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Abstract The aim of this work was to develop novel polyvi-
nyl alcohol (PVA) and polyethylene glycol (PEG) blends
hydrogels via solution casting technique followed by y-
irradiation technique to crosslink and form a hydrogel material
that contains a certain amount of water when the solution
polymer was exposed to y-radiation at a small dose rate at
ambient temperature. The formation of the PVE: PEG cross-
linked structure was confirmed by Fourier Transform Infrared
Spectroscopy (FTIR) measurement. The degree of swelling
increased with increases in PVA content in the PVA-PEG
mixed gel. The drug released from the gel material was exam-
ined using drug model sodium sulfate. The drug release be-
havior from the hydrogel networks was influence by the PVA-
PEG ratio in the hydrogel preparation. The released amount
was influenced dramatically by the ratio of PVA in the initial
feed. The kinetic of the drug released from the hydrogels in
general was a non-Fickian diffusion type (anomalous) mech-
anisms, whereas the process is moderately affected by the
viscoelastic relaxation of the chains through water penetration.
The thermal stability behavior of the hydrogel was demon-
strated by thermo-gravimetric analysis (TGA), the tensile
strength and compressive strength were found to be increased
with increasing PEG content under induced <y-radiation.
Furthermore, biodegradability of the PVA: PEG polymer
blends were estimated in phosphate buffer solutions (PBS)
under different pH values and enzymatic solution at pH 7.4
through weight loss monitoring. The results indicated that the
biodegradation was increased as a function of PEG content
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decreased. The gamma ray crosslinking of the PVA: PEG
blend hydrogel can be a good candidate for applications in a
drug career.
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Introduction

Hydrogels are hydrophilic macromolecular networks that are
physically or chemically cross-linked, which allows the struc-
tures to swell in an aqueous environment and have been ex-
tensively applied in different application fields from intelli-
gent carriers in controlled drug delivery systems to tissue en-
gineering approaches [1-3]. Polyethylene glycol (PEG) is a
hydrogel that has highly swollen biocompatible matrices and
is approved by Food and Drug Administration (FDA) material
with varied uses in the pharmaceutical and medical fields [4].
Its biocompatibility, tendency to absorb water, and flexibility
make it one of the most widely used synthetic hydrogels.
Additionally, PEG hydrogels have been used as drug carriers
[5, 6]. Poly (vinyl alcohol) (PVA) must be cross-linked in
order to be useful for a wide variety of applications, specifi-
cally in the areas of medicine and pharmaceutical science.
PVA exhibits inferior mechanical properties, which can be
improved by blending with other mechanically relative strong
polymers. A wide range of materials properties can be obtain-
ed by merely changing the blend composition. Hydrogels
based on PVA/PEG create unique opportunities to control bio-
degradability for biomedical and pharmaceutical applications
[7], due to the advantages of the nontoxic, non-carcinogenic,
and enhanced thermal stability of the hydrogel that indicate
both PVA and PEG are cross-linked through a hydrogen bond
(Fig. 1) [8, 9]. In general, the irradiation of polymer blends is a
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useful technique to crosslink or degrade the desired compo-
nent polymer or to fix the blend morphology through free
radical formation at the boundary surface in the polymer blend
phase [10]. However, chemical cross-linked hydrogels have
ionic or covalent bonds between polymer chains, and some of
the crosslinking agents have proved to be toxic and give un-
desirable reactions [11]. In the radiation technique, the absorp-
tion of energy by the backbone polymer initiates the free rad-
ical process and the number of free radicals depends on the
dose rate of the radiation [12, 13]. This has been known as a
clean technique, because it does not require any extra sub-
stances, does not leave undesirable residues, and does not
require any further purification.

In recent years, there has been increasing interest in the
synthesis of oral drugs in controlled-release pharmaceutical
forms that allow once or twice-a-day dosage administration.
Gamma irradiation has several advantages over conventional
curing processes: ) no catalyst or additives are needed to
initiate the reaction; II) the initiation is homogenous through-
out the system; III) it can be performed at any temperature and
be interrupted at a chosen reaction time; IV) the polymer can
be analyzed at selected reaction stages; and V) the temperature
during reaction initialization is maintained in contrast to high-
ly exothermic curing without irradiation. In addition, the
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gamma irradiation applied to polymers causes three different
processes: chain scission, crosslinking, or grafting. These pro-
cesses are dependent on the nature of irradiation, the chemical
nature of the polymer, and the applied dose [6, 14]. Many
researchers have investigated the properties of PVA-based
hydrogels for application in the biomedical field. In a study,
Noubh etal. [15] prepared PVA/PEG copolymer irradiated with
gamma irradiation at a low dose range (1.5 to 20Gy). Their
results led to enhancements of the crosslinking mechanism
that resulted in an increase in the average molecular mass. In
another study, Park et al. [16] reported the effects of PEG
addition on the PVA-based hydrogel by gamma ray. They
concluded that the thermal and mechanical properties in-
creased with PEG concentration. Machado et al. [17] prepared
different hydrogels from two aqueous solutions of PVA (15
and 20 mass/mass %) by chemical reactions using citric acid
as a cross-linking agent and by electron beam (EB) irradiation
with doses from 25 to 100 kGy. Their main approach was to
development a new material to be used as artificial articular
cartilage. From their obtained experimental results, it can be
summarized that the PVA hydrogels produced by the irradia-
tion cross-linking process have lower water absorption capac-
ity, better mechanical properties, and higher thermal stability.
In this work, the gamma radiation technique was used to
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synthesize a hydrogel network by crosslinking polyvinyl al-
cohol and polyethylene glycol blends ratios. The swelling
behavior of the produced hydrogel and the controlled release
kinetics of the drug model were investigated and the thermal-
mechanical properties of the PVA-based hydrogel were im-
proved for applications in drug delivery.

Experimental
Materials

The polyvinyl alcohol (PVA) sample used in this study was
purchased from the Sigma Aldrich Company. The poly-
ethylene glycol (PEG) was supplied by Sigma Aldrich
Co. and was used as received. The sodium sulfate
(Riedel, Germany) was used without any purification.
Doubly distilled and de-ionized water was used in the
swelling and release studies.

Synthesis of hydrogel materials by ~y-irradiation

Irradiation was held using the source of irradiation 60 Co
cobalt y-rays. The polymer blends of PVA/PEG have been
prepared by the solution casting technique with 20:80,
50:50, and 80:20 weight ratios in 10 ml distilled water. The
polymer solutions were then mixed with continuous stirring
until complete miscibility and were subsequently cast onto
glass dishes to form films with a thickness of ~0.4 mm.
After drying the cast films was repeated by heating the poly-
mer solutions at 60 °C several times to ensure complete mis-
cibility between the two polymers. Irradiation was done at
25 °C with y-rays at a dose rate of 10 kGy/h for various
periods of time. Irradiated samples were kept in the sealed
ampoules at 25 °C for at least a week to decay the radicals
completely and dried in vacuum before the properties were
measured. The total dose of 25 kGy at a dose rate of 10
KGy/h was used to produce a hydrogel crosslink material
[16].

Analytical techniques
Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectrometry was carried
out on a Perkin-Elmer Spectrum 2000 FTIR with an attenuat-
ed total reflectance (ATR) crystal accessory (Golden Gate).
All spectra were calculated by means of 5 individual scans
at 2 cm ! resolution in the 5004000 cm " interval with cor-
rections for atmospheric water and carbon dioxide.

Degree of swelling

The swelling ratio of the PVA/PEG: 20:80, 50:50, 80:20 were
carried out by using the weights method (before and after
immersion in water) [17], and Specimens (dimensions
1 x 1 cm) were immersed in distilled water at room tempera-
ture to study swelling at a minimum of three samples (tested
for each material). The hydrogel sample was removed from
the water bath at each interval of time, dried with filter paper,
weighed, and placed in the same bath until maximum swelling
was obtained [18]. The swelling ratio (SR) was calculating by
the following equation:

_ Weight of swollen samples—Weight of dry samples « 100

(1)

SR
Weight of dry samples

Release dynamics of the drug

The hydrogel samples were loaded with the drug model
(Na,S0,) by soaking them in 40 ml of 0.1 M aqueous solution
of the drug model for 2 days. The swollen drug-loaded
hydrogels were dried at ambient temperature for several days
and then at 50 °C until constant weight was achieved.

Kinetic modelling of drug release

To determine the quantity of drug released by the PVA: PEG
hydrogel, the samples were set into a cell containing 50 mL of
de-ionized water at 37 °C. The samples (1 mL) were with-
drawn at fixed time intervals and the solutions were replaced
by fresh release media. All release studies were conducted in a
shaker at 100 rpm at 37 °C. Release studies were carried out in
de-ionized water for 2 h, 4 h, and 6 h in a wide range of
concentrations of Na,SO, solution at 37 + 1 °C. The drug
concentration in each sample was then determined by spectro-
photometrically at 280 nm. The cumulative percentage of drug
release was calculated and the mean of three determinations
was used in data analysis. The amount of salt released at any
selected time (M,) was calculated from the calibration curve.
The maximum weight available for release (Moo) was deter-
mined in the same way as M, after 24 h. The fractional salt
released (Ft) was then calculated from the following formula
[19].

M
Fr= M—; (2)
Thermal properties

Thermogravimetric analysis (TGA) was carried out using a
Perkin Elmer Pyris 7 TGA analyzer (Waltham, MA,
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Germany) with scan ranges from 30 °C to 600 °C at a constant
heating rate of 10 °C/min and continuous nitrogen flow. The
thermal degradation temperatures taken into account were the
temperature at (Typse), the temperature of maximum weight
loss (Tiax), and the temperature at 50 % weight loss (Tso).

Mechanical properties

The tensile strength was measured using a universal mechan-
ical tester (Instron, model 4451) according to ASTM D8&82.
The tensile strength of each sample was tested at least five
times, and the compressive strength of the hydrogel materials
was measured using an Instron 5539. The strength was mea-
sured using 50 % compression and decompression of the hy-
drogel between the places of the test machine with a crosshead
speed of 10 mm/min. The results reported are the mean values
for five replicates.

Scanning electron microscopy (SEM)

The morphology of the fracture surfaces of the different PVA/
PEG blend films was examined by SEM. The SEM micro-
graphs were taken with a JSM-5400 electron microscope,
JEOL, Japan. A sputter coater was used to pre-coat conductive
gold onto the fracture surfaces before observing the micro-
graphs at 30 kV.

Hydrolytic degradation of PVA: PEG polymer blends

The tests were performed to investigate the biodegradability
of the PVA/PEG polymers. Hydrolytic degradation of films
was carried out in PBS (pH = 7.4) and acidic PBS (pH = 2.0)
both at 25 °C. The enzymatic degradation was performed in a
solution mixture including PBS (20.0 mL, 150 mmol/L,
pH = 7.4), 0.1 % MgCl1, (5.0 mL) and 10 mg/mL Lipase
AK, and the hydrolytic degradation was observed for one
month, with measurements taken after 1, 3, 5, 7, 20 and
30 days. The samples were removed on the specified days
and washed thoroughly with distilled water, dried in vacuum,
and weighed to determine the weight loss.

Results and discussion

A crosslink is a bond that links one polymer chain to another
and the degree of crosslinking is proportional to the radiation
dose. Despite the kinetic of crosslinking by radiation dose has
been studied since its initial discovery. However, there is still a
debate about its particular naturel behavior. The comprehen-
sively recognized mechanism includes the cleavage of a C-H
bond on one polymer chain to eliminate the hydrogen atom
from the polymer backbone along with the abstraction of a
second hydrogen atom from a neighboring chain to create the
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Fig. 2 FTIR spectra of PVA: PEG unirradiated (a) 50:50, irradiated (b)

80:20, (¢) 50:50, and (d) 20:80

hydrogen molecule [20]. Then the two adjacent polymeric
radicals combine to form a crosslink. It can also lead to branch
chains until, ultimately, a three-dimensional polymer network
is formed. The formed network consists of at least two
entangled cross-linked polymers. Figure 1 shows the mecha-
nism of the hydrogel cross-linked for PVA and PEG blends by
y-irradiation technique.

Fourier transform infrared spectroscopy

The FTIR spectra of PVA and PEG at different feed ratios with
irradiated are represented in Fig. 2. The FTIR spectrum of
unirradiated PVA: PEG (50:50) was taken as a reference sam-
ple in spectra (A). Weak peaks were observed and compared
with the irradiated PVA: PEG hydrogel. This clearly reveals
that the major peaks associated with the poly (vinyl alcohol)
induce y-irradiation on the cross-linked PEG. It can also be
observed that in general the peaks occurred for the C — H
stretch at 2875-3015 cm ' and the O - H stretch at 3200~
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Fig. 3 Swelling behavior of the PVA: PEG hydrogel network of weight
ratios in distilled water
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Fig. 4 Release of Na,SO, as a function of time from the hydrogel
network of the PVA: PEG weight ratio

3615 cm™ ! and the C — O group at 1050-1200 cm™ .
Intermolecular hydrogen bonding is expected to have oc-
curred among PVA chains blends and PEG chains due to high
hydrophilic forces with y-irradiation effect as confirmed in the
reaction (Fig. 1). Meanwhile, the decrease in intensity peaks at
the hydroxyl group with a dramatic increase in the carbonyl
group at (B), (C), and (D) demonstrates that the crosslink
occurred due to the blending process as well as y-irradiation
[7, 21].

Swelling behavior

Swelling behavior can be determined by the amount of water
in the three-dimensional hydrogel network structure. The
hydrogels were immersed in distilled water for different times
at room temperature until an equilibrium state of swelling was
reached. As shown in Fig. 3, the swelling capability of PVA-
PEG hydrogel increases progressively within the initial time
of swelling up to 6 h and then shows a constant swelling,
which indicates the maximum swelling. It is obvious that the
maximum percentage of swelling increases when the PVA
weight ratio in the hydrogel network is increased to 80 %.
The maximum percentage of swelling value of ~70 % is ob-
tained for the hydrogel prepared from the PVA-80 % weight
ratio. This value decreases to 53 % with a weight ratio of PVA-
20 %. The results obtained from the swelling behavior simply
reflect the probability of network structure differences of these
hydrogel systems [22, 23].
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Fig. 5 In (F) versus In (¢) for release of Na,SO,4 from the hydrogel
networks of PVA: PEG weight ratio of 80:20 (O), 50:50 (square), and
20:80 (A)

Drug model release

Figure 4 presented the drug model releasing curves as a func-
tion of time from the PVA-PEG gel networks as having dif-
ferent weight ratios in de-ionized water. The degree of salt
released was enhanced as the PVA weight ratio in the feed
mixture for hydrogel network preparation increased. The re-
leasing behaviors were almost consistent with the swelling
behaviors (see Fig. 3). Generally, drug release from the net-
work is based on controlled swelling and the out-diffusion rate
is a function of the extent of hydration [24, 25]. Consequently,
in this study, the result suggest that the drug releasing behav-
iors were controlled by the swelling behaviors.

Mechanism of drug release

The drug release behavior tends to be considered for the fol-
lowing simple exponential model (Zalipsky, 1995):

M,

M K¢ (3)

Where Mt./Mo is a fraction of drug released at time t, k is
the release rate constant, and n is the release exponent. The n
value is used to characterize different releases for cylindrical
shaped matrices. In this model, the value of n characterizes the
release mechanism of the drug as described in Table 1. For the
case of cylindrical tablets, 0.45 < n corresponds to a Fickian
diffusion mechanism, 0.45 < n < 0.89 to non-Fickian

Table 1  Release kinetics of the drug model from swollen PVA-PEG hydrogels at 37 °C
PVA/PEG Feed ratio  Diffusion exponent ‘n’  Gel characteristic constant ‘k’ x 10°  Diffusion coefficient (cm?/min)
Initial Di x 10*>  Average DA x 10°  Late time DL x 10°
80:20 0.36 22.62 0.72 7.1 0.69
50:50 0.22 27.34 0.49 53 0.51
20:80 0.31 25.90 0.62 6.5 6.2
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Fig. 6 Initial TGA thermograms for thermal decomposition of irradiated
PVA: PEG blend with feed ratios of (80:20), (50:50), (20:80)

transport, n = 0.89 to Case II (relaxation) transport, and
n>0.89 to super case II transport. To determine the exponent
of n, the portion of the release curve, where Mt./Mo < 0.6,
should only be used. To study the release kinetics, data ob-
tained from in vitro drug release studies were plotted as log
cumulative percentage drug release versus log time [26]. The
frictional release of the drug model from the PVA-PEG
hydrogels is shown in Fig. 4. Consequently, as can be seen
in Fig. 5, the release of the drug model depends on the poly-
mers blends ratio of the hydrogel network preparation. The
results from the release indicate a smooth fit to a linear model.
The slopes of the lines in Fig. 5 were obtained by a linear
regression and the values of n are given in Table 1. The values
of diffusion exponent ‘n’, gel characteristics constant ‘k’, and
diffusion coefficients are summarized in Table 1. The release
of the drug from the hydrogels occurred through a non-
Fickian diffusion mechanism in all the mediums. In non-
Fickian diffusion, the rate of diffusion of the drug from the
polymer is comparable to the rate of polymer chain relaxation
[27].

Thermogravimetric analysis (TGA)

Thermal stability is an important property for polymer blends
with increased crosslinking. The relative thermal stabilities of
the different hydrogels were assessed by comparing the
weight loss within a temperature of 100600 °C in Fig. 6.
The major thermal decomposition occurs within the

Table 2  Thermogravimetric analysis of PVE/PEG cross-linked polymers

temperature range of 300—500 °C. However, the initial degra-
dation temperature was due to water loss, as described in
Table 2. The TGA curve showed that PVA-80 % was stable
up to 250 °C and decomposition occurred above 300 °C.
PEG-20 % hydrogel started to decompose 10 wt% of the total
weight at 300 °C, whereas PEG-80 % hydrogel started to
decompose at 315 °C, as shown in Fig. 6. The thermal stability
of PVA-based hydrogel increases with PEG content. It can be
seen that the decomposition temperature started at around
300 °C and rapidly continued until 600 °C. The PEG has a
higher thermal stability. The improved thermal stability at
20:80 is probably due to the sufficient cross-linkage and inter-
action between PVA: PEG induced by <y-radiation.
Meanwhile, the PEG-20 % showed a lower thermal stability
after 300 °C compared to the highest weight ratio of PEG.
This indicates that cross-linkage between PVA: PEG (20:80)
increased thermal stability [28]. This phenomena demonstrat-
ed that the formed hydrogels could be processed at reasonably
high weight ratio of PEG content.

Mechanical test

Figure 7 shows the tensile strength of PVA hydrogel as a
function of PEG content induced by y-irradiation. In general,
the tensile strength was increased to reach 1050 kPa at PEG-
80 % of the hydrogel materials, which was proportional to the
fractional release displayed in Fig. 4. However, Fig. 7 indi-
cates that gel strength increases with an increase in PEG con-
tent. That could be explained due to the elasticity of the gel
and the plasticizing effect [29]. The lowest content of PVA-
20 % led to increased compressive strength to reach at 430
kPa, which could be attributed to the presence of PEG pro-
mote a phase separation as the interaction of water with PEG
is stronger than in PVA because of the effect of PEG chains on
the higher crosslink density and relaxing crack energy [30].).

Morphology study

Scanning electron microscopy images were taken at different
feed ratios of PVA: PEG irradiation. As can be observed in
Fig. 8, the structural surface morphology of hydrogel unirra-
diated PEG-50 % has been used as a reference compared with
irradiated polymer blends. The change in the surface morphol-
ogy of the cross-linked PVA: PEG hydrogel is clear in SEM.

PVA/PEG feed ratio IDT°C 50 % weight lose temp °C  Final temp point °C ~ Weight loss at breaking point (%) Weight loss at 350 °C (%)
80:20 300 370 470 80.0 17.0

50:50 250 385 475 77.0 15.0

20:80 255 395 490 60.1 8.0

IDT: Initial Degradation Temperature
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Fig. 7 Tensile and compressive strength of PVA hydrogel with PEG
content under ‘y-irradiation

After blending with PEG a regular and parallel thin strains at
blending ratios (PVA: PEG) of plasticized (80:20 %) and (50/
50) as shown in micrograph (b) and (c). On the other hand,
rough surface and relatively homogenous appearance was ob-
served at PEG- 80 %, due to the compatibility performed after
irradiation under 25 kGy with the highest percentage of PEG.
In addition, the surface morphologies of the PVA/PEG blend
became uneven and the phase-separation phenomenon oc-
curred upon reduced PEG content. As displayed in Fig. 8,
PVA segments and PEG segments could exert interaction by
entanglement and by forming intermolecular hydrogen bonds
[31], indicating that the blend of PEG into PVA changed the
microstructure of the cross-linked PVA hydrogel. This phe-
nomenon reveals that the change of the morphologies of PVA
surface could be attributed to introduce of PEG segments
[32-34].

Fig. 8 SEM micrographs of
different unirradiated and
irradiated polymer blends PVA:
PEG (b) (50/50) (unirradiated),
(b) (80/20), (¢) (50/50) and (d)
(20/80)

Hydrolytic and enzymatic degradation of PVA: PEG
polymer blends

To demonstrate the feasibility of PVA: PEG polymer blends
for employ in biomaterials polymers, hydrolytic degradation
tests were performed in PBS [35]. For this reason, PVA: PEG
(20:80), (50:50) and (80:20) polymers were molded into sam-
ples with thicknesses of 1 mm the same conditions that were
used for the mechanical tests. Then the samples were weighed
1 g and inserted into vials. During the degradation process, the
samples were tested continuously in PBS at 25 °C for 30 says.
Figure 9a shows the weight loss of the samples polymers as a
function of time in the PBS, the degradation rate was depen-
dent on the content of PEG in the blends, for example, PVA:
PEG 80:20 which had a higher weight loss (27 %) for almost
30 days than PVA: PEG 50:50 (23 %) and the lower degrada-
tion behavior was observed for PVA: PEG 20:80 (13 %). The
higher degree of chain entanglements in the high crosslinked
could suppress the chain mobility significantly, thus decreas-
ing the degradation rate compared with that of PVA: PEG
80:20.

Figure 9b was investigated in acidic PBS solution
(pH = 2.0). All samples could be slowly hydrolyzed in the
two solutions, and their final weight losses based on PVA:
PEG were in the range of 20 % to 15 %, and 8 % upon
increased PEG content respectively. Apparently, the polymers
display a low degradation in acidic PBS solutions in compared
to Fig. 9a, and there is not much difference among the sam-
ples, while the degradation rates of PEG-20 % and PEG-50 %
in PBS 7.4 were considerably faster than those of PEG-20 %
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and PEG-50 % in PBS 2. These results indicate that the deg-
radation behaviors are not only influenced by the contents of
hydrophilic PEG in the polymers, but also closely related to
their surface structures, bulk structures, degradation of PVA:
PEG polymer blends mainly dependent on hydrophilic and
hydroxyl group structure of PEG chains [35].

Moreover, Fig. 9c the enzymatic degradation of these ob-
tained PVA: PEG polymer blends were carried out in PBS
containing Lipase AK, due to the enzyme is substantially used
to accelerate the degradation of PEG. Figure 9c describes the
weight losses of PVA: PEG in enzymatic solution during a
degradation period of 30 days. The changes of polymer
weights in enzymatic solution are similar to those in weak
base PBS solution. Almost, the final weight losses in the
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Fig. 9 Percentage weight loss of PVA: PEG blends samples after the
hydrolytic degradation test a in PBS (pH 7.4), b in PBS (pH 2.0) and ¢
in Lipase AK enzyme solution (Error bars represent means + standard
deviation)
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Lipase AK PBS are significantly superior to the weight losses
of 30 days degradation in pH 7.4 PBS and pH 2 PBS [36, 37],
showing that their enzymatic degradation is much faster than
hydrolytic degradation.

Conclusion

In this paper, a series class of biodegradable PVA: PEG poly-
mer blends were successfully prepared by using solution cast-
ing technique followed by y-ray crosslinking to synthesized
polymer hydrogels and the degree of swelling decreased as the
composition of PEG increased in the blend that leads to in-
crease number of intramolecular crosslinks. The hydrogels
presented relatively different swelling capabilities in distilled
water in the range of 53 %—70 %. The drug release from the
produced PVA-PEG hydrogel was investigated and the kinetic
of release was studied. The mechanism of the drug release
tended to be non-Fickian (anomalous). The effect of PEG
content was observed; the fraction release increased as the
content of PVA increased. Also, the morphology of the blends
affects the thermomechanical properties. The result obtained
by SEM revealed that the surface of PEG-80 % sample be-
came rough related to the crosslinked promoted by - radia-
tion, pH value of degradation media and enzyme on the deg-
radation rate of these PVA: PEG polymer blends were inves-
tigated. In addition, the high degree of crosslinking in PVA:
PEG polymer blends have hindered the evaluation of their
degradation behaviors,
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