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In vivo biocompatibility of radiation induced
acrylamide and acrylamide/maleic acid hydrogels
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In vitro swelling and in vivo biocompatibility of radiation induced acrylamide (AAm) and
acrylamide/maleic acid (AAm/MA) hydrogels were investigated. The swelling kinetics of
AAm and AAm/MA hydrogels of are investigated in distilled water, human serum and some
simulated physiological fluids such as phosphate buffer at pH 7.4, glycine-HCI buffer at pH
1.1, physiological saline solution and, some swelling and diffusion parameters have been
calculated. AAm and AAm/MA hydrogels were subcutaneously implanted in rats for up to
10 weeks and the tissue response to these implants was studied. Histological analysis
indicated that tissue reaction at the implant site progressed from an initial acute
inflammatory response characterized. No necrosis, tumorigenesis or infection was
observed at the implant site up to 10 week. /n vivo studies indicated that the radiation
induced acrylamide and acrylamide/maleic acid hydrogels were found to be well-tolerated,
non-toxic and highly biocompatible. © 2007 Kluwer Academic Publishers

1. Introduction in the similarity of their physical properties with those
In modern medicine, commonly used biomaterials orig-of living tissues. This resemblance is based on their
inated from metals, ceramics, carbons, natural tissuegater content, soft and rubbery consistency and low in-
and polymers have shown biocompatibility with blood, terfacial tension with water and other biological fluids.
tissues, cells, etc., in human body [1, 2]. HydrogelsSo, from this viewpoint more hydrophilic hydrogels are
comprise a new family of polymeric materials usedbetter as implants, as long as their mechanical proper-
for the same purpose [3]. Crosslinked hydrophilicties are acceptable [21, 22].
polymers capable of imbibing large volumes of water The hydrogels of both acrylamide and acrylamide
(i.e. >20%) are termed hydrogels [4,5]. A great dealbased copolymer exhibit a very high capability to ab-
of interest upon hydrogels since the pioneering worksorb water, are permeable to oxygen and posses good
of Wichterle some forty years ago [4]. Hydrogels havebiocompatibility [23].
been extensively studied and used for a large number of Alternatively, maleic acid exhibit similarity with the
applications in the medical field as implants [6-8], con-acrylic derivatives, so it can be copolymerized with a
trolled drug release devices [9—-12], for enzyme, proteifarge number of monomers, an it has carboxylic groups
and cell immobilization [13-17], blood-contacting ap- in its molecule which make it highly hydrophilic.
plications [18] and other uses [3, 19, 20]. A hydrogel In our previous works, radiation induced acrylamide
can be defined as a polymeric material that is charadsased hydrogels [24-27] have been studied in adsorp-
terized by its capacity to absorb water, other solventdion of protein [28, 29] and biocompatibility with hu-
and biological fluids [21]. man sera [30, 31], and the influence of amino acids of
The water content in the equilibrium of swelling af- the swelling behaviour [32, 33]. The aim of the work
fects different properties of the hydrogels: permeability,is the use of a novel hydrogel based on copolymers of
mechanical properties, surface properties and biocormacrylamide (AAm) and maleic acid (MA), with capac-
patibility. The utility of hydrogels as biomaterials lies ity of absorbing a high water contentin biocompatibility
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with subcutaneous tissues of rats. AAm hydrogel wassections were stained either in Haematoxylin/Eosin or
non-ionogenic nature, while AAm/MA hydrogel was Mallory-Azan stain. Photomicrographs of the stained

ionic character. sections were taken using a Carl Zeiss Jena MET 2
optical microscope (Germany) fitted with a micropho-

tographic attachment.

Acrylamide and maleic acid monomers were purchased The connective tissue capsules su_rroundlng the im-
from B.D.H. (Poole, UK). The samples of human Seraplants were examined for capsule thickness. The cap-

were obtained from The Blood Bank in Cumhuriyet sule thickness was measured in the optical microscope
University, Turkey using a micrometer scale.

A suitable mass of maleic acid and irradiation doses Schematic diagram of the hydrogel experiment is

for acrylamide and maleic acid was selected by takind)resented inFig. 1.
previous experiments into consideration [24].

2. Experimental

3. Results and discussion

2.1. Preparation of the hydrogels 3.1. Preparation of radiation

One g of acrylamide (AAm) is dissolved in 1 mL of dis- induced hydrogels

tiII_ed water and 40 mg of ”Fa'eic a_cid .(MA) IS ad_ded to When monomers of AAm and MA have beenirradiated
this aqueous solution. This solution is placed in PVC, i 'ionization rays such ag-rays in water, free radi-
straws of 3 mm diameter and |_rrad|ated o 4.65 kGycals are generated. Random reactions of these radicals
in air at ambient temperature in®8Co Gammacell

220 typey irradiator source at a fixed dose rate OfWI’[h the monomers lead to the formation of copolymers

1 ; of acrylamide/maleic acid (AAm/MA). When irradia-
0.72 kGy Ir". Fresh hydrogel rods obtained are Cuttion dose has been increased beyond a certain value

g}g”ﬂﬁc\zztg 2;3 rgrr?elje;}?;?}nTgier yaﬁ;evggjnﬁqd ;Vr']tglthe polymer chains crosslink and then gel is obtained.

stored for further u,se [24] ’ It is reported that gelation dose of polyacrylamide is
' 2.00 kGy at ambient temperature [35]. A total dose of

4.65 kGy is applied for the preparation of AAm/MA

2.2. In vitro swelling studies hydrogels. In dry state, hydrogels gels were hard and

The swelling nature of AAm or AAm/MA hydrogel in glassy, in swollen state, gels were very soft. The hy-

distilled water, human sera, physiological saline (0.89%drogels are obtained in the form of cylinders. Upon

NaCl), isoosmotic phosphate buffer at pH 7.4 and simswelling the hydrogels retained their shapes.

ulated gastric fluid at pH 1.1, (gylicine-HCI buffer)

[34] was studied at 3% 0.1°C to determine the pa-

rameter swelling, swelling rate and diffusion. Swollen3 2 15 vitro swelling

gels removed from the water-thermostated bath at rega fundamental relationship exists between the swelling
ula.r intervals were dr.led superficially with fllte'r' Paper, of 4 polymer in a solvent and the nature of the polymer
weighed, and placed in the same bath. The radii of cylingnq the solvent. Dried hydrogels are left to swell in the

drical gels were measured by a micrometer. some physiologically fluids at 3%20.1°C in a water
bath. Swollen gels removed from the water bath at reg-
2.3. In vivo biocompatibility studies ular intervals are dried with filter paper, weighed and

For implantation study, the animal model used for eval-placed in the same bath. The percentage swefivg
uating the biocompatibility of AAm and AAm/MA hy- is calculated from the following relation [36]:
drogels was Wistar Albino rats, weighing 150-280 g.
Fifty adult male rats were maintained on a standard diet S% = [(m; — mg)/mg] x 100 Q)
and water.

Radiation induced AAm and AAM/MA hydro- \yherem, is the mass of the dry gel at time O amglis
gels were sterilized by UV-rays for one day beforeine mass of the swollen gel at tirhe
implantation. , _ , The phosphate buffer at pH 7.4 (pH of cell fluid,

Rats were anaesthetized with xylazin (Rampun-yasma, edemafluid, synovial fluid, cerebrospinal fluid,
Bayer) and ketamin (Parke Davis Ketalar) and pre-queous humoutears, gastric mucus, and jejunal fluid),
pared for su_rgey_by shaving the_|r abdominal field andglycine—HCI buffer at pH 1.1 (pH of gastric juice), hu-
then scrubbing with alcohol solution. The dry hydrogelsman, sera, physiological saline and distilled water intake
were implanted subcutaneously in the abdominal fields injtially dry hydrogels were followed for a long time.
of the rats and the incisions were sutured. About 10 M&welling curves of AAm and AAm/MA hydrogels are
hydrogel was implanted for each rat at each time pointgpown in Fig. 2a and b, respectively.

Fig. 1a shows that the swelling of AAm hydrogels

2.4. Histological analysis in physiological fluids is higher than in distilled water.
The five rats for each time point were sacrificed peri-The reason of this behavior is the ionic character of
odically at 1, 2, 4, 6 and 10 weeks post-implantation.physiological solutions. lons of physiological fluids
The surrounded tissue of AAm and AAmM/MA hydro- are placed into the pores of hydrogels instead of the
gels were excised and fixed in 10% buffered formalin.molecules of water. Solvated ions of the fluids are
Alltissues selected for optical microscopic studies werecaused to increase swelling of non-ionogenic AAm
embedded in paraffin, sectioned atm thickness. The hydrogel. On the other hand, Fig. 1b shows that the
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Figure 1 The scheme of the hydrogel experiment.
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Figure 2 Swelling curves of the hydrogels in the fluids, (a) AAm,
(b) AAM/MA. A; distilled waterD; physiologic salind®; human serum,
W; gylicine-HCI buffer at pH 1.173; phosphate buffer at pH 7.4.

swelling of AAm/MA hydrogel in distilled water is
higher than in physiological fluids. lons of physiologi-
cal fluids are interacted with carboxyl groups of maleic
acid in AAm/MA hydrogel. So, AAm and AAm/MA
hydrogels in the fluids are swollen in the following
order: Phosphate buffer glycine-HCI buffer> human
sera> saline solution- water, and wates phosphate
buffer > glycine-HCI buffer> saline solutior= human
sera, respectively.

It can be expected that the medical use of the AAm/
MA hydrogel would provide material with a broad
range of swelling owing to the non-ionogenic nature
of the AAm hydrogel [37].

The fluid absorbed by the gel network is quantita-
tively represented by the EFC [38], where:

EFC%= [Mass of fluid in the gel/Mass of hydrogel]
%100 (2)

EFCs of the hydrogels for all physiologically fluids
were calculated. The values of EFC% of the hydrogels
are graphed in Fig. 2. All EFC values of the hydrogels
were greater than the percent water content values of
the body about 60%. Thus, the AAm and AAm/MA
hydrogels were exhibit similarity of the fluid contents
with those of living tissues.

For extensive swelling of polymers, it can be written
following relation [39, 40];

t
—=A4 Bt 3
s = A+ ®)
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110 - initial swelling rate and the values of theoretical equi-
100 s eS §;§;g§ librium swelling of the hydrogels are calculated from
ok gaagm_«g ;“’ ity the slope an intersection of the lines and, are presented
% L ; 7] ; L in Table I.
E*; 3 7% 9 2 9 Table | shows that the values of theoretical equilib-
m7Or S 2 g;é % rium swelling of the hydrogels are parallel the results of
60 4 2 mZ @ swelling of the gels. Swelling processes of AAm/MA
50 [ 2 2 - hydroge_l is quicker tha}n the swelling rate of AAm hy-
a0 - 2 2 7’ - drogels in the body fluids.
1 3 7 ®
or ) ] Lt -
oF | BN zi= [l1% 3.3. Diffusion of fluids
w0l 2 3 2 - The following equation was used to determine the na-
ol : : - ture of diffusion of water and fluids into hydrogels [41]

AAMMA n

Hydrogel F =kt (4)

Figure 3 The values of EFC of the hydrogels in the fluids and rat, and WhereF denotes the amount of solvent fraction at time

the bodyLJ; body, &; distilled water, &3; physiologic saline®; human  t, k is a constant related to the structure of the network

serum,g; in rat, &, gylicine-HCI buffer at pH 1.1]; phosphate buffer and the exponentiai is a number indicative of the type
tpH 7.4. o ; o . L

ap of diffusion. This equationis applied to the initial stages

of swelling and plots of INE) versus In{) are shown

300¢ in Fig. 5a and b. The exponents are calculated from the
- slope of the lines and, are presented in Table I.
20¢F In Table |, it is shown that the values of diffusional
» - exponent range between 0.59 and 0.74. For the hydro-
200 | gels studied here the values indicating the type of
150 F
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Figure 4 Swelling rate curves of the hydrogels in the fluids, (a) AAm,

(b) AAM/MA. A; distilled waterQ; physiologic salind®; human serum,
0; gylicine-HCI buffer at pH 1.1M; phosphate buffer at pH 7.4.

25

Where B=1/S is the inverse of the maximum or Lsoo200 25 300 35 40 4S

equilibrium swelling, A= 1/(dS/dt), is the reciprocal (b)
of the initial swelling rate the gel. The relation repre- Figure 5 Swelling kinetics curves of the hydrogels in the fluids,

sen.ts second order kinetics [39] . (a) AAm, (b) AAm/MA. A; distilled waterQ; physiologic saline®;
Fig. 4a and b shows the linear regression of theéyman serunt; gylicine-HCI buffer at pH 1.1m; phosphate buffer at

swelling curves obtained by means of Equation 3. TheH 7.4.
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TABLE | The parameters of swelling and diffusion of the hydrogels

AAmM AAM/MA
Hydrogel
Physiological Dx10% D x10f/ Dx105%/ D x10f/
Fluid S Kox10? Sq n cm?st emPst S Kox 10 S n cmést  cmPst
Distilled water 630 21.9 6.43 062 5.29 5.74 1800 17.8 19.20 0.74 3.99 5.20
Physiologically 700 18.3 719 061 3.63 4.11 875 20.1 9.00 0.62 492 5.72
saline
Human serum 720 16.4 740 0.64 3.92 4.40 865 18.2 898 0.66 3.63 4.19
Glycine-HCI 780 15.0 8.09 059 453 5.23 875 19.0 9.06 0.67 5.23 5.98
buffer
Phosphate buffer 805 14.2 8.30 059 488 5.59 1130 15.6 11.80 0.65 5.04 6.02

*TheseSq values were obtained from Equation 3.

diffusion is found to be over/R2. Hence the diffusion intrinsic diffusion coefficient for cases where no mass
of the fluids into the hydrogels was taken to be a non-action effects enter [42].

Fickian characteristic. This is generally explained as

a consequence of slow relaxation rate of the polymer

matrix. 3.4. In vivo biocompatibility studies
Diffusion coefficients were calculated from the fol- Inthis part, novel hydrogel based on copolymer of acry-
lowing relation [42]. lamide and maleic acid, with capacity of absorbing a
high water content in biocompatibility with subcuta-
D = 0.049/(t/412)1,2 (5) neous tissues of rats was examined. Fig. 6 shows the

Wistar Albino rat with the subcutaneous AAm/MA hy-
drogel implant. After all implantations, it is seen that
both hydrogels were swelled by absorbing of body fluid,
and were made a lump in the midline abdominal area
of the rats The photographs of hydrogels, before and
after implantation, are presented in Fig. 7.
In Figs 6 and 7, it is shown that AAm and AAM/MA
D=D1-V)® (6)  hydrogels are swelled very high in the rat. After im-
plantation, the hydrogels are retained their cylindri-
WhereV is volume fraction of solvent penetrating the cal shape and color after they were excised from the
polymer by the time defined above [42]. rats.
The diffusion coefficients for AAm and AAm/MA
hydrogels are listed in Table I. If Table | is examined,
it is shown that the values of the intrinsic diffusion 3.5. Histological analysis
coefficient of the hydrogels are bigger than the values ofn the excised subcutaneous tissue surrounding the hy-
the diffusion coefficient of them. Because, Equation 5drogel implants, itis shown that the hydrogels were sur-
gives a measure not only of diffusion but also of therounded by fibrous capsules no including inflammatory
mass flow of the whole system. Equation 6 gives thecells in the all test groups (Figs 8-12).

WhereD in cn? s71, t is the time at which the swelling
is one half the equilibrium valud// V, = 1/2) and| is
radius of swollen hydrogel rods. The intrinsic diffusion
coefficient may be expressed as

Figure 6 Wistar Albino rat showing the implantation site of the hydrogel.
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Figure 8 Light microphotographs of implantation site showing thin fibrous capsule (F), mast cells and lympheaeyt2 Wweek post-implantation
of AAm hydrogel. Original magnificiations: & 40 (Haematoxylin/Eosin), bx 20 (Mallory-Azan).

After one week implantation, no pathology such as After one week implantation of the AAm/MA hy-
necrosis, tumorigenesis or infection were observed irdrogel, it is observed an thin fibrous capsules the sim-
the excised tissue surrounding the AAm hydrogel andlar of the test group of AAm hydrogel (Fig. 11). A
in skin, superficial fascia and muscle tissues in disfew macrophage and lymphocyte were observed in
tant sites. After 2—4 weeks, thin fibrous capsules weréhe fibrous capsule consisting of fibroblast cells and,
thickened. A few macrophage and lymphocyte werea grouped mast cells and lymphocyte were observed
observed in these fibrous capsules consisting of fibrobbetween tissues and capsule in the some samples. After
lasts, and a grouped mast cells and lymphocyte werg—10 weeks, vessel proliferation was observed in the
observed between tissues and capsule in the some saoapsules and surrounding tissues (Fig. 12). No chronic
ples (Figs 8 and 9). After 6-10 weeks, the adverse tissuand acute inflammation, adverse tissue reaction were
reaction, giant cells and necrosis of cells, inflammatoryobserved in the all test groups of AAm/MA hydrogel.
reaction such as deposition of foamed macrophage weie is no determination related to the loss of activation
not observed in the implant site, however, it is observedand liveliness of cells in the capsule cells and in distant
toincreaseinthe collagenfibrils due to proliferation andsites. No pathology were observed in the skin and the
activation of fibroblasts (Fig. 10). tissues of straight muscle in the close to implant sites.

2478



W

W W

&

Figure 9 Light microphotographs of implantation site showing fibrous capsule (F), fibroblast, lymphocyte and macrophagergellsreek
post-implantation of AAm hydrogel. Original magnificiations:»e20, b; x 20 (Haematoxylin/Eosin).

Figure 10 Light microphotographs of implantation site showing fibrous capsule (F) collagen (C) and fibrobim$té (veek post-implantation of
AAm hydrogel. Original magnificiations: & 20 (Mallory-Azan), b;x40 (Haematoxylin/Eosin).

The thickness of the fibrous capsules were measureajpplied to the all constant values of thickness of fibrous
in the optical microscope using a micrometer scalecapsules of the hydrogels, and no significant differences
The means of five measurements for each the samplg > 0.05) was found.
and each time point were calculated. Then, the mean These thickness of fibrous capsule indicated well
thickness of fibrous capsule versus implantation timewithin the critical tissue tolerance range. It was given
were plotted and, are presented in Fig. 13. In Fig. 13by the some reporters that the threshold capsule thick-
it is shown that the thickness of fibrous capsules ar@ess should not exceed 200-2o for an implanted
gradually increased to 6 weeks, and then these valudsomaterial [21]. Our results clearly indicated that
are becomed a constant value. The thickness of fibroubhe capsule thickness of the excised tissue were well
capsule occurred due to AAM/MA hydrogel implant within these stipulated threshold limits. These data cor-
are high from the values of AAm hydrogels. The car-roborated with the biological tolerance of AAm and
boxyl groups on the chemical structure and ionogenicAAm/MA hydrogels observed histologically.
character of AAm/MA hydrogel can be caused to the On the basis of the findings we can conclude that
high thickness of the fibrous capsule occurred due tahe biological response against the tested hydrogels
AAM/MA [43]. On the other hand, Studentdestwas was very similar to the biocompatibility of very low
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Figure 11 Light microphotographs of implantation site showing implantation area (*) and thin fibrous capsule (F) one week post-implantation of
AAmM/MA hydrogel. Original magnificiations: ax3.2, b; x 20 (Haematoxylin/Eosin).

Figure 12 Light microphotographs of implantation site showing implantation area (*) and thick fibrous capsule (F), fibrobkgstsl¢od vessels
(V) and collagen fibrils (C) 10 week post-implantation of AAm/MA hydrogel. Original magnificationsx28) (Haematoxylin/Eosin), bx20
(Mallory-Azan).

swollen of poly(2-hydroxyethyl methacrylate) hydro- been observed in the tissues surrounding the implant
gel, which considered as a biologically inert polymerand in distant sites. The causal link between disease
[63]. However, it is important that the swelling of acry- and the presence of silicone breast implants has not
lamide based hydrogels are very high than the swellinglefinitely established. On the basis the evidence and
of poly(2-hydroxyethyl methacrylate) hydrogels for the public concern, the U.S. Food and Drug Administra-
biomedical uses. tion has banned the use of silicone gel filled silicone

Onthe other hand, itis reported that the literature wadreast implants but has allowed the use of saline filled
replete with controversial evidence linking silicone im- implants [44, 45]. Thus, AAm and AAm/MA hydro-
plants to inflammatory responses as well as other mediels can be used an alternative biomaterials against to
cal disorders. Fibrotic and inflammatory reactions havehe silicon implants.
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22.

4. Conclusion
In this study,in vitro swelling behavior, diffusional
properties, andn vivo biocompatibility of radiation

induced acrylamide and acrylamide/maleic acid hydro2a.

gelswere investigated. AAm/MA hydrogel was swelled

from 865-1800%, while AAm hydrogel was swelled 25
from 630—-805%. The EFC values of the hydrogels were®

greater than the percentwater content values of the body,
about 60%. The fluid diffusion in the hydrogels was
non-Fickian

The biocompatibility studies of AAm and AAm/MA

hydrogels clearly indicated good tissue tolerance for®

subcutaneous implantation up to 10 weeks. These hisg,
tological findings indicated that subcutaneous implan-

tation of hydrogels in rat did not cause any necrosis31.

tumorigenesis or infection at the implant site during
this period. AAm and AAm/MA hydrogels were well
tolerated, nontoxic and highly biocompatible.

33.
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