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ABSTRACT

Surface modification of rubber vulcanizates based on ethylene-propylene terpolymer(EPDM) is carried out by 60 Co-
radiation induced graft copolymerization of N-vinylpyrrolidone(NVP,2-hydroxy.ethylmethacrylate(HEMA)and acrylamide
(MM) using the simultaneous method.The wettability and biocompatibility of the modified samples are evaluated by the
water drop contact angle and cell culturing technique, respectively .Although wettability increases with increasing graft level,
this property shows a nonlinear relationship with biocompatibility, particularly for the samples modified with acrylamide.

On the basis of the technique employed, samples grafted with NVP and HEMA show better cell attachment and
biocompatibility than those modified with AAM .The graft degree of each monomer is influenced by the monomer
concentration and EPDM structural factors .The addition of 1 .0%multifunctional acrylates to the grafting system of each
monomer produced a profound effect on graft degree and biocompatibility of the modified samples.

INTRODUCTION
Attention to polymer surface modification has signific-

antly 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 . These surface
properties include adhesion . wettability, permeability and
biocompatibility . The modification of polymer surface by graft
copolymerization has been found to be a most promising
method in providing polymers with the desired surface
properties.

For example, when a non - wettable polymer is exposed
to blood fluid, an interaction might occur between the cells
and the polymer interface which can result in inflammation
and thrombosis . Platelet adhesion and blood coagulation
might also be enhanced by protein adsorption from blood on
to the surface of the polymer which can lead to thrombosis.
Therefore, a suitable candidate for bioapplication must be
thrombo - resistant.

Following the preparation of biomaterials by radiation
graft copolymerization of hydrophilic monomers such as N -
vinylpyrrolidone (NVP), 2 - hydroxy - ethylmethacrylate
(HEMA) and acrylamide [1- 5] on to the surface of different
polymers possessing good bulk mechanical properties, it has
been possible to improve the biocompatibility and thrombo -
resistancy of hydrophobic polymers . The desorption of
fibrinogen is facilitated by grafting NVP and HEMA on to
silicone rubber films [6] . In a study of blood platelet adhesion
on to the surface of cellulose acetate radiation modified with
HEMA, a gradual decrease in adhesion of platelets with an
increase in graft level was also reported [7] .

Rubbers based on ethylene - propylene (EPR and
EPDM) are widely used due to their excellent bulk mechanical
properties . However, this class of elastomers suffers from low
surface tension, low water compatibility and hydrophilicity.
Using the simultaneous method, we have modified vulcani-
zates based on two EPDM rubbers with low and high
unsaturation, .by gamma radiation induced graft copolymeriza-
tion of HEMA, NVP and AAM . Wettability of the modified
samples and variation with graft degree were investigated by
measuring the water drop contact angle and percent graft -
water content . Biocompatibility of the grafted rubber samples
was evaluated using the Murine fibroblastic cell culturing
method.

EXPERIMENTAL
Materials

Table 1 shows the characteristics of the two different
EPDM rubbers used in this work . NVP, AAM and HEMA
were obtained from Aldrich Chemical Co . NVP was purified
by distillation at 42 .C (1 mmHg) . Purification of AAM was
achieved by recrystallization and HEMA was purified by
passing it through an A1203 column.

Sample Preparation and Graft Procedure

Each EPDM rubber was first masticated in a Haak
internal mixer at 100 C for 5 minutes (60 rpm), and then
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Table 1 : Type of EPDM used

EPDM
TYPE

Diane
Content

Ethylene
Content

Mooney

Polysar (826X)
Vistalon (6505)

3.0 %
Nigh

65.0 %
50.0%

50, ML (1 + 8)100 C
54, ML (1 + 4) 100 C

mixed with 30 phr dicumylperoxide on a two rolled mill at
70`C. Vulcanizate sheets, 19 - 20 mm thick, were prepared
using a compression press at 150 C/min. Vulcanizates were
cut into strips of approximately 1 .5 - 6 .0 cm and then soxhlet
extracted with a mixture of toluene and methanol (50 : 50) for
12 hours . Extracted samples were dried, rinsed with distilled
water and redried . In order to modify the samples, dried and
weighed strips corresponding to each EPDM grade were
immersed in a monomer - solvent mixture and held by
stainless steel springs . In order to retard the homopolymeriza-
tion, 0 .005 M and 1 .0 M solutions of cupric nitrate were used
as the solvent for NVP and HEMA, respectively . In the case
of acrylamide monomer, an aqueous solution of Mohr's salt at
0 .05 M concentration was used as the solvent.

Radiation was carried out in a 60Co - gamma chamber
supplied by the Australian Institute of Nuclear Science and
Engineering (AINSE) . Samples were irradiated for 15 hours
(0 .75 Mrds) at 0 .05 Mrds/hr. After each exposure, the grafted
strips were removed from the tubes, cleaned of external
polymer by rubbing with a sponge soaked in an acetone -
water mixture and then extracted with distilled water for 48
hours . Extracted samples were left in distilled water for 3 days
to measure the graft water content according to the following
equation :

Ww - Wd
%H20 =	 X100

Wd-W,

in which, W,, is the weight of the sample, W d is the weight of
the dried sample and W, is the weight of the sample before
being grafted.

Graft degree was determined as the weight increase per
initial sample area, using the following relation:

AC, - Ws
Graft degree =

S

where S is the initial sample surface area . The grafting of each
monomer was carried out at different monomer concentra-
tions and the effect of the addition of 1 .0% of various
multifunctional activators on the graft degree of each
monomer was also evaluated.

Determination of Water Compatibility and Blocompatlblllty
Wettability and water compatibility of the modified

samples were determined by measuring the contact angle
formed between the water drop and the sample's surface . For
this purpose, three small drops of water were placed at three
different points on the surface of each drop . The contact angle
was obtained by drawing a tangent line to the drop's profile at the
points of contact with the surface of the sample.

Biocompatibility tests were based on the Murine
fibroblastic cell culturing technique . For this type of test, a
material is considered to be biocompatible if it supports cell
attachment and growth . Therefore, the better the attachment,
the better the surface tension of the sample.

Six square shaped samples (approximately 0 .8 x 0.9 cm)
of each sample were washed with distilled water and
methanol, then dried before testing . As the density of samples
was less than that of the tissue culture medium, they were
fixed to the base of a polystyrene multiwell plate (Falcon
plastic) with the aid of a small drop of chloroform . Cells
(NSTC 929) were seeded on top of the squares at a density of
approximately 1000 / cm2 in EMEM media supplemented with
10% fetal bovine serum . These cultures were placed in a CO2

controlled incubator at 37 C for four days and then the media
were decanted. Samples were stained with crystal violet
formation solution . On the basis of this technique,
biocompatibility is considered good if the attachment and
growth of 929 cells from the very low seeding concentration of
1000 cells/cm2 is supported.

RESULTS AND DISCUSSION
Tables 2 - 4 summarize the results for the radiation

graft copolymerization of NVP, HEMA and AAM monomers
onto two different grades of EPDM rubber and also show the
influence of monomer concentration on their graft degree . In
the case of AAM, the concentration was increased only up to
40% as it was not possible to prepare a clear solution at high
monomer concentration. Results indicate that for the three
monomers, graft degree increases with an increase in
monomer concentration. NVP monomer yields a higher graft
degree with the low unsaturated EPDM (Polysar 826 x) than
the highly unsaturated one (Vistalon 6505) . Effects of EPDM

Table 2: Radlatlon graft degree of NVP onto EPDM rubber,
rulcanlzate at different NVPconcentration

Graft

	

Degree mg/sq . cm

Wt% NVP In Grafting System'

EPDM NVP:I120
TYPE 20.0 40.0 80A 20:00.

Polysar 826X 4.2 14.2 24.1 0.19

Vletalon 6505 1 .55 2.8 8.15 0.13

': 0 .005M Cu (NO,)2 Aqueous Solution.
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Table 3: Radiation graft degree of NEMA onto EPDM rubber,
vulcanzate at different NEMA concentrations

Graft Degree mg/sq. cm

wt% HEMA In Grafting System*

EPDM 20 .0 40.0 80.0 HEMA: H2O
TYPE 2050

Polysar 826X 3.7 6.7 29.0 0.46

Vistalon 6505 4.4 12.2 70.0 1 .4

. 1 .0M Cu (NO Aqueous solution.

structural factors on the graftability of these monomers have
been thoroughly investigated by our group and discussed in
another publication [8] . Under all circumstances, Polysar 826
x gave the higher graft level with NVP compared with highly
unsaturated EPDM grades.

Considering the characteristics of these two EPDM
rubbers, it can be concluded that the branched unsaturation in
EPDM rubber imposes a steric hinderance effect on the
approach of NVP monomers towards the radicals formed on
the rubber backbone by radiation . The retarding effect of
unsaturation in EPDM rubber grafted with these three
monomers has been studied separately [9], where it has been
shown that the graft level of these three monomers onto fully
saturated ethylene-propylene rubber (EPR) is three to four
times higher that the amount obtained with Polysar 826 x and
Vistalon 6505 EPDM rubbers.

In Table 5 the amount of water absorbed by the grafted
samples and the effect of graft degree are shown . The surface
of the grafted samples was wettable and showed a rubbery
nature in the wet state . Samples modified with HEMA
absorbed less water compared to those grafted with NVP or
AAM at comparable graft levels . NVP has been reported to
be highly hydrophilic and NVP grafted film could have a water
absorptivity of approximately 55-65%, while HEMA
modified films show approximately a 25-30% water

Table 4: Radiation graft degree of AAM onto EPDM rubber,
vukanlzate at different MMconcentrations.

Graft

	

Degree

	

mg/sq.cm

Wt% AAM In Grafting System*

EPDM 20.0 40.0 80.0 AAM : H2O
TYPE 20.80

Polysar 826X 0 .04 4.7 - 0.0

Vistalon 6505 1 .7 23.5 - 0.0

• 0.05M Mohr's salt aqueous solutin.

Table (5): Percent water absorbed by EPDM vulcanizates
modMed, with NM. HEMA, MM, atvarious graft
dorm

% Graft Water Content

Wt%Monomer In Graft System

Graft Composition 20.0 40.0 80.0

EPDM026X/NVP : Cu (NO a 35.0 51 .0 80.0

EPDMMEMA: Cu(NO~ b 18.5 23.0 29.0

EPDM/MM :Mohr's Salt c 48.0 42.0 -

a) 0.005M Aqueous Solution

b) 1 .0 M Aqueous Solution
c) 0.05 M Aqueous Solution

absorptivity [10, 11] . Covalently crosslinked HEMA has also
been shown to have a lower water permeability coefficient (k)
than covalently crosslinked polyacrylamide [12] . Indeed, as a
biomaterial, the percent water content of grafted samples is
important due to the presence of the large quantity of water in
biological tissues . However, the absorptivity of hydrogels are
not the sole factors in determining their ultimate blood and
tissue compatibility.

Our results demonstrate that although the graft degree
of HEMA onto EPDM rubber increased with increasing
monomer concentration, the surface wettability and percent
water absorbed by the grafted samples did not show significant
change with an increase in HEMA concentration.

Water Compatibility Results
The effect of graft copolymerization of NVP, HEMA

and AAM onto the EPDM's surface tension and its water
compatibility have been evaluated by measuring the contact
angle formed between drops of water and the modified
polymer surface as described before . Tables 6-8 show the
influence of radiation modification on water drop contact
angle obtained for samples based on Polysar 826x and Vistalon
6505 . Also, the change in contact angle by the addition of
1 .0% v/v of different multifunctional acrylates (MFA) into the
grafting systems of each monomer is shown in Tables 9-11.
Contact angle measurement was carried out only for those
EPDM vulcanizates which produced a high graft level with
each of these monomers.

According to the results, the decrease in contact angle
for modified samples compared to unmodified ones reveals
the improvement in hydrophilicity and therefore water
compatibility of EPDM vulcanizates upon radiation graft
copolymerization with each of these monomers . The surfaces
of all modified samples were wettable and water covered the
entire surface of the modified strips when lifted from the
water . Contact angle decreased with increasing graft degree.
This dependency was more significant for the samples
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Table 6: Water drop contact angle (9) of Mstalon ( ) EPDM,
vufanlzed films grafted with (NEMA) at different,
concentration. Dose rate = 0.05Mrd/hr, total dose =
0.75, Mr*

Composition of the
graft system

Contact angle
0 (deg)

Graft degree
(mg/sq .cm)

Unmodified flim 09.0 0.0

HEMA:H 0,20110 (wlw) 80.0 0.5

HEMA: Cu(NO~•, 200 76.5 4.4

HEMA:Cu(NO42 , 40160 77.0 12.2

HEMA:Cu(N0~ , 8020 77.5 77.0

• :1 .0M aqueous solution.

modified with NVP and AAM . In the case of HEMA modified
samples, the contact angle did not show significant change
with an increase in graft level and the samples' water
compatibility decreased by increasing HEMA concentration in
its graft system.

The lower wettability of HEMA modified samples is
consistent with their lower percent water content discussed
previously . This is attributable to the lower water
compatibility of poly (HEMA) compared to poly (NVP) and
poly (AAM) [10-12].

Addition of 1 .O%v/v water insoluble TMPTA to the
graft systems of these three monomers caused a profound
effect on water drop contact angles of modified samples . In
fact, contact angle decreased (water compatibility increased)
by the addition of TMPTA at 20 wt% monomer
concentration . This could be explained by the increase in graft
level and therefore the introduction of more hydrophilic sites
of the monomer onto the rubber surface . However, at 40 wt%
monomer concentration, the contact angle increased upon the
addition of TMPTA. This increase is attributed to the
involvement of a higher ratio of hydrophobic segments of

Table 7: Water drop contact angle (9) of Polymer 626x EPDM,

vulcanized films grafted with (NVP) at different
concentrations, Dose rate = 0.05 Mrd/hr, total
dose = 0.75, MMs.

Composition of the
graft system

Contact angle
0 (deg) a

Graft degree
(mglsq .cm)

Unmodified Mm 90.0 0.0

NVP :H0.20110 82 .5 0.16

NVP:Cu (NO

	

*, 20 :80 75.0 4.2

NVP:Cu(NO

	

, 40 :60 73.0 14.2

NVP:Cu(N0

	

8020 63 .0 _

	

24.1
• : 0 .005M aqueous solution

a: average of three

Table 6: Water drop contact angle (e)of Melon (6505) EPDM,

vulcanized lame grafted with (AAM) at different
concentrations. Dose rate = 0.O0Afrdihr, total dose =
0.75, Ards.

Composition of the

	

Contact angle

	

Graft degree
Graft system

	

oft)

	

(mg/sq.cm)

Unmodified tum 80.0 0 .0

AAM:Mohr's salty
20100

73.0 1 .7

AAM: Mohr's salt
40190

84.5 23.5

'0 .05M aqueous solution

TMPTA on the surface of EPDM rubber. It has also been
reported that the percent water absorbed by silicone rubber
samples grafted with NW and HEMA in the presence of
EGDMP decreased with increasing the concentration of this
accelerator [4].

Blocompadbluty Results
Table 12 summarizes the results of biocompatility tests

carried out on both unmodified and modified EPDM rubber
vulcanizates grafted with different amounts of NW, HEMA
and AAM. As explained earlier, the technique used in this
work for the evaluation of biocompatibility was based on
Murine fibroblastic cell culturing. On the basis of this method,

Table 9: Effect of the addition of 1.0% multifunctional
activator, on water drop contact angle of NVP
grafted films*

Composition of the
gsystem

Contact angle

0 (deg)
Graft degree
(

	

s q	)

NVP :Cu(NO : TMPTA
20:80 :1 .0

65.0 13.0

NVP: Cu (NOS: TMPTA
40: 60:1 .0

73.0 2t0

NVP:Cu (NOS: PEGDMA
20 :80 :1 .0

77.0 4.5

NVP: Cu (NOS: PEGDMA
40:60 :1 .0

68.0 /2.5

MVP: Cu (NOS: ALTA
20:80 :1 .0 81 .0 3 .5

NVP : Cu (NOS : ALTA 78.8 10.5

' Polysar 826x EPDM as substrate
TMPTA = Trimethyloipropane - Triacrylate
PEGDMA = Polyethyleneglycol - Dimethacrylate
ALTA = Alkoxylated-Triacrylate
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Table 10: Effect of the addition of 1.0% multifunctional
activator on water drop contact angle of HEMA
grafted films.

Composition of the
graft system

Contact angle
0 (deg)

Graft degree
(mg/sq.cm)

HEMA : Cu (N03)2 : TMPTA
20:80 :1 .0

67.0 5.0

HEMA : Cu(N03)2 : TMPTA
40 : 60 : 1 .0

70.5 34 .0

HEMA : Cu (N03)2: PEGDMA
20 :80 :1 .0

70.0 5.0

HEMA : Cu(N0 3)2 : PEGDMA
40 :60:1 .0

70.5 20.0

HEMA : Cu (N03)2 : ALTA
20 :80 :1 .0

73.0 4 .0

HEMA : Cu(N03) 2 : ALTA
40 :60 :1 .0

67.0 114.0

Vistalon 6505 EPDM as substrate

the higher the cell attachment and growth, the greater the
biocompatibility of the sample . Therefore, a sample with
better cell adhesion is expected to have higher surface tension,
although there is no linear relationship between these two
properties . All the samples modified with NVP proved to be
hydrophilic and could remain wet for a long period of time.

Cell attachment improved significantly and cells grew
uniformly over the surfaces of NVP grafted samples to form a
monolayer of healthy cells. Cells cultured on the surface of
EPDM samples modified with various amounts of HEMA
showed very good attachment and growth with many densely
packed cells . Samples with lower HEMA graft degree showed
better cell attachment and therefore more biocompatibility.

Previous work carried out to evaluate tissue compatibil-
ity of polypropylene samples grafted with different amounts of
HEMA also demonstrated better compatibility for 0 .7%
HEMA grafted polypropylene compared to the 7.2% HEMA
modified ones as the former stimulated the formation of
smaller tissue layers.

However, the NVP modified EPDM samples showed
more hydrophilicity and better cell attachment than HEMA
grafted films. This is in accordance with the lower percent
water content and higher water drop contact angle obtained
for HEMA grafted EPDM vulcr nizates . The polyacrylamide
grafted EPDM films showed less cell attachment and growth,
especially at high graft levels despite their low water drop
contact angle and therefore good water compatibility.

As indicated in Table 12, no cell growth was observed
for the 23 .5 mg/cm2 AAM grafted samples . This led to the
conclusion that satisfactory biocompatibility is attained for
EPDM rubber vulcanizates provided they are grafted with
either of these monomers to an optimum degree . Generally
speaking, the low grafted EPDM samples displayed more
biocompatibility.

Table 11 : Effect of the addition of 1 .0% mu/tllunctlonal activator,
on the water drop contact angle of (MM) grafted
films.

Composition of the
graft system

Contact angle
0 (deg)

Graft degree
(mg/sq. cm)

AAM : Mohr's

	

salt: PEGDMA
20 :80

	

:1 .0
72.0 3.0

AAM : Mohr's

	

salt: TMPTA
40 :60

	

:1 .0
82.0 6.5

AAM : Mohr's

	

salt : TMPTA
20 :80

	

:1 .0
78.0 3.0

AAM : Mohr's

	

salt : ALTA
20 :80

	

:1 .0
99 .0 . 5 .0

Vistalon (6505) EPDM as substrate

CONCLUSION

For the purpose of improving wettability and
biocompatibility of EPDM rubber, surface modification of
two EPDM grades having different percent unsaturation and
ethylene content was carried out by radiation induced graft
copolymerization with NVP, HEMA and AAM using '''Co -
radiation . The graftability of these monomers towards the two

Table 12: Comparison of blocompatlbifify (cell attachment and
growth) of EPDM vulcanizates modified with NVP,
HEMA, AMM.

Material Blocompatlbiliy description

Control sample Very dense normal monolayer.

Unmodified polysar (826X)
EPDH vulcanlzate.

Patchy weak growth.

(826X) EPDM modified
with NVP (4.2mg/sq . cm)

Good attachment and growth
with complete monolayer.

(826X) EPDM modified
with NVP (14.2mg/sq. cm)

Good attachment and growth
with complete monolayer.

Unmodified Vlstalone (6505)
EPDM vulcanlzate.

Patchy weak growth but exhibit
well formed monolayer.

(6505) EPDM modified

	

Well covered with many giant cells
with HEMA (4.4mg/sq. cm)

	

,denselypackedInsomeareas.

(8505) EPDM) modified
with HEMA (12.2mg/ sq cm)

Patchy with many giant cells
and very dense growth.

(0505) EPDH modified
with AAM (1 .7mg/sq. cm)

Some cell attachment but little
growth.

8505) EPDM modified
with AAM (23 .5mg/sq. cm)

No cell growth at all.
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EPDM rubbers was found to be different as NVP monomer
grafts with the low unsaturated and high ethylene content
Polysar 826x much more readily than Vistalon 6505 . Graft
degree increased by the addition of 1 .0% v/v multifunctional
acrylates into the grafting system of these monomers . The
percent water absorbed by the grafted samples increased with
an increase in graft level and was found to be lower for the
HEMA modified films . Water compatibility of the modified
EPDM samples was evaluated by measuring equilibrium water
drop contact angle . Wettability of the two EPDM rubbers
increased significantly upon modification with these mono-
mers, and the NVP grafted samples showed to be more
hydrophilic . Addition of 1 .0% v/v multifunctional acrylate
(TMPTA) into the grafting systems of these monomers at 20
wt% monomer concentration resulted in a substantial
decrease in contact angle and therefore an increase in water
compatibility.

Biocompatibility was assessed by evaluating the degree
of adhesion and growth of fibroblastic cells cultured on the
surface of modified samples . The NVP and HEMA grafted
EPDM vulcanizates had very good cell adhesion with uniform
growth indicating the improvement of biocompatibility of
EPDM rubber. AAM modified samples showed less cell
growth and at high graft levels no growth was observed . This
led to the conclusion that the increase in graft degree of AAM
onto EPDM rubber does not necessarily lead to an increase in
biocompatibility despite high water compatibility.
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