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Hidrogelovi su polimerni materijali meke konzistencije koji zbog toga imaju veliku primenu u
biomedicini i srodnim oblastima. Hidrogelovi na bazi akrilamida (AAM) su posebno interesantni
zbog svojih dobrih mehanickih svojstava i stabilnosti u fizioloskim uslovima, kao i mogucnosti da im
se poroznost prilagodi zahtevima primene. U ovom radu, AAM hidrogelovi su sintetisani u ambijen-
talnim uslovima primenom inicijatorskog sistema vodonik peroksid/vitamin C (H202/VC) kao eko-
loski prihvatljive alternative konvencionalnim inicijatorima. Karakterizacija dobijenih AAM hidro-
gelova je izvedena primenom razlicitih metoda: FTIR i SEM analiza, testovi kompresije i ispitivanje
svojstva bubrenja. Ispitana je i mogucnost primene ovih hidrogelova za kontrolisano otpustanje ak-
tivnih supstanci. N-acetil glukozamin i diklofenak su korisc¢eni kao model lekovi koji mogu da se
koriste za tretiranje rana. Postignuto je kontrolisano otpustanje oba leka tokom tri dana. Takode je
ispitano kako povecanje kolicine H2OZ2 utice na bubrenje i otpustanje inkapsuliranih model lekova.
Dobijeni rezultati pokazuju da se AAM hidrogelovi mogu pripremiti na ekoloski prihvatljiv nacin
primenom inicijatorskog sistema H202/VC i da poseduju potencijal za kontrolisano otpustanje N-
acetil glukozamina i diklofenka.

Hydrogels are soft polymeric networks widely investigated for biomedical applications. Hydro-
gels based on acrylamide (AAM) are particularly interesting because they possess favourable
mechanical properties, tunable porosity and stability under physiological conditions. In this study,
AAM hydrogels are synthesized under ambient conditions using hydrogen peroxide/vitamin C
(H>02/VC) initiation system as eco-friendly alternative to conventional initiators. Prepared AAM
hydrogels are characterized by various technics: FTIR analysis, SEM analysis, compression testing,
and analysis of swelling behaviour of the AAM hydrogels. The potential of these hydrogels for con-
trolled release of drugs is evaluated. N-acetyl glucosamine and diclofenac are used as model drugs
that can be used in wound treatment. Both model drugs are released in controlled manner for three
days. It is also analysed how the increase in the H>O2 amount affects swelling behaviour and release
of the encapsulated drugs. The results show that AAM hydrogels can be efficiently prepared in eco-
friendly manner using H>O2/VC initiation system and have potential for controlled release of N-acetyl
glucosamine and diclofenac.
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1. Introduction

Hydrogels are soft polymeric networks which can absorb and retain huge amount of water and
at the same time to keep three-dimensional structural integrity [1]. This combination makes this pol-
ymer materials suitable for biomedical applications, such as drug delivery and wound treatment [2].
Their ability to swell and release encapsulated active substances in the process has made them espe-
cially attractive for controlled release of active substances [3]. Hydrogels based on acrylamide
(AAM) are extensively investigated due to their favourable mechanical properties, easily tunable pol-
ymer network, and stability and functionality under physiologically conditions (body temperature,
pH etc) [4-6]. In addition, AAM hydrogels can be developed with desirable porosity and elasticity,
which is important to achieve reproducible release kinetics and reliable performance in biomedical
applications.

The performance of these materials directly depends on the synthesis route because polymeri-
zation conditions affect chain growth, crosslinking density, porosity, and therefore, the kinetic of drug
release. Because of that, the development of synthesis methods that do not include harsh reaction
conditions and toxic organic solvents and enable the preparation polymer material for biomedical
application in more eco-friendly manner is very important. Initiation system based on hydrogen per-
oxide and ascorbic acid (H20./VC) have recently attract attention as an environmentally friendly al-
ternative to conventional initiators used for hydrogel preparation [7]. This system enables free-radical
polymerization at room temperature without need for thermal or other type of activation.

In line with that, the present study investigated the possibility to prepare hydrogels based on
acrylamide by using H202/VC initiation system. Obtained AAM hydrogels were characterized by
FTIR analysis, SEM analysis, compression tests and swelling experiments. Further, the potential of
the AAM hydrogels for encapsulation and controlled release of two model active substances: N-acetyl
glucosamine and diclofenac. N-acetyl glucosamine is active substance that is used for tissue regener-
ation and supports the restoration of damaged skin, due to which can be used in wound healing [8].
Its ability to stimulate fibroblast activity and improve formation of extracellular matrix makes N-
acetyl glucosamine valuable for accelerating the early phases of wound healing. Diclofenac is well
known non-steroidal anti-inflammatory drug which is commonly applied to reduce inflammation and
reduce the pain in injured or irritated tissues [9]. This drug inhibits cyclooxygenase enzyme, and in
that manner suppresses local inflammation process, which is important for minimization of discom-
fort, swelling and delayed healing of irritated tissue. Special attention was given to analyse how the
change in the H>O: amount affects the AAM hydrogels properties and drug release.

2. Materials and methods

2.1. Materials
Acrylamide (=99%) (AAM) and diclofenac were purchased from Sigma-Aldrich (USA). The
crosslinker N,N’-methylenebisacrylamide (p.a.) (MBA) was purchased from Aldrich Chemical Co.
(USA). Vitamin C was supplied from Alkaloid (N. Macedonia). Hydrogen peroxide (30% v/v) was
obtained from Sigma Aldrich (USA). N-acetyl glucosamine was supplied from Avena Lab, Farmadria
d.o.0. All chemicals were used as received.

2.2. Synthesis of AAM hydrogels

The AAM hydrogels were prepared via free radical polymerization at room temperature under
ambient conditions. Four AAM hydrogels were synthesized using the HoO»/VC initiation system. The
total volume of the reaction mixture was 20 mL for each sample. The synthesis was performed as
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follows. First, 2 g of acrylamide was dissolved in an appropriate volume of distilled water (Table 1.).
MBA (0.8 mol% calculated in respect with the amount of acrylamide) was then added under contin-
uous stirring. After MBA was dissolved, 10 mg of VC was added in the reaction mixture and stirring
was continued until complete dissolution of VC. Finally, the appropriate amount of H>O» (Table 1.)
was added, and the reaction mixture was stirred for an additional 10 min. The mixture was then poured
into molds and left at room temperature until the polymerization reaction was completed. The ob-
tained AAM hydrogels were cut into disk-shaped samples with a diameter of 7 mm and allowed to
dry at room temperature. The samples were denoted as AAM-xH»0,/VC, where xH>O» presents the
volume of H>0: used for hydrogel synthesis. The amount of H>O; was varied to determine the mini-
mum H>O» volume required for successful AAM hydrogel synthesis and to examine how this varia-
tion affects hydrogel properties (swelling degree and amount of released active substance).

Table 1. Feed composition

Sample Distilled water, mL Volume of H>O5, uL
AAM-40H,0,/VC 15.08 40
AAM-70H20,/VC 15.05 70
AAM-100H202/VC 15.02 100
AAM-150H202/VC 14.97 150

*The total volume of reaction mixture for each sample was 20 mL

The Fourier Transform Infrared (FTIR) spectra of AAM xerogel disks were recorded in trans-
mittance mode for the wavelength range of 600 cm™! to 4000 cm ™! with a resolution of 4 cm™!
Nicolet iS10 FTIR Spectrometer.

Preparation of AAM-100H202/VC hydrogel for analysis with Scanning Electron Microscope
(SEM) was performed as follows. AAM-100H20,/VC hydrogel left in distilled water to swell at room
temperature until it reached the equilibrium state, and then freeze-dried. Next, the AAM-100H202/VC
hydrogel was cut in half and Au-Pd coated using a POLARON SC502 sputter coater. Prepared cross
section of AAM-100H202/VC hydrogel was then analyzed employing Tescan MIRA 3 XMU Field-
Emission Gun Scanning Electron Microscope with an acceleration voltage of 20 kV.

The compression tests were conducted according the following procedure. The AAM hydrogels
were swollen to equilibrium in distilled water at room temperature. Next, the samples were removed,
and excess of water was carefully blotted using a paper towel. The swollen samples were then sub-
jected to compression tests at room temperature using a Shimadzu Autograph AGS-X (1 kN) appa-
ratus, with a deformation rate of 2 mm/min. The compression strength was measured up to the hy-

, using

drogels’ elastic limit.

2.3. Monitoring of AAM hydrogels swelling

The swelling of the AAM hydrogels was monitored in distilled water at room temperature. The
mass of each AAM hydrogel was first determined prior the swelling experiments (mo, g), and the
samples were immersed in water. In previously determined time intervals the AAM hydrogels were
removed from water, excess of water was gently removed with paper towel, their masses were deter-
mined (my, g) and the hydrogels were immediately returned into water. The swelling experiments
were conducted until equilibrium state was reached. The values of swelling degree (SD) were deter-
mined according the Eq. (1).
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SD = (m¢ — mg)/mo (1)

The equilibrium swelling degree for each AAM hydrogel was determined according to the same
equation by replacing the m value with meq value which present the mass of AAM hydrogel in equi-
librium state.

2.4. Determination of encapsulation degree and monitoring of controlled release
of N-acetyl glucosamine and diclofenac

The amounts of diclofenac and N-acetyl glucosamine that were encapsulated in the AAM hy-
drogels were determined according to so-called extracting method [10].

To investigate the process of N-acetyl glucosamine and diclofenac release, the AAM hydrogels
were immersed in distilled water at 25 °C. At predetermine time points, 3 mL of solution was with-
drawn, and its absorbance measured using UV-Vis spectrophotometer (Shimadzu). After the meas-
urement, the aliquot was returned to the system. The absorbance was recorded at a wavelength of 273
nm. The obtained values were then used to construct cumulative drug-release profiles. Monitoring of
drug release was conducted until the equilibrium state was achieved.

3. Results and discussion

3.1. The FTIR and SEM analysis of AAM hydrogels

The recorded FTIR spectra of the AAM hydrogels are presented in Fig. 1. Analysis of the spec-
tra showed the presence of characteristic poly(acrylamide) bands at: 3305 cm™ and 3200 cm™ (sym-
metric and asymmetric stretching vibrations of the -NH» group), 2935 cm™! and 2865 cm™! (symmetric
and asymmetric -CHj stretching vibrations), 1654 cm™ (C=O stretching vibrations), 1609 cm™ (-NH
bending vibrations), and 1313 cm™ (N-H bending vibrations) [11-13].

—— AAM-40H,0 NC —— AAM-70H,0 /VC
—— AAM-100H,0,/VC —— AAM-150H,0,/VC

Transmittance
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Figure 1. FTIR spectra of AAM hydrogels

The obtained SEM micrograph of the AAM-100H202/VC hydrogel is shown in Fig. 2. The
AAM hydrogel exhibit a porous structure that is characteristic for hydrogel materials [14].
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This was consequence of the behaviour of the AAM hydrogels. The increase in the H>O> amount led
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Figure 2. SEM micrograph of the AAM-100H>02/VC hydrogel

3.2. Analysis of mechanical properties of AAM hydrogels

The mechanical properties of the AAM hydrogels were further investigated. Obtained values
of maximal compressive strength () and maximal stroke strain (MSS) of the AAM hydrogels previ-
ously swollen to equilibrium in distilled water are presented in Table 2. The values of maximal com-
pressive strength and maximal stroke strain of AAM hydrogels increased with the increase in the
H>O2 amount up to 100 pL.. Above this H>O, amount, these parameters swelling started to decrease.

to the decrease in swelling degree, and therefore to more rigid polymer network and increase in the ¢
and MSS values [7]. Further increase in H>O, amount led to the formation of more loosen polymer
network, decrease of swelling degree, and therefore to the decrease in the o and MSS values. Plotted

stress-strain diagrams for the AAM hydrogels are shown in Fig. 3.

Table 2. The values of maximal compressive strength and maximal stroke strain of the AAM hydro-

gels previously swollen to equilibrium in distilled water

Sample L C(])\Zz:gsive SR Maximal stoke strain, %
AAM-40H,0,/VC 0.1132 55.68
AAM-70H,0,/VC 0.1988 57.58
AAM-100H,02/VC 0.3501 78.08
AAM-150H,0,/VC 0.06341 50.12
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Figure 3. Stress-strain diagrams for the AAM hydrogels: a) AAM-40H>02/VC;
b) AAM-70H>02/VC; ¢) AAM-100H>02/VC and d) AAM-150H>02/VC

3.3. Swelling of AAM hydrogels and controlled release of N-acetyl glucosamine and diclofenac
from AAM hydrogels

The swelling curves of the AAM hydrogels are shown in Fig. 4. The swelling degree of the
AAM samples decreased with an increase in hydrogen peroxide amount up to 100 pL. Increase in
H>0O2 amount led to the formation of large number of ascorbyl radical, and therefore numerous poly-
mer chains were created. As consequences, xerogel density increased leading further to the reduced
swelling capacity. The SD values started slightly to increase with further increase in the H>O, amount.
This was probably because used amount of crosslinker was not sufficient for efficient crosslinking,
leading further to formation of looser polymer network and higher swelling degree [7].
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Figure 4. A) Swelling curves of the AAM hydrogels and B) pictures of the AAM hydrogels (a)
AAM-40H>02/VC; b) AAM-70H>02/VC; ¢) AAM-100H>02/VC and d) AAM-150H>02/VC

The degree of encapsulation of N-acetyl glucosamine in AAM-40H,0./VC, AAM-70H,02/VC,
AAM-100H202/VC and AAM-150H202/VC was 76.0%, 76.5%, 85.5% and 88.0%, respectively. The
degree of encapsulation of diclofenac was 89.0%, 86.88%, 90.3% and 78.44%, respectively.

The curves of cumulative release of N-acetyl glucosamine and diclofenac from the AAM hy-
drogels are presented in Fig. 5. a) and b). Both active substances are released in controlled manner
for three days (4320 min). The percent of released N-acetyl glucosamine was similar for all AAM
hydrogels and was around 99.0% (Fig. 5. a) and Table 3.). The percent of released diclofenac from
AAM hydrogels was between 82.0% — 99.0% (Fig. 5. b) and Table 3.). A slight decrease in cumula-
tive release with increase in HoO2 amount up to 100 pL was observed for both drugs. Further increase
in H>O2 amount led to mild increase in released amount of both drugs. These results are consistent
with the swelling behaviour of AAM hydrogels, where the increase in H2O2 amount up to 100 uL
reduced the swelling degree, which further limited drug diffusion. Higher amount of H>O led to
formation of slightly looser polymer network which enabled mildly enhanced release of drugs. Ob-
tained results show that AAM hydrogels have potential for encapsulation and controlled release of
anti-inflammatory active substance that are used for treatment of wounds.
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Figure 5. Cumulative release of: a) N-acetyl glucosamine and
b) diclofenac from the AAM hydrogels in distilled water at 25 °C
Table 3. The SDeq values of the AAM hydrogels and cumulative drug release
Sl SDeq Cumulative relea?"e of N-acetyl | Cumulative release of diclofenac,
glucosamine, % %

AAM-40H,0,/VC 16.03 99.79 98.87
AAM-70H20,/VC 15.13 99.70 93.04
AAM-100H20,/VC 13.69 98.57 85.49
AAM-150H20./VC 14.43 99.93 88.39

4, Conclusions

In this study hydrogels based on acrylamide (AAM) was successfully synthetized at ambient
conditions by employing hydrogen peroxide/vitamin C (H20,/VC) initiation system. FTIR analysis
confirmed the composition of prepared AAM hydrogels and SEM analysis revealed porous structure
of the AAM hydrogels. Compression tests showed that the values of compression stress increased
with the increase in the H2O2 amount up to 100 pL. Above that point the value of compression stress
started to decrease. The analysis of swelling behavior of the AAM hydrogels showed that the equi-
librium swelling degree decreased with the increase in the H>O2 amount up to 100 puL, above which
started to increase. This result was consistent with the results obtained by compression tests. The
increase in the H>O» amount led to the formation of large number of short polymer chains, so xerogels
density increased leading further to the reduced swelling capacity. Further increase in the H>O»
amount led to the formation of huge number of polymer chains that probably could not be efficiently
crosslinked with used crosslinker amount, so polymer network was more elastic and could absorb
higher amount of water. The drug release experiments showed that both N-acetyl glucosamine and
diclofenac were released in controlled manner for three days. A slight decrease in cumulative release
with increase in H>O2 amount up to 100 uLL was observed for both drugs. Further increase in H>O»
amount led to mild increase in released amount of both drugs. All obtained results show that AAM
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hydrogels can be efficiently prepared in eco-friendly manner by using H>O»/VC initiation system and
have potential for controlled release of N-acetyl glucosamine and diclofenac.
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