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Gamma irradiation of aqueous solutions of a synthetic heparinoid polyelectrolyte results in the formation 
of hydrogels, varying in water content and mechanical strength. The equilibrium water content and the 
mechanical strength of the hydrogels are dependent on the initial polyelectrolyte concentration, the 
molecular weight of the polyelectrolyte, the percentage of double bonds in the polyelectrolyte and the 
radiation dose. 

The polyelectrolyte hydrogels do not deplete Antithrombin Ill from blood and there is no activation 
of factor XII according to an in vitro kallikrein generation test. However, in a very sensitive test for factor 
XII activation (contact promoted shortening of the thrombotest) a slight activation of this factor was 
observed. 
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In this paper data will be given about the synthesis and 
the biological activity of polyelectrolyte hydrogels, 
prepared by irradiation of aqueous polyelectrolyte 
solutions. 

A hydrogel is defined as a slightly or moderately 
crosslinked polymer, which has the ability to swell but 
not to dissolve and retain a significant fraction of water 
in its structure’. Various types of hydrogels have been 
developed for biomedical applications. Among these 
synthetic hydrog$ls, polyfhydroxyethyl methacrylate)2-5, 
polyacrylamide and polyvinyl alcohols” are most 
widely used for the good biocompatibility, and high 
water permeability, the characteristics desirable for 
enzyme support and for the controlled release of drugs, 
exhibited by the gels. Many of these hydrogels have 
also shown promise for cardiovascular applications’5. 

The relationship between the equilibrium water 
content of these gels and their interaction with blood 
has been the subject of much speculation and of 
extended investigation. The equilibrium water content 
of the gels depends on several parameters, among 
which are the crosslink density and the nature and 
number of the hydrophilic sites in the macromolecular 
matrix”. 

In a number of studies platelets were found to be 
relatively non-adhesive to hydrogels*15, and using the 
vena cava ring test results were obtained varying from 
fair to outstanding’G’8. However, the renal embolus 
test indicated that hydrogels are 
thromboembolic’5”g. 

generally 

The majority of the hydrogels are prepared by the 
radiation technique 2@23. The formation of crosslinked 
gels under irradiation was first studied in the case of 
water-soluble polymers by Alexander and Charlesbyz2. 
The use of radiation has certain advantages, like the lack 
of heat treatment, and absence of additives and 
catalysts. A review of the applications of ionizing 
radiation processing for the preparation of biomaterials 
is given by Hoffman2’. 

The result of irradiation can be, that side chains or 
hydrogen atoms are split off from the polymer (direct 
action). The radicals formed on adjacent chains can 
combine to give a covalent bond, thereby linking the 
polymer molecules20~23. A point is soon reached at 
which an incipient closed network is formed (gel) and 
this completely transforms the physical properties of 
the material. Degradation may also occur and contrary 
to the radiation-induced crosslinking, polymer degrada- 
tion takes place by scission of bonds in the main chain. 
The radiation-induced crosslinking or degradation, 
appears to depend on the chemical structure of the 
polymers, but although a large number of polymers 
show both effects, usually one or the other predomin- 
ates. 

When aqueous solutions of polymers are irradi- 
ated the energy is also captured by the water molecules 
causing chemical changes. The products formed are: 
eeaq, OH’, H’, HP, H202 and H30+ 24. These products can 
also react with and modify the polymer molecules 
(indirect action), resulting in a crosslinked network. 

In previous publications we reported the prepara- 
tion of a water-soluble polyelectrolyte, derived from 
cis-1 ,Cpolyisoprene, having anticoagulant activity253’. 
This polyelectrolyte consists of the following structural 
units: 

CH3 

- CH,- C = CH - CH,- 

CH3 CH3 

-CH,-C-CH--Hz-- 

I I 
-CH=C-CH-CH2- 

HN COONa c=o 

I I 
SO,Na NH2 
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The polyelectrolyte resembles heparin in many 
respects26,30,3’. Like heparin the polymer can be linked 
ionically to polymer surfaces by means of an adsorptive 
coupling agent, e.g. tridodecylmethylammonium chlor- 
ide (TDMAC)32Z33. Polymer surfaces, coated with the 
TDMA-polyelectrolyte complex showed reduced platelet 
adhesion, when exposed to freshly drawn human 
blood34. However, like the TDMA-heparin coatings35, 
these coatings were not stable in plasma and phosphate 
buffered saline and loss of polyelectrolyte from the 
surface occurred3’. 

Using gamma-irradiation it was possible to attach 
low molecular weight polyelectrolyte covalently onto 
silicone rubber36 and to crosslink high molecular weight 
polyelectrolyte on the surface and in the pores of a 
polystyrene resin . 36,37 In vitro experiments with human 
and canine blood showed that the coated surfaces 
showed less platelet adhesion than the uncoated ones. 

In consequence the effect of irradiation of 
aqueous solutions of the polyelectrolyte was also 
studied. It was observed that crosslinking had occurred 
by irradiation resulting in the formation of hydrogels. 
These hydrogels may have some very interesting 
properties because they consist of a cross-linked anti- 
coagulant and water. 

EXPERIMENTAL 

Hydrogel preparation 

The polyelectrolytes (PLE-A, PLE-B and PLE-C) 
were prepared according to a method described be- 
fore25-28,31. The starting material was cis-lfi-polyiso- 
prene (Cariflex 307, Shell, m” = 270 000, ti,.Jnll, = 5.3). 

In a nitrogen atmosphere a solution of cis-I,& 
polyisoprene in toluene was added, at room tempera- 
ture, to a stirred solution of chlorosulphonyl isocyanate 
(CSI) in toluene [molar ratio CSI: isoprene = 3: 1 (PLE- 
A), 1.5 : 1 (PLE-B) and 1 : 1 (PLE-C)]. Polyelectrolytes were 
synthesized from the CSI adducts by hydrolysis with a 
sodium hydroxide solution at 100°C. The polyelectro- 
lytes were purified by dialysis against distilled water for 
three days, followed by freeze-drying of the solutions. 

Glass tubes, filled with polyelectrolyte solutions 
were irradiated with “‘Co gamma radiation, at a dose 
rate of approximately 0.2 Mrad/h (Interuniversity Reac- 
tor Institute, Delft or Gammaster, Ede). In some cases a 
crosslinking agent N,N’-methylene bisacrylamide, was 
added to the polyelectrolyte solution. Unless otherwise 
indicated, solutions were not degassed. 

After irradiation the hydrogels were treated with 
0.16 M sodium chloride until equilibrium swelling was 
attained at room temperature for 24 h (25 ml of sodium 
chloride solution 2 g hydrogel). 

Methods of characterization 

Elemental analyses were performed by the Organic 
Chemical Institute, TNO, Utrecht. The absolute error in 
the weight percentages of the elements was 0.2%. 

Possible leakage of polyelectrolyte from the hyd- 
rogels was measured spectrophotometrically with the 
aid of the cationic dye Azur A36,38 at a wavelength of 
620 nm. 5 ml of Azur A solution (c = 8 mg/mI, pH = 7.5) 
was added to 0.5 ml of sample. Azur A forms a purple 
coloured complex with the polyelectrolyte, which partly 
precipitates from the solution. After removal of the 
precipitate by centrifugation the extinction was mea- 
sured and a calibration curve constructed. 

The mechanical strength of the swollen gels was 
measured with a modification of a Durometer (ASTM 
designation D 2240-64 T) and a Penetrometer (ASTM 

Figure 1 Apparatus for the determination of the mechanical 
strength of the hydrogels. (1) needle and plunger; (2) teflon 
holder; (3) test specimen container. 

designation D 1321) (Figure 1). In the tests a needle with 
a sharp point, 10 mm long x 1 mm diameter was 
connected to the end of a 50 mm long plunger. The total 
weight of plunger and needle was 1.0 g. The plunger 
can fall through the teflon holder without appreciable 
friction. The penetration of the needle in the hydrogel 
was followed with the aid of a cathetometer. The 
weight, necessary for complete penetration of the 
needle in the gel, within 30 s was measured by 
increasing the weight of the plunger in steps of 0.5 g. 
For biological activity measurements the gels were 
crushed by pressing through a syringe with an out- 
stream diameter of 1 mm. The kallikrein-generation test 
and the thrombotest were carried out with gel suspen- 
sions (crushed gels four times diluted with 0.16 M NaCI). 

The adsorption of Antithrombin III (AT Ill) by the 
gels was studied with the Rocket immuno elec- 
trophoresis technique of Laurel13’. To 1 ml of crushed 
gel 2 ml of titrated human blood was added. After 
incubation during 1 h at 37°C the mixture was centri- 
fuged. The AT III content of the supernatant plasma was 
determined. Blank experiments were carried out with 
0.16 M NaCl instead of the crushed tels. 

The kallikrein-generation test4 ,41 and the contact 
promoted shortening of the thrombotest (CPS- 
thrombotest)42 were used to explore the ability of the 
gels to activate factor XII. 

The kallikrein-generation test. 100 ,ul of titrated human 
plasma and 100~1 of gel suspension were mixed 
and incubated for 15 min at 0°C. After the incubation 
time the mixture was centrifuged and from an aliquot 
of the supernatant the activity of the generated kalli- 
krein was measured on the kallikrein specific synthetic 
substrate ct-N-benzoyl-L-proline-L-phenylalanine-L-argi- 
nine-p-nitroaniline (PPAN). 

3 ~1 of the supernatant was added to 200 ~1 buffer 
(0.1% Carbowax, 0.1% polybrene, pH = 7.9, I = 0.15, 
T= 37°C). to which 40 ~1 of PPAN solution (1 mM) had 
been added just before. After mixing, the absorption of 
p-nitroaniline was measured with a Unicam SP 1800 UV 
spectrophotometer, at a wavelength of 405 nm. The 
generated activity was compared with the activity of the 
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blank (0.16 M NaCI) and the one generated spon- 
ta_neously with a solution of dextran sulphate 
(M, = 500,000, 25 pg/ml). The latter causes a 100% 
conversion of prekallikrein into kallikrein. In cases where 
no kallikrein generation was observed, 100 ,ul of the 

Table 2 Calculated composition of polyelectrolytes (mol frac- 

tions) 

PLE &Ha C6H9NS05Na2 C,HSNO HZ0 molar ratio c/b 

(a) (b) (c) (d)* CSVisoprene 

dextran sulphate solution was added to the piasma/gel PLE-A 0.31 0.59 0.10 1.66 3.0 0.17 

mixture, as a control for the possible adsorption of PLE-B 0.53 0.32 0.15 1.07 1.5 0.47 

factor XII and/or (pre)kallikrein by the hydrogels. PLE-C 0.59 0.22 0.19 0.60 1.0 0.86 

The CPS-thrombofest. 200 ~1 of titrated human plasma 
was incubated during 24 h with 200 ~1 of gel suspension 
at 0°C. As a control the experiments were also carried 
out with 0.16 M NaCl and with a dextran sulphate 
solution (3.3 llg/ml). After the contact time the mixture 
was centrifuged and clotting times were measured with 
a clot-timer (Schnitger and Gross): to 100 ~1 of super- 
natant (37°C) 200 PI of thrombotest (TT) reagent 
(T = 37°C) (Nyegaard, Oslo, Norway) was added. 

RESULTS AND DISCUSSION 

Hydrogel formation 

Irradiation of polyelectrolyte solutions resulted in the 
formation of hydrogels, the properties of which were 
markedly dependant on the composition of the initial 
polyelectrolytes. 

Tab/e 7 shows elemental analyses of the starting 
polyelectrolytes and of H-PLE-A after y-irradiation. From 
these data it can be calculated that irradiation of a 
solution of polyelectrolyte PLE-A with 15 Mrads resulted 
in an increase of the C/N ratio of 6% and of the N/S ratio 
of 3%, respectively. 

Elemental analyses of a large number of polyelec- 
trolytes, derived from cis-l,&polyisoprene, indicated 
that they are composed of unreacted isoprene units 
(&He), water and the following structural units: 

-CH&CH-CH,- 
I I 

-CH=A-CH-CH,- 
I 

NH COONa C-0 

NH2 

( C,H,NS05Na2 1 

In Table 2 the calculated compositions of the 
polyelectrolytes PLE-A, PLE-B and PLE-C are shown. 

The decrease of the molar ratio of chlorosulphonyl 
isocyanate to isoprene units from 3.0 to 1.0 showed that 
polyelectrolytes had been formed with higher percen- 
tages of double bonds and lower percentages of 
structural units b, going from PLE-A to PLE-C. It is 
probable, that the decrease of the CSVisoprene molar 
ratio had resulted in the formation of polyelectrolytes 

Table 1 Elemental analyses of the poly- 
electrolytes 

PLE-A PLE-B PLE-C H-PLE-A’ 

c 33.33 43.62 45.17 35.99 
H 5.86 7.06 6.69 5.35 
N 4.71 4.32 3.95 4.79 
s 9.19 6.73 4.90 9.14 

’ H-PLE-A; a solution of PLE-A in water 
(c = 10 g/100 ml) was irradiated with 
15 Mrads, followed by freeze-drying of the 
gel. 

* mol/mol polyelectrolyte 

with a higher molecular weight, since less chain scission 
will occur, when a lower excess of CSI is present in the 
reaction mixture2’. The variation in chemical composi- 
tion and in molecular weight of the polyelectrolytes had 
an effect on the solubility in water: Solutions with a 
concentration of 10 g/100 ml were slightly viscous (PLE- 
A), viscous (PLE-B) or were gels (PLE-C). 

Upon irradiation of the polyelectrolyte solutions, 
gas bubbles were formed and also with the freeze- 
thawing procedure of Peppas and Merrill” the forma- 
tion of gas bubbles (probably hydrogen formation) 
could not be avoided. 

Solutions of PLE-A were irradiated with 3.5, 10 
and 15 Mrads and the initial polyelectrolyte concentra- 
tions were 5, 10 and 20 g/100 ml, respectively. In figure 
2 the relation between the initial polyelectrolyte concen- 
tration ([PLEIo) and the equilibrium water content of the 
irradiated polyelectrolytes is shown, after swelling in 
0.16 M NaCI. 

To some of the polyelectrolyte solutions N,N’- 
methylene bisacrylamide was added as a crosslinking 
agent (molar ratios of crosslinker/double bonds in the 
polyelectrolytes were 0.01, 0.02 and 0.1, respectively). 
Since the presence of a crosslinker seemed to have only 
a slight influence on the equilibrium water content of 
the hydrogels (see curves l-4 (15 Mrads) in Figure Z), 
for 3.5 and 10 Mrads only one (mean) curve is given, 
representing experiments with different concentrations 
of crosslinker. From the graphs in Figure 2 it can be 
concluded that the equilibrium water content of the 
hydrogels decreases by using higher radiation dose and 
higher initial concentration of the polyelectrolyte. The 
dependance on radiation dose seems to be most 
pronounced at higher concentrations. 

In order to obtain more information about the 
effect of the initial concentration on the equilibrium 
water content of the hydrogels, more concentrated 

-+ 10 Mrads 

20 

Figure 2 Equilibrium water content of swollen hydrogels H- 
PLE-A versus initial polyelectrolyte concentration. Molar ratio 
crosslinker*/double bonds in the polyelectrolyte: 0.00 fl), 0.01 
(4), 0.02 (3) and 0.1 (2). Bars indicate standard deviation. 
* N,N’-methylene bisacrylamide. 
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Figure 3 Equi/;briu~ water content and mechan~cai strength 
of hydrogels H-PLE-A versus initiai pofyeiectrolyte concentra- 
tion. Radiation dose 10 Mrads. 

solutions had to be studied. However, the maximum 
concentration in which PLE-A can be dissolved in water 
is 20 g/100 ml. In order to decrease the water content of 
the polyelectrolyte solutions, water was evaporated 
from the solutions in a vacuum desiccator. In FQure 3 
the initial polyelectrolyte concentration, the equilibrium 
water content end data about the mechanical strength 
of the hydrogels are shown. 

The weight of a plunger in grams, necessary for 
the complete penetration of a needle in the hydrogel 
within 30 s, was used as a measure of the mechanical 
strength of the hydrogels. The low mechanical strength 
of the hydrogels prevented use of the Durometer (ASTM 
designation D 2240-64T) and the Penetromater 
(ASTM D 1321). The presence of gas bubbles in the 
hydrogels also prevented the latter, therefore a lighter 
plunger and a shorter needle were used in our 
apparatus. 

It can be concluded from the data in Figure 3 that 
decreasing the equilibrium water content of the hyd- 
rogels, generally leads to stronger gels, as was ex- 
pected. A maximum in the mechanical strength was 
found at an initial polyele~rolyte concentration of 
20 g/l00 ml. A further increase of the initial concentra- 
tion resulted, after irradiation with IO Mrads, in hyd- 
rogels with lower mechanical strength. This result can 
be explained by a decrease in the indirect action in more 
concentrated polyelectrolyte solutions. In the solvent 
(water) less hydroxyl radicals are formed to contribute 
to the crosslinking of the polymeric chains. Similar 
observations have been reported by Peppas’, who 
found that diluted polyvinyl alcohol solutions lead to 
more densely crosslinked materials than concentrated 
ones, using the same radiation dose. Also the high 
viscosity of the more concentrated polyelectrolyte 
solutions might have a negative influence on the 
crosslinking, because of the lower mobility of the 
radicals and polymeric chains. 

With the aim to increase the strength of the 
hydrogels, solutions of polyelectrolytes with a higher 

92- 

m mol double bonds/g 

Figure 4 ~qo;iibr;um water content and mechanical strength 
of hydrogels H-PLE-A, Ii-PLE-B and H-PLE-C versus the amount 
of double bonds in the polyelectroiytes. IPLf-XI0 = IO g/ 
100 ml, radiation dose 15 Mrads. Initial poiyelectrofyte solu- 
tion: PLE-A:si. viscous, PLE-B: viscous, PLE-C:gel. 

percentage of double bonds were irradiated (PLE-B and 
PLE-C). Aqueous solutions of PLE-B, PLE-C, and in 
addition PLE-A for comparison, with a concentration of 
lOg/lOO ml, were irradiated with a total dose of 
15 Mrads. From the hydrogels the equilibrium water 
content and the mechanical strength were determined 
~Fjgure 41. 

Irradiation of a solution of PLE-B with 15 Mrads 
resulted in the formation of a hydrogel with a lower 
water content and a higher mechanical strength, than a 
hydrogel prepared from PLE-A under the same reaction 
conditions. Because there is a higher percentage of 
double bonds in PLE-B, the polyelectrolyte will be more 
sensitive to the indirect radiation action, resulting in a 
more crosslinked network. A further increase in un- 
saturation (PLE-C) resulted in a hydrogel with a higher 
equilibrium water content and a lower mechanical 
strength. This can be explained as due to the high 
viscosity of the initial solution, leading to a low mobility 
of the radicals and polymeric chains. 

Release experiments 

The experiments with Azur A showed that during 
equilibration and standing for 8 weeks, less than 1% of 
the polyelectrolyte could be detected in the supernatant 
([PLE-Al,, = 5 g/100 ml, dose 15 Mrads). When 10 g of a 
swollen gel, [PLE-Alo = 10 g/100 ml, dose 15 Mrads, 
equilibrium water content 93.9%, were brought into 
contact with 1 ml of 0.16 M NaCl solution less than 
5. 10m3 mg of polyelectrolyte was present in the sodium 
chloride solution after standing for 1 h at 37°C and 24 h 
at 0°C. 

Biological activity 

The kallikrein-generation test, developed by KIuft40*0’, 
was used to explore the ability of the gels to activate 
factor XII. When factor XII becomes activated by a 
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Table 3 Antitbrombjn ill adsor~i~o~ and activation of factor Xlt 
bv the hvdroaets F XII PPAN 1 

:craign______________ Kollikrein ________ 

surface 

&___-_--__- 4 
P- nitrooniline 

Prekallfkrein + 

tripeptide residue 

~ 
Scheme 1 Representation of rhe kailikrein-generation test. 

hydrogel, subsequently prekallikrein is activated by 
factor XII, (see scheme ?I, resulting in the formation of 
kallikre~n. The test is carried out at 0°C to prevent 
inactivation of the formed kallikrein by plasma inhibi- 
tors. 

Activation of factor XII was also studied using the 
contact promoted shortening of the thrombotest (CPS- 
thrombotest) . 42 When factor XII is activated by a foreign 
surface, factor VII, from the extrinsic pathway, changes 
into factor VII*. This factor can be activated more rapidly 
than factor VII itself. Factor VII” is stable at 0°C. In this 
way factor VII* can accumulate without loss of activity 
at 0°C. This mechanism has been studied extensively by 
Gjrannaess42. This principle was applied to detect the 
ability of the hydrogels to activate factor XII, since it was 
known that the contact promoted shortening of the 
thrombotest is about 2&100 times more sensitive than 
the kallikrein-generation test (Kluft et a/., unpublished 
results). 

When after a certain incubation time, a shortening 
of the clotting time of the plasma is observed this will 
be an indication for the formation of factor VII* which 
on its turn is an indication for the formation of factor 
XII, (see scheme 21. The adsorption of AT Ill by the 
hydrogels was studied by immunochemical assay 
according to Laurel13’ . tn the supernatant after incuba- 
tion of the gels with titrated blood. The results of the 
biological activity measurements are shown in Table 3. 

The polyelectrolyte hydrogel derived from PLE-A 
does not deplete AT ill from blood. The finding of AT Ill 
percentages of more than 100% is the result of dilution 
of the blood with the gel, which is not identical to 
dilution with buffer as control (100%). It demonstrates 
clearly that AT III was apparently not able to penetrate in 
the matrix of the hvdroaels H-PLE-B and H-PLE-C within 
the incubation time of ih. 

r 

f 

F XII 

:oreign --__- 
urfoce 

t 
F XII 

I Q 
I Fibrinogen 
I 

F VII ’ rF VII’ , c F “Ii0 --------- 

ThrombSpiostin 
i 

Fibrin 

cc++ (TT reagent) 

Scheme 2 The principle of the contact promoted shortening 
of the rhrombotest. 

Hydrogel equil. AT Ill kallikrein- CPS-thrombo- 
water l % I aeneration test (n = 4 * sd) 

cont. (%I ~’ T%, bed 
1 (ltO.4%) 2 3 4 5 

H-PLE-A 93.3 96 0.4 92 16.5 * 1.5 
H-PLE-B 91.0 153 0.9 46 20.9 * 1.7 
H-PLE-C 93.2 123 0.5 60 17.4 z!z 1.1 

1 solutions of PLE-X of 10 g/100 ml were irradiated with 

15 Mrads, followed by equilibration with 0.16 M NaCI. 
2 residual AT Ill content of blood after incubation with gels, 
relative to blank experiment with 0.16 M NaCt (=lOO% AT Ill). 
3 % of maximal kallikrein generation (gel). 
4 % of maximal kallikrein generation (gel + dextran sulphate). 
5 CPS-thrombotest with: dextran sulphate 14.9 rt 0.6 

0.16 M NaCl 36.9 zt 4.6 

It is interesting to note that the polyelectrolyte 
PLE-A in aqueous solution acts as an antithrombin- 
cofactor, as has been reported previously26. It will be 
investigated in a subsequent study whether the hyd- 
rogels sufficiently have retained or whether they have 
lost this heparin-like action. With the kallikrein- 
generation test it was found that the gels do not activate 
factor XII, despite the prolonged activation time used in 
the test. With the hydrogels H-PLE-B and H-PLE-C the 
maximal kallikrein activity was not found after the 
addition of dextran sulphate to the plasma/gel mixture. 
This means that the hydrogels H-PLE-B and H-PLE-C 
adsorb factor XII and/or (prejkallikrein to some extent. 
With the more sensitive CPS-thrombotest, however, for 
all hydrogels activation of factor XII could be demons- 
trated. Using this test it is still possible to measure the 
effect of 25 ng/ml dextran sulphate in contrast to the 
kallikrein-generation test, which has a detection limit of 
about 0.5 yg/ml. 

From the results presented in this article it can be 
concluded that by irradiation of the polyelectrolyte 
solutions, hydrogels can be prepared with varying water 
content and mechanical strength. 

The strength of the gels is directly related to the 
equilibrium water content of the hydrogels. Most of the 
gels are rather weak, but it is possible to improve the 
mechanical strength considerably by choosing the 
proper conditions. 

measurements of biological activity using the very 
sensitive CPS-thrombotest indicated a low potency for 
activation of factor XII, which could not be observed in a 
kallikrein-generation test. Added to the fact that the 
hydrogels do not deplete AT III from blood, these 
hydrogels are to be considered promising biomaterials. 
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