :13) 4179+ 2.6 38.84 + 2.1 142 + 12 592 + 21
Cellulose 42.86 + 2.8 38.65 + 1.1 61+ 5 82+ 4
After vy-irradiation
PVA 39.14 £ 1.3 21.58 + 1.8 253 + 17 794 + 18
PVA-PAN (87:13) 42.86 + 2.8 38.35 £ 2.7 117+ 19 543 + 28
Cellulose 4453 + 4.8 3845 + 2.7 47+ 5 54+ 6
After autoclaving
PVA 49.24 + 1.3 42.86 + 2.3 239 + 26 740 + 36
PVA-PAN (87:13) 529 19 49.83 + 3.7 59+ 9 312 + 26
Cellulose 66.41 + 3.1 53.95 + 88 62+ 7 69+ 5




property. But autoclaving reduced the solute per-
meability and increased the overall mechanical
strength. Heating makes PVA more crystalline and
this may increase significantly its mechanical prop-
erty. However, y-irradiation makes no significant
difference in the mechanical property of the PVA-
PAN membrane.

CONCLUSION

It has been shown that the mechanical properties
and dialysis performance of PVA membranes are
varied by adjusting the blending ratio of PVA and
PAN and by grafting synthetic PE. The mechanical
strength increased and permeability decreased as the
amount of PAN is increased in the blend. A mem-
brane with an optimum ratio of PVA and PAN was
selected, compromising the permeability and me-
chanical properties. Synthetic PE grafted onto this
membrane made it more blood compatible, with an
increase in permeability of solutes from blood. This
PE-grafted membrane showed appropriate wet
breaking strength and permeability to solutes, suit-
able for the possible application as blood-contacting
membrane for extracorporeal hemodialysis.
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thankful to Mrs. Beena Najeeb for rewriting the manu-
script.

REFERENCES

1. DHEW, Evaluation of Hemodialyzers and Dialysis
membranes, DHEW Pub. No. (NIH) 77-1294, Wash-
ington, DC, 1977.

2. S. M. Hudson and L. A. Cuculo, J. Macromol. Sci.

Rev. Macromol. Chem. C, 18, 1 (1980).

. Y. Ikada, Polym. J., 23(5), 551 (1991).

4. P. R. Craddock, J. Fehr, A. P. Dalmasso, K. L.
Brigham, and H. S. Jacob, J. Clin. Invest., 59, 879
(1977).

5. E. Corretge, A. Kishida, H. Konishi, and Y. Ikada, in
Polymers in Medicine II1I, C. Migliaresi, Ed., Elsevier,
Amsterdam, 1988.

6. T. Akizawa, K. Kino, S. Koshikawa, Y. Ikada, A.
Kishida, M. Yamashita, and K. Imamura, Trans. Am.
Soc. Artif. Int. Org., 35, 333 (1989).

7. D. J. Lyman, Trans. Am. Soc. Artif. Int. Org., 10, 17
(1964).

8. N. A. Peppas and E. W. Merrill, J. Appl. Polym. Sci.,
21, 1763 (1977).

w

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

PAN-REINFORCED PVA MEMBRANES 1453

. E. W. Merill, E. W. Salzman, D. S. L. Wong, and J.

Silliman, Polym. Prepr. Am. Chem. Soc. Div. Polym.
Chem., 13, 511 (1972).

N. A. Peppas, Polym. Prepr. Am. Chem. Soc. Div. Po-
lym. Chem., 18, 794 (1977).

A.J. Aleyamma and C. P. Sharma, Polym. Mater. Sci.
Eng. ACS Symp. Ser., 59, 692 (1988).

S. Yamashita, S. Nagata, and K. Takakura, Kobunshi
Ronbunshu, 36, 249 (1979).

Y. Ohtsuka, Y. Hirabayashi, and S. Takayama, Ko-
bunshi Ronbunshu, 37, 507 (1980).

M. Yoshikawa, T. Yukoshi, K. Sanui, and N. Ogata,
J. Polym. Sci. Polym. Lett. Ed., 22, 473 (1984).

M. Yoshikawa, H. Yokoi, K. Sanui, and N. Ogata,
J. Polym. Sci. Polym. Chem. Ed., 22, 2159
(1984).

M. Yoshikawa, T. Yukoshi, K. Sanui, and N. Ogata,
Polym. J., 18, 447 (1986).

J. F. Walker, in Blood Compatible materials and De-
vices, Perspective Towards the 21st Century, C. P.
Sharma and M. Szycher Eds., Technomic, Lancaster,
1991, p. 271.

L. Van der Does, J. Hofman, and J. E. C. Van Utteren,
J. Polym. Sci. Polym. Lett., 11, 169 (1973).

G. B. Latting, Am. J. Clin. Pathol, 41, 565
(1964).

P. B. Hawk, Physiological Chemistry, McGraw Hill,
New York, 1965, p. 562.

B. Daumas, W. Watson, and H. Biggs, Clin. Chim.
Acta, 31, 87 (1971).

W. C. Hamilton, J. Coll. Int. Sci., 40, 219 (1972).
C. P. Sharma, T. Chandy, and P. V. Ashalatha, Bio-
mater. Med. Dev. Artif. Org., 12, 215 (1985).

E. S. Lee and S. W. Kim, Trans. Am. Soc. Artif. Int.
Org., 25, 124 (1979).

T. Chandy and C. P. Sharma, Thromb. Res., 41, 9
(1986).

D. E. G. Austen and I. L. Rhymes, A Lab Manual of
Blood Coagulation, Blackwell, Oxford, 1975, p. 35.
N. A. Peppas, in Hydrogels in Medicine and Pharmacy,
N. A. Peppas, Ed., CRC Press, Boca Raton, FL,, 1987,
Vol. I, p. 1.

W. M. Muir, R. A. Gray, J. M. Courtney, and P. D.
Richle, J. Biomed. Mater. Res., 7, 3 (1973).

H. Yasuda, C. E. Lamaze, and L. D. Ikenberry, Mak-
romol. Chem., 118, 19 (1968).

H. Yasuda, L. D. Ikenberry, and C. E. Lamaze, Mak-
romol. Chem., 125, 108 (1969).

Y. Kojima, K. Furuhata, and K. Miyasaka, J. Appl.
Polym. Sci., 28, 2401 (1983).

H. B. Lee, M. S. Jhon, and J. D. Andrade, J. Colloid
Interface Sci., 51, 225 (1975).

N. Nishioka, T. Kuromatsu, T. Takashashi, M. Uno,
and K. Kosai, Polym. J., 18, 131 (1986).

S. W. Kim, J. R. Cardinal, S. Wisniewski, and G.
M. Zentner, ACS Symposium Series 127, American
Chemical Society, Washington, DC, 1980, p.
347.



1454

35.
36.

37

38.

39.

40.

41.

PAUL AND SHARMA

Y. M. Lee and K. Won, Polym. J., 22, 578 (1990).
R. E. Baier, Ann. N.Y. Acad. Sci., 283, 17 (1977).
M. F. A. Goosen and M. V. Sefton, J. Biomed. Mater.
Res., 22, 405 (1988).

E. O. Lundell, G. T. Kwiat Kowski, J. S. Byck, F. D.
Oster Holtz, W. S. Creasy, and D. O. Stewart, Hy-
drogels for Medical and Related Application, ACS
Symposium Series 31, American Chemical Society,
Washington, DC, 1976, p. 305.

P. R. Hari and C. P. Sharma, J. Biomater. Appl., 5,
20 (1990).

T. Okano, S. Nishiyama, I. Shinohara, T. Akaike, and
Y. Sakurai, Polym. J., 10, 239 (1978).

V. L. Gott, J. D. Whiffen, R. C. Dulton, R. J. Leininger,
and W. D. Young, Biophysical Mechanisms in Vascular

42,

43.

44.

45.

Haemostasis and Intravascular Thrombosis, Appleton-
Century-Crafts, New York, 1965, p. 297.

V. L. Gott, J. D. Whiffen, and R. C. Dulton, Science,
142, 1297 (1963).

J. E. Lovelock and J. Porterfield, Nature, 167, 39
(1951).

H. V. Baeyer, A. M. Lajous-Petter, H. Hain, H.
Schilling, F. Kochinke, and W. Herbst, Progress in
Artificial Organs—1985., ISAO Press, Cleveland, 1986,
p. 1041.

T. Bengeling, L. Vander Does, A. Batys, and W. L.
Soredeval, J. Biomed. Mater. Res., 8, 375 (1974).

Received October 5, 1994
Accepted March 19, 1995



