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Abstract

Novel polyethylene oxide (PEO)/N,N-dimethylacrylamide (DMA) blend hydrogel (PD hydrogel) has been prepared by applying
gamma radiation on aqueous mixture of PEO and DMA. Different concentrations of DMA have been blended with aqueous
solution of PEO and then gamma radiation of different doses was applied to form the hydrogels. The synthesized hydrogels were
characterized using Fourier transform infrared-attenuated total reflection spectroscopy (FTIR-ATR) and scanning electron mi-
croscopy (SEM). The effect of different radiation doses, concentration of monomers on the properties of prepared hydrogel (PD
hydrogel), such as gel content, swelling behavior, and mechanical properties (Tensile strength) was investigated thoroughly.
Results showed that hydrogels were formed at the experimental conditions without the use of any external cross-linker. All the
prepared hydrogels showed a significantly larger swelling ratio and improved mechanical strength.
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1 Introduction

Hydrogels are three-dimensional (3D) network of hydrophilic
cross-linked polymer that can absorb water and swell to sev-
eral times at their initial dry volume. Owing to the large quan-
tities of incorporated water and their elastic properties,
hydrogels are considered as excellent biocompatible mate-
rials. Physical cross-links (e.g., electrostatic forces, hydrogen
bonds, hydrophobic interactions) or chemical cross-links (co-
valent bonds) are responsible for the hydrogels’ three-
dimensional structure and distinctive swelling properties
[1-3]. Recently, these hydrophilic materials have achieved
great attention due to their versatile uses such as heavy metal
adsorption [4, 5], wound dressing [6], superabsorbent [7, 8],
adsorbent for dye removal [9], and drug-delivery systems [1,
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10—12]. Several methods to prepare hydrogel are cross-linking
(physical and chemical) and copolymerization of one or more
monofunctional and one multifunctional monomer simulta-
neously or cross-linking of a homopolymer or copolymer in
solution [13—15]. Some “smart” hydrogels show swelling and
deswelling behavior reliant on the external environment such
as temperature, pH, solvent composition, and salt composition
depending on the type of functional groups in the structure [1,
16, 17]. More recently, hydrogels synthesized by radiation
polymerization and grafting have been reported [18, 19].
Radiation cross-linking is a widely used technique since it
does not incorporate the use of any cross-linker. Also, the
modification can be achieved in single step and hence it is a
cost-effective process to transform biopolymers having their
end-use specifically in biomedical application [19, 20]. The
technique mainly relies on producing free radicals in the poly-
mer following the exposure to the high energy source such as
UV, gamma ray, x-ray, or electron beam. The action of radia-
tion (direct or indirect) will depend on the polymer environ-
ment such as dilute solution, concentrated solution, and solid
state.

Polyethylene oxide (PEO) is a flexible chain biodegradable
polymer, which is also a semicrystalline, thermoplastic water-
soluble polymer; the chains contain oxygen atoms at every
third position of the polymer backbone. The O—C—C—O bond
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sequence acts as a significant electron donor, providing the
PEO polymer with hydrophilic properties, such as solubility
in water as well as in many non-polar organic solvents [21]. In
recent years, PEO has become a focus of scientific interest not
only because of its unique properties in solution but also its
extensive applications, such as drug delivery, tissue implant,
and wound healing [22-24]. The PEO hydrogels imbibe a
considerable amount of water which affects the mechanical
properties and make them too weak to withstand high stress
[25]. Much research has been carried out on PEO-based hy-
drogel by using radiation-induced processes, for instance, ra-
diation grafting on tragacanth, acrylic acid, chitosan, and poly-
acrylamide onto PEO [26-29]. There are nearly no studies on
PEO’s property modification by the grafting of N,N-
dimethylacrylamide (DMA) based on gamma radiation, so
far. DMA is a non-ionic, hydrophilic monomer, its homopol-
ymers are soluble in water within the temperature ranges of 0—
100 °C and also soluble in less polar organic solvents and used
in the fabrication of hydrogels with good mechanical proper-
ties [15, 30, 31]. DMA-based homopolymers and copolymers
have many practical applications in molecular biology, DNA
sequencing [32], medical and pharmaceutical fields including
contact lenses and in drug delivery [15, 33, 34], and in dye
removal [18]. In the present work, we demonstrate to prepare
a series of PEO-DMA-based hydrogels by using gamma radi-
ation, without the use of external cross-linking agents or other
additives. The effect of DMA concentration on various prop-
erties such as gel fraction, swelling ratio, and mechanical
properties of the prepared hydrogel was investigated
thoroughly.

2 Experimental

2.1 Materials

Polyethylene oxide with average molecular weight (Mv) of
400,000 was purchased from Sigma-Aldrich Co., USA.
N,N-dimethylacrylamide was obtained from Fluka Chemika,
Switzerland. All other reagents were of analytical grade and
were used as received.

2.2 Preparation of PEO/DMA hydrogels

Radiation-cross-link technique was employed for the prepara-
tion of proposed hydrogel. Firstly, for the synthesis of pure
PEO gel, 5% aqueous solution of PEO was prepared by dis-
solving 5 g of PEO in a beaker (250 ml) with 100 ml distilled
water and using a heated sonicator bath, the solution was
mixed to have a homogeneous solution. To prepare PEO/
DMA hydrogels (PD hydrogels), the PEO concentration was
kept constant (5%) and DMA was added with different con-
centrations (1.25-3.75%, w/w) at a ratio 2:0.5, 2:1, and 2:1.5.
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The solutions were stirred by a glass rod continuously to make
a homogenous solution. The bubbles are generated after
mixing and then the solutions left for 1 h in a vacuum oven
for outgassing. The mixtures were poured into polyethylene
plastic bags (15 cm x 2.5 cm), sealed, placed in glass tubes,
and then irradiated by gamma rays from °Co source (dose
rate 5.92 kGy/h). The samples were irradiated at radiation
doses from 5 to 30 kGy [26].

2.3 FTIR-ATR spectral analysis

Fourier transform infrared (FTIR) spectra of PEO and PD
hydrogels were obtained by PerkinElmer Spectrum 2 FTIR
spectrometer (Paragon 500, PerkinElmer, UK). This method
is very easy and convenient in comparison to conventional
KBr pellet technique. The dried sample pressed against a
high-refractive-index prism and measured the infrared spec-
trum using infrared light that is totally internally reflected in
the prism. The spectra were recorded in the range from 4000
to 400 cm .

2.4 SEM of freeze-dried hydrogels

The morphology of PEO and PEO-DMA hydrogels were ex-
amined under scanning electron microscopy (SEM). Firstly,
samples were swollen up to equilibrium in distilled water, then
frozen in liquid nitrogen, and then immediately freeze dried in
Freeze Drier, FRD-mini IWAKI, Asahi Techno Glass, Japan)
in vacuo at —50 °C for 2 days to completely remove water.
After that, the freeze-dried hydrogels were fractured carefully,
and the cross section or interior morphology of the hydrogels
was studied with SEM (JCM-5700, JEOL, Japan). Before
SEM observation, specimens of the hydrogels were fixed onto
a stage and given a coat with osmium at a thickness of 20 nm
in osmium plasma coater OPC60 N (Filgen Inc., Japan) [1].

2.5 Gel fraction of prepared hydrogel

The hydrogel samples were dried to constant weight (W;),
immersed in distilled water in beakers at room temperature
for 16 h to remove any soluble fraction or unreacted compo-
nents. The gel samples were taken out from beakers, dried to
constant weight (W) in a oven at 60 °C temperature. The gel
fractions (GF) of the samples were calculated according to the
following equation [26]:

Gel fraction (%) = [wa/w;] x 100

where W, is the weight of dried gel after extraction and W is
the initial weight of dried gel.
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2.6 Swelling ratio of prepared hydrogel

The dried gels (1 cm x 0.5 cm) were immersed in distilled
water at room temperature and allowed for swelling. The
swollen gels were then taken out periodically and weighed
after the excess surface water was removed with a filter paper
(Whatman, 125 mm). The procedure was repeated until there
was no further weight increase. The swelling ratio (SR) was
calculated from the following equation [26]:

Swelling ratio (%) = [w,—wa/wg4] % 100

where W, is the weight of dried gel before swelling and W, is
the weight of the swollen gel at time 7.

2.7 Measurement of mechanical properties (tensile
strength) of prepared hydrogels

Tensile strength (TS) of hydrogel samples (width 15 mm and
thickness about 3.23 mm and height 30 mm) was measured
with a universal testing machine (Hounsfield Series S,
England). The maximum load capacity was 5 N, extension
range 75 mm, and the crosshead speed was 10 mm/min. For
each sample, a minimum of three measurements was taken,
and the average result was calculated.

3 Results and discussion
3.1 Optimization of absorbed dose

To optimize the radiation dose for our experiments, PD hydro-
gel with a PEO (5 g) to DMA (2.5 g) ratio 1:0.5 was synthe-
sized using different radiation doses (5-30 kGy). Gel fraction
and swelling ratio were then measured. The results are shown
in Fig. 1. As is observed from Fig. 1, the gel content increased
up to 10 kGy and then it was almost constant indicating a
leveling off tendency at doses from 15 to 30 kGy (Fig. 1a).

We assumed that this might be due to oxidative degradation
of main chain (PEO) from —CH,—O- linkages by forming
hydrogen peroxide during the radiolysis of water [35, 36].
The results of swelling ratio experiments are shown in
Fig. 1b. In this figure too, the maximum swelling ratio was
observed at 10 kGy after which swelling ratio decreased.
Clearly, it is the highest gel formation with high water absorb-
ing ability obtained at 10 kGy and is thus chosen as optimized
dose for our further research.

3.2 Synthesis of PD hydrogels at optimized dose
(10 kGy)

After optimizing the radiation dose which is 10 kGy, a series
of hydrogels with different composition of DMA by mixing
aqueous solution of PEO and DMA (Fig. 2a, b) have been
prepared. Table 1 lists the feed composition of the prepared
hydrogels. The possible scheme for the preparation of
hydrogels is shown in Fig. 2a. It is reported that, in aqueous
solutions, after irradiation, the radical processes are initiated
mainly by the reactive intermediates ("OH, "H, €’,q, H,O», Hp,
and H") formed in the radiolysis of water as a result of direct
action of radiation [19, 37]. They may attack the reactive
molecules such as PEO and DMA to generate free radicals
of PEO and DMA. Generally, network structure of this type of
hydrogel is formed as a consequence of graft homopolymeri-
zation, copolymerization, and cross-linking of monomers and
polymers used [19]. A typical image of the prepared hydrogels
is shown in Fig. 2b. The presence of functional groups in the
prepared hydrogel samples was evaluated via FTIR spectra as
shown in Fig. 3. For pure PEO and PD2.50 gel, the broad
absorption band at 3469 cm ™' and 3442 cm ! respectively is
ascribed to the existence of —OH (stretch). The band observed
at 2888 and 2895 cm ' can be ascribed to aliphatic stretching
of —CH,. The presence of DMA in PD2.50 gel is displayed by
a strong absorption band at 1619 cm ™" attributed to free C=O
group of amide. As for the pure PEO gel, the absorption band
at 1652 cm " indicates bound water solvent as in crystal form,
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Fig. 2 a Schematic representation of hydrogel preparation by gamma radiation. b Freshly prepared hydrogel

which did not appear in spectra of PD2.50 gel. On comparing
PD2.50 hydrogel with pure PEO hydrogel, -CH, scissoring
vibration of the -CH,OH group of PEO shifts higher wave
number (1467 to 1469 cm™ ') with higher intensity. This peak
shifting indicates interaction between —CH, groups of PEO
and DMA [18, 29, 38-40].

3.3 Morphologies of freeze-dried hydrogels

The cross-sectional morphologies of freeze-dried hydrogels
are studied by SEM and represented in Fig. 4. The SEM mi-
crographs of the hydrogels revealed a porous internal structure
that confirmed the three-dimensional structure of the
hydrogels and controlled the swelling and deswelling process
of hydrogel. It is evident from the microphotographs that PD
hydrogels exhibit a highly interconnected porous structure
with smaller and thicker pore distribution in the presence of
DMA. As expected, the pores inside the PD gels become
denser with increasing composition of DMA. Hence, this re-
sult indicates that pore size and swelling properties of the
obtained hydrogels could be tailored by changing the compo-
sition of DMA in PEO/DMA ratio.

3.4 Gel fraction

Gel is an insoluble fraction of a cross-link polymer network
and measured after removing soluble fraction (sol part) in a
suitable solvent. The progressive formation of gel in polymer
system depends on various parameters such as weight-average
functionality, molecular weights of monomers, and the reac-
tion conditions (e.g., concentration of monomers) [41].

Table 1 Feed composition and optimized radiation dose for the
prepared hydrogels

Sample PEO/g DMA/g Dose (kGy)
P5 5 0 10

PD1.25 5 1.25 10

PD2.50 5 2.50 10

PD3.75 5 3.75 10
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Figure 5 shows the effect of DMA concentration on gel frac-
tion of PD hydrogel, it is found that the gel fraction of
hydrogels increased with increased concentration of DMA.
For instance, gel fraction of PD hydrogel varies from 84.78
t0 91.48% for increased concentration of DMA (1.25-3.75%),
whereas, the gel fraction of P5 gel is 83.3% as PEO is a
radiation degradable polymer [35, 36]. When PEO and
DMA irradiated in aqueous solution, water absorbed radiation
to form reactive hydroxyl radicals. The hydroxyl radicals gen-
erated PEO and DMA radicals (macro-radicals) by abstracting
hydrogen atoms and random reactions of these radicals result
in formation of cross-link that path produces gel [19]. In these
circumstances, both the concentration of free radical in
monomer/polymer system and the distance between the
neighboring radicals are favorable for the cross-link forma-
tion. Hence, the addition of DMA increases the radical forma-
tion and reduces the distance between two macro-radicals
leading to increased gel fraction [42].

3.5 Swelling ratio

Swelling in water is one of the most important and promising
properties of hydrogel polymers. Most industrial applications
of hydrogel in biomedical, environment, and agriculture field
are associated with their ability to swell in water. When a dry
hydrogel sample is brought in contact with water, water dif-
fuses in the hydrogel and the hydrogel swells. Figure 6 pre-
sents the swelling behavior of prepared hydrogels containing
different concentration of DMA. The equilibrium-swelling ra-
tio as a function of time for PD hydrogels with varying DMA
concentration is illustrated in Fig. 6a. As it is observed from
Fig. 6a, all the hydrogels have much larger swelling ratio (e.g.,
2730, 2595, and 1948% for PD1.25, PD2.50, and PD3.75
respectively). This might be explained by the fact that PEO
shows a high interaction with water because of ether oxygen
in the polymer backbone and there is a very sensitive balance
between hydrophilic -CONH- and hydrophobic (—-CHj),
groups in DMA, which leads to absorption of water by
forming a hydrogen bond [25, 31, 43]. It was also observed
that the swelling ratio was increased with time and reached
equilibrium after about 48 h. On comparing among the
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prepared hydrogels, it was evident that the swelling ratio was
decreased with increased DMA concentration. We think that
this might be due to the formation of more compact structure
with the addition of DMA in PEO/DMA mixture. The com-
pact hydrogel structure hindered the network expansion dur-
ing the swelling. The DMA in PEO/DMA gel reduced the

Fig. 4 SEM microphotographs of
cross-sectional morphology of a
and b PD2.50 and ¢ and d PD3.75
hydrogels at various
magnifications x 200 and x 500

Wave number (cm’')

flexibility of PEO network; thus, expansion ability became
lesser, and this results in smaller pore structure (Fig. 4). This
can explain the decrease in swelling ratio with the increased
amount of DMA. Figure 6b shows the photographs of initial
state, before and after swelling state of PD2.50 hydrogel. The
swollen transparent hydrogel held its shape after 3 weeks
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3.6 Mechanical properties (tensile strength)
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Fig. 5 Effect of DMA concentrations on gel fraction of PD hydrogels at
radiation dose 10 kGy

swelling. Hydrogels based on PEO and other polymers (e.g.,
PVA) have been reported with low swelling ratio in compar-
ison with prepared hydrogels (PD gel). For example, Haryanto
et al. [44] found maximum 870% SR for PEO/poly(ethylene
glycol) dicarboxylate (PEGDC) hydrogel; likely, PEO/poly
(ethylene glycol) dimethacrylate (PEGDMA) and poly(vinyl
alcohol) (PVA)/kappa-carrageenan (KC) hydrogels showed
300 and 410% swelling ratio respectively [45, 46].

Fig. 6 a Swelling behavior of PD
hydrogels with various
concentrations of DMA as a
function of time at radiation dose
10 kGy. b Pictures of the freshly
prepared, dried (at 60 °C), and
swollen (at equilibrium) state of
PD2.50 hydrogel

5]
8
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large deformation [47]. It is reported that majority of the gels
are weak in nature [48, 49], which confine their applications.
Scientists have queries to improve mechanical strength of hy-
drogel. Several approaches have been made to overcome this
limitation in the past [50, 51]. Mechanical properties of hy-
drogel can be controlled by various routes, for example,
changing the co-monomer structure, increasing or diminishing
the cross-linking density [22, 52]. One of the most effective
methods to improve PEO gel properties is the combination of
PEO with other polymers or monomer(s). The gels formed by
the combination of two or more polymers usually result in
adjusted physical and mechanical properties compared to the
gels made of the homopolymers [52]. It is reported that in-
creasing the physically stronger components will lead to an
escalation in the mechanical strength of the ultimate product
[52]. Figure 7 shows the typical stress-strain curve for
hydrogels. The tensile stress at break is plotted as a function
of DMA concentration. It is apparent from Fig. 7 that tensile
strength value of prepared hydrogels was significantly in-
creased with the addition of DMA. For example, the TS value
of sample P5 was only 0.0015 MPa, whereas that of PD1.25,
PD2.50, and PD3.75 hydrogels was 0.0025, 0.0031, and
0.0043 MPa respectively. We consider that this marked
change in TS with increased DMA concentration might be

a
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because of the formation of high cross-linking network be-
tween polymer chains. Cross-linking hinders the flexibility
of the polymer chain which forms a rigid structure; hence,
mechanical strength of hydrogel is increased. Most notably,
the improvement in mechanical properties of hydrogel is reli-
able with their pore size. As mentioned earlier, PD hydrogels
with different DMA compositions exhibited a well-formed
porous structure with the smallest pores, this compact struc-
ture contributed to give out stress throughout the hydrogel
surface more evenly [53]. Thus, the TS of PD 3.75 was the
highest among all the samples, conversely, PS5 was the lowest.
This is also in accordance with the morphology of the
hydrogels (Fig. 4). As the network becomes more compact
with increasing DMA, the mechanical strength also increased.

4 Conclusion

A novel class of hydrogel (PEO-DMA) was successfully syn-
thesized by the application of gamma radiation without any
conventional cross-linker or additives. Due to the simplicity of
the preparation method, i.e., only by mixing the aqueous poly-
mer and monomer, the hydrogel properties can be tuned or
adjusted very easily. There are remarkable impacts of DMA
concentrations on the properties (e.g., swelling behavior, gel
fraction, and tensile strength) of hydrogels. High swelling ra-
tios were obtained for all the prepared hydrogels. For exam-
ple, swelling ratio of PD1.25, PD2.50, and PD3.75 hydrogels
are approximately 2730, 2595, and 1948% respectively. In
addition, gel fraction was increased from 84 to 91% for

Strain (%)

1.25-3.75% of DMA. Incorporation of DMA increased the
mechanical strength of hydrogels significantly. Mechanical
properties of pure PEO gel at 10 kGy was 0.0015 MPa, on
the other hand, for PD gels, it was 0.0025, 0.0031, and
0.0043 MPa for 1.25, 2.50, and 3.75 wt% of DMA respective-
ly. While high mechanical strength ascribed to the dense
cross-linking formation in the prepared hydrogels, there was
a slight lowering in swelling ratio of hydrogels. From the prior
discussion, it may be concluded that PD hydrogel with
5:2.50 wt% can be suitable for many applications as well as
with specific physical properties: gel fraction (88%), swelling
ratio 2595%, and tensile strength 0.0031 MPa.
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