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ABSTRACT

Acrylamide and acrylic acid have been grafted to the surface of two

vulcanizate natural and styrene-butadiene rubbers using the simultaneous
radiation method . Various conditions, including differing monomer concen-
trations and additives, have been used . The treated rubbers have been
characterized by measuring water uptake, hardness and tensile strength . In
addition, some initial biocompatibilily trials have been conducted, using cell
attachment and spreading of Aveolar macrophages on the surface of the
modified and unmodified samples as criteria . The physical and mechanical
properties of the resulting copolymers have also been studied.
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INTRODUCTION

The status of the polymer surface is an important
factor for many., properties and applications, including
chemical resistance, adhesion, wettability and bio-
compatibility [1,21 . Attention to polymer surface
modification has significantly increased during the

last decade due to the fact that in certain applications,

the surface properties of polymers play a more
important role than their bulk properties [3,4].

Therefore, surface modification of a polymer
with optimum bulk properties is an efficient way to

render it suitable for special purposes.

Thrombus formation on polymer surfaces in
contact with blood is a complicated cellular and mole-

cular process with many mechanistic questions still
unanswered.

However, it is generally accepted that plasma

protein adsorption will influence subsequent platelet

adhesion and activation and plays a major role in vivo
toward the initiation of thrombus formation at the

blood-material interface . Plasma protein adsorption is
the initial event in blood-material interaction . Over
time adsorption proteins reorient, denture, and
exchange with circulating plasma proteins creating

dynamic and perhaps transient surface characteristics.
From this perspective, it is essential to under-

stand the mechanism of protein adsorption and to be

able to control adsorption onto polymer surface . With
this understanding, the control of subsequent clotting
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events, such as platelet adhesion and activation and
fibrin formation, may be achieved in the design of
blood compatible surface.

In part I of the article [5], two different pia
monomers, acrylamide (AAm) and acrylic acid (AA),
had been grafted onto the surface of natural and
styrene-butadiene rubbers, using Co-60 y-radiation.
The effect of structural parameter of the rubbers,
monomer concentration and different salts on the graft
behaviour of these monomers were studied . In the
present work the effect of above parameters on the
wettability, hardness and tensile strength of the
rubbers have been int+estigated.

EXPERIMENTAL

The material ancc rubber sheet preparations are as
previously described in part 1 [5].

Grafting Procedure
Graft polymerizations were carried out by the
simultaneous or mutual method. Sample preparation
and grafting procedure (using y-rays from Co-60 at
4.5 kGy/h to 6 kGy total dose at room temperature)
are as previously described [5] . After irradiation,
samples were removed from the grafting solution and
soaked for three days in a suitable solvent (acetone-
water mixture for AAm and DMF for AA) to remove
homopolymer. The solvent was changed several times
and any adhering bulk polymer was removed by
vigorous application of a solvent soaked sponge.

Equilibrium water contents were determined as
follows : Dry, solvent extracted samples were weighed
and then allowed to reach equilibrium weight in distil-
led water at room temperature . The water content was
removed by pressing films under two sheets of
Watman # 1 paper using a 300 g weight, according to
the method of Ratner and Hoffman [6].

The graft yield was calculated as the weight of
graft per initial film area using the following relation:

Graft yield =
Wd —

W'
S

Where :

Wd = weight of the grafted, vacuum oven dried
sample.

Ws = weight of unmodified sample.
S = initial sample surface area.
Water content was calculated from:

Percentage water = W" Wd x 100	
Wd

Where: W,, = weight of wet sample.

Mechanical Properties Measurement
Hardness of samples was conducted by "Frank
Hardness" type "A", (Shore Instrument & Mfg . Co.
Jamaica, N .J., U .S.A.), according to ASTM-D 2240.
Tensile properties of the samples with the dimensions
in accordance with ASTM 638 T .4 were measured
using an Adamei Lhomargy tensometer with the
extension rate of 200 mm/min at room temperature.

Determination of Biocompatibility
Biocompatibility tests were based on the Aveolar
macrophages (AMs) cell culturing technique . For this
type of test, a material is considered to be bio-
compatible if it does not support cell attachment and
growth . AMs from mice were collected by lavaging
the lung at least 10 times, each time with 1 mL of
saline . Cells were pelleted at 3000 rpm for 20 min at
4 'C . They were then resuspended in Dulbecco's
modification of Eagle's medium (DMEM) supplemen-
ted with 10% fetal calf serum . Cells were enumerated
by haemocytometer and microcentrifugation.

Differential counts of cell samples showed an
average of more than 95% AM which was acceptable
for the AM adhesion assay . Cell viability was always
about 95%. Final AM concentration was adjusted to
2 x 10 5 mL-' .

Macrophage adhesion experiments were
performed on the modified and unmodified samples as
6 mm flat disks, which fit tightly at the bottom of a
96-well microtitre plate (NUNC) . Cell suspension
(200 µL) was added to modified samples wells and
controls and incubated for 15, 60 and 120 min in an
incubator at 37 'C with full humidity and 7 .5% CO2 .
Several series of specimens were examined at each
designated incubation time . After incubation, the
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Table 1 . Effect of monomer concentration, and additives on the radiation grafting of
monomer AA onto SBR and NR.

Monomer concentration Additives SBR

	

NR
(%) Graft yield (mg/cm2)
20 - 0.00 0.00

Cu(NO3)2 0.78 1 .29
Mohr's salt 1 .16 1 .55

40 - 0.00 0.00
Cu(NO3)2 7.50 10.09

Mohr's salt 9.31 20.70
60 - 0.00 0.00

Cu(NO3)2 10.09 21 .12
Mohr's salt 10.86 36.21

Table 2 . Effect of monomer concentration, and additives on the radiation grafting of monomer
AAm onto SBR and NR.

Monomer concentration

(%)

Additives SBR

	

NR

Graft yield (mg/cm2 )

20

40

60

70

-

Cu(NO3)2
Mohr's salt

-

Cu(NO3)2

Mohr's salt
-

Cu(NO3)2

Mohr's salt
-

Cu(NO 3)2
Mohr's salt

0 .00

negligible
negligible

0.00
negligible

4 .91

0.00
negligible

8 .02

0.00
1 .55

16.29

0 .00
negligible
negligible

0.00

negligible
4 .14

0 .00
negligible

6 .47

0 .00
0 .78

10 .08

Table 3 . Comparison of water uptake, yield by AA-grafted SBR and NR samples.

Rubber type Additive : Cu(NO3)2 Additives : Mohr's salt

Graft yield (mg/cm2) Water uptake (%) Graft yield (mglcm2) Water uptake (%)
SBR 0.00 0 .00 0 .00 0.00

0.78 0.19 1 .18 0.36

7.50 2.19 9 .31 3 .54

10.09 2.83 10.86 4 .08

NR 0 .00 0.00 0.00 0 .00

1 .29 1 .25 1 .55 1 .61

10 .09 7.59 20.70 15 .56

21 .21 14.16 36.21 23 .23
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Table 4 . Comparison of water uptake, yield by AAm-grafted SBR and NR samples.

Rubber type Additive: Cu(NOs)2 Additives : Mohr's salt
Graftyield (mglcma) Water uptake (%) Graft yield (mg/cm 2) Water uptake (%)

SBR 0 .00 0.00 0.00 0.00
4.14 3.68

0.78 0.72 6.47 5.68
10.09 7.77

NR 0.00 0.00 0.00 0.00
4.91 4.53

1 .55 1 .82 8.02 10.27
16.29 1994

supernated was removed and the number of cells
remaining was counted . Cell attachment to the poly-
mer was determined as:

% Cell remained =

No.of cells remaining in solution after adsorption

No.of seeded cells

RESULTS AND DISCUSSION

Representative results of grafting yield obtained for
the different SBR and NR rubbers used are shown in
Tables I and 2, which indicate that the ability of the
SBR and NR to produce active sites for grafting
decreases with increasing the steric hindrance effect.
The grafting yield also increases with increasing
monomer content up to a maximum. A further
increase in monomer concentration, however, results
in a decrease in graft yield . Although, graft yields for
both monomers follow the same trend, AA is able to
graft more than AAm. As reported previously [5] in

Table 5. Effect of surface grafting upon hardness (Shore A)
of AA-grafted SBR samples .

Graft yield Hardness
(mg/cm2) dry

	

Wet
0.00 51 51

7.50 ' 2 49

10.09 53 50

the absence of inhibitors and with water as solvent,
the graft yield was strongly limited by dominant
homopolymerization . Metallic ions such as Cul+ and
Fe3* were used to suppress homopolymerization and
increase the graft yield.

Swelling Behaviour
It is well known that SBR and NR do not swell
appreciably in water. In our experiments a negligible
amount (less than 1%) of water swelling was measur-
ed, which may be due to hydrophilic impurities
present in the rubbers.
The swelling behaviour of our grafted samples was
investigated by measuring the percentages of water
uptake as a function of grafting yield. Hydro-phobic
NR and SBR polymers are made more hydrophilic
after grafting and water uptake increases with
increased graft yields (Tables 3 and 4). The
representative data provided, closely mimics the graft
yield trends reflecting a simple proportionality
between hydrophilic grafted polymer content and
water uptake . Furthermore, all samples were found to
undergo dimensional changes upon wetting.

Table 6. Effect of surface grafting upon hardness (Shore A)
of AA-grafted NR samples.

Graft yield Hardness

(mg/cm 2) dry

	

Wet

0.00 33 33
20.70 35 28

36.21 39 32
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Table 7. Effect of surface grafting upon tensile strength of
AA-grafted SBR samples.

Graft yield Tensile strength eb

(mgl«n2 ) (MPa) (%)
0 .00 1 .57 75 .8
7 .50 1 .27 71 .2

10 .09 1 .28 67 .5

The results in Tables 3 and 4 show that while
the AAm-grafted samples exhibit an appreciable
amount of water uptake, due to existence of higher
percentages of the hydrogen bonds in AAm, the water
uptake of AAm-grafted samples are still greater than
that for the AA-grafted samples. This is maybe due to
the higher water affinity of pure AAm than pure AA

[7] .

Mechanical Properties

	

.
Hardness (Shore "A") was determined on both dry and
wet grafted samples and it is shown in Tables 5-8 as a
function of graft yield . The results show that the
hardness and rigidity of the both rubbers increase with
increasing the graft yield of the monomers . This is
attributed to the higher penetration of grafting into the
bulk of the vulcanizates, which leads to the increase of
the hardness and therefore extensibility of the samples

[8 , 9]
Direct examination made on the samples show-

ed that the wet samples have a greater flexibility than
dry samples . This indicates that in wet environment
(e .g., in vivo) changes in surface hardness may not be
a problem, as the graft layer is smoother and softer.

Biocompatibility Results
Tables 9 and 10 summarizes the results of biocompat-

Table 8. Effect of surface grafting upon tensile strength of
AA-grafted NR samples.

Graft yield Tensile strength s b
(mg/cm2) (MPa) (%)

0.00 3 .81 772

10.9 4 .11 747

36.21 4 .41 721

Table 9 . Comparison of biocompatibility of SBR and NR
samples modified with AA monomer.

Rubber type Graft yield
(rtrglcm2)

Remained
macrophage (%)

SBR 0 .00 1 .00
7 .50 9.00
9 .31 10.00

10 .08 10 .00
10 .86 11 .00

NR 0 .00 0 .00
10.08 10 .00
20.70 10 .50
36.21 6 .50

ibility tests carried out on both unmodified and
modified SBR and NR rubber vulcanizates grafted
with different amounts of AAm and AA . As explained
earlier, the technique used in this work for the
evaluation of biocompatibility was based on AMs cell
culturing technique. On the basis of the above method,
the lesser the cell attachment and growth, the greater
the biocompatibility of the sample . The percentage of
AMs remaining to the surface of AAm and AA-
grafted SBR and NR samples as a function of the graft
level is shown in Tables 9 and 10 . This indicates that
the number of adherent AMs decreases with grafted
poly(AA) and poly(AAm). This means that at least the
outermost surface of the grafted polymers, in contact
with the aqueous environment, may have a structure
similar to high water-content hydrogels . The grafted
polymer chains may prevent AM from direct contact
with the NR and SBR surfaces owing to a steric

Table 10. Comparison of biocompatibility of SBR and NR
samples modified with Mm monomer.

Rubber type Graft yield
(mg/cm2)

Remained
macrophage (%)

SBR 0 .00 1 .00

6 .47 12 .50
10 .08 17 .50

NR 0 .00 0 .00
6 .50 4.50

8 .02 8.00
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hindrance effect. However, it is likely that excessive
grafting takes place (i .e, graft yield = 32 .21 for AA
monomer), to cause AM to diffuse into the thick
grafted layer region [10, 11] . Thus, these results all
suggest that surfaces with high wettability do not
necessarily have superior tissue compatibility, which
is in accordance with the reports of Johnson [12] and
Ratner [13].

CONCLUSION

The AAm and AA-grafted SBR and NR vulcanizates
indicate an improvement in biocompatibility of the
rubbers . It can be concluded that the increase in graft
yield of AA onto both rubbers does not necessarily
lead to an increase in biocompatibility, despite high
water compatibility.

Although wettability increases with increasing
graft level, this property shows a non-linear
relationship with biocompatibility, particularly for the
samples modified with AA.
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