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Hydrogels, known for their high hydration, porosity, and permeability, are widely studied for biomedical
applications. This paper reports on semi-interpenetrating network (IPN) hydrogels composed of poly(methacrylic acid)
(PMA) and natural polymers (gelatin, alginate, and chitosan), synthesized via thermally-induced free-radical
polymerization. The resulting hydrogels were evaluated for their physicochemical, mechanical, and drug release
properties. Characterization techniques, including Fourier transform infrared (FTIR) spectroscopy, Field emission
scanning electron microscope (FE-SEM), and swelling capacity analysis, demonstrated effective integration of natural
polymers within the PMA network and their impact on hydrogel performance. PMA's pH sensitivity, combined with
natural polymers, supports its suitability for controlled drug delivery and tissue engineering. Mechanical testing showed
that adding 40 wt% of gelatin significantly increased the compressive strength from 0.16 MPa in pristine PMA to 2.35
MPa for PMA/gelatin IPN hydrogel and increased the modulus from 0.006 to 0.027 MPa. Chitosan provided moderate
mechanical improvements, while alginate showed limited effects at higher concentrations. Swelling analysis revealed
that the addition of gelatin and alginate reduced the equilibrium swelling ratio (ESR), suggesting denser crosslinking
within the hydrogel matrix. Due to its pH-sensitive properties, chitosan had increased ESR at lower pH levels, showing
potential for enhanced drug release modulation. Ciprofloxacin release studies demonstrated ESR-dependent drug
release kinetics. These findings suggest that the incorporation of natural polymers, particularly gelatin, optimizes
mechanical properties, pH-responsive swelling, and biocompatibility, making these hydrogels promising candidates for
controlled drug delivery and tissue engineering applications.
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NMOJYMEIIAHU BMPEKEHU XU/IPOI'EJIOBU BASUPAHU HA INOJIM(METAKPUJIHA KUCEJIMHA)
U NMPUPOJHU NMOJIUMEPH KEJATHUH, XUTO3AH U AJITUHAT 3A HOTEHIIUJAJTHA
BUOMEJINIIMHCKA ITPUMEHA

XuzpporenoBure, IO3HATH IO HUBHATA BUCOKA XWApaTtalyja, MOPO3HOCT M TNPONYCTIMBOCT, CE€ IIHUPOKO
[poy4yBaHU 3a OuomenuuuHcka npuMeHa. OBOj TpyA NpHKaKyBa IOdyMellaHd BMpexeHu xuzaporenoBu (IPN)
coctaBeHH oj noiu(merakpuinHa kucennHa) (PMA) u npupoanu mnonuMepu (KeJIaTHH, alirMHAT W XHUTO3aH),
CHUHTETH3MPAHU NIPEKY TEPMUYKH MHAYLHpPaHa MOJMMEepU3aluja co cinoboquu panukany. JloOueHnTe Xunporenosu oea
OLIEHETH CIIope]l HUBHUTE (PU3NYKOXEMHUCKH, MEXaHUYKH U CBOJCTBA 3a 0c000yBamke Ha JiekoBU. Kapakrepusanujara,
BKIyuyBajku @DypjeoBa TpaHcopmauucka uHppaupseHa (FTIR) cnexrpockonuja, CKeHUpauka eJIEKTPOHCKa
MuKpockonuja co emucuja Ha none (FE-SEM) u ananusa Ha crmocoOHOcTa 3a HabaOpyBame, IOKaxka edukacHa
MHTErpalldja Ha NPUPOJHUTE IOJUMEpPU BO Mpexara Ha PMA u HHMBHOTO BiMjaHME Bp3 mnepdopmaHcuTe Ha
xugporenosute. pH-uyBcTBUTENHOCTA HAa PMA, BO KOMOMHAaNHMja CO IPUPOAHUTE MOIUMEPH, ja NOTBPAYBA HEj3MHATA
MOTO/IHOCT 332 KOHTPOJIMPAHO OCJI000/AYBamke Ha JIEKOBH M 332 MHXKCHEPCTBO Ha TKHMBAa. MEXaHHYKHUTE TECTHUpaba
IOKakaa Jieka noiaBameTo Ha 40 % MaceH ynen Ha JKeNJaTHH 3HAUUTENHO ja 3rojieMyBa KOMIIPECHBHATA LBPCTHHA OJ
0,16 MPa kaj uricta PMA Ha 2,35 MPa kaj PMA/xenatun IPN xunporenor, kako u Mmoayiot ox 0,006 Ha 0,027 MPa.
XUTO3aH MOKaka YMEPEHO MEXaHWYKO NOoA00pyBame, J0/eKa alrMHAT UMalle OrPaHUYEHO BIMjaHHE NPU HOBHCOKH
KOHIIEHTpaluy. AHaiu3ata Ha Ha0aOpyBameTO OTKPH JeKa MOJABAImETO Ha JKeNaTMH M allMHAT I'o HamaiyBa
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pPaMHOTEXXHHOT KoeduuueHT Ha HabaOpyBawe (ESR), mro ykaxyBa Ha morycra BMpEXEHOCT BO Marpuuara Ha
xuaporenor. Ilopaan cBoute pH-uyBCTBUTENHH CBOjCTBA, XMTO3aHOT TOKaxa 3roigemeH ESR mpu mnonumcku pH
BPEIHOCTH, IITO YKa)KyBa Ha MOTEHLIMjal 3a 10100pa MoAyaluja Ha 0cI000AyBambeTo Ha JIekoBU. McTpaxyBamaTa 3a
ocno0oyBame Ha IUNPO(IOKCAIMH MOKaXkaa JeKka KMHETHKaTa Ha ociao0oayBame Ha JiekoT 3aBucu oj ESR. Osue
HAO/M YKaXyBaaT JeKa BKIY4yBameTO Ha NPUPOIHH IOJMMEPH, OCOOEHO KEJaTHH, TM ONTHMHU3UpPAa MEXaHUYKUTE
cBojcTBa, pH-oaroBopHOTO HabaOpyBame M OMOKOMNATHOMIIHOCTA, CO IITO OBHUE XUJPOTEJIOBU CE MOTCHIHUjATHU
KaHIUIaTH 32 KOHTPOJIMPAHO OCI000yBamke Ha JIEKOBH 1 32 IPUMEHA BO HH)KEHEPCTBO HA TKUBA.

Keywords: IPN xuporen; nonu(MeTakpuiHa KHCENIUHA); IPUPOAHU MOJMMEPH; 0CI0001yBatbe Ha JeK

1. INTRODUCTION

Hydrogels, hydrophilic three-dimensional po-
lymeric networks, are highly attractive for biome-
dical applications due to their porous and permeable
structure, biocompatibility, and ability to incorpo-
rate cells and drugs. Poly(methacrylic acid) (PMA)
is an anionic polymer often used for the formation
of three-dimensional networks with a relatively high
hydration capacity.! Due to the lateral carboxyl
groups present in the structure, PMA hydrogels are
pH-sensitive. Ionization of PMA's carboxyl groups
above pH 4.3 introduces a negative charge, expan-
ding the hydrogel structure.'” Conversely, at pH
lower than 4.3, ionization and negative charges are
absent, promoting hydrogen bonds and hydrophobic
interactions between polymer chains, which in turn
leads to structural shrinkage.” In addition, hydro-
phobic interactions from the a-methyl group in
PMA stabilize hydrogen bonds, restrict water infil-
tration, and improve mechanical properties.’

Along with PMA hydrogels' pH sensitivity,
which is crucial for biomedical applications, parti-
cularly in controlled drug release,*”’ there exists the
possibility for flexible adjustment of properties by
varying the monomer, crosslinker, initiator concen-
trations, and monomer neutralization degree.*’
However, the lack of cell recognition sites and bio-
degradability, as well as the relatively poor mecha-
nical properties, limits the application of single-
network PMA hydrogels in biomedicine.

Recent advances focus on interpenetrating
(IPN) network hydrogels to enhance mechanical
integrity and tailor properties.'®'? Natural polymers,
derived from various sources such as plants, animals,
and microorganisms, have found widespread use in a
variety of biomedical applications. They serve as
pharmaceuticals, tissue regeneration scaffolds, drug
delivery systems, and imaging agents. The appeal of
natural polymer-based scaffolds for tissue repair and
regeneration lies in their similarity to the extracellular
matrix, high biocompatibility, mechanical tunability,
and substantial water holding capacity."”” Combining
natural polymers with PMA networks is anticipated
to improve biological activity and mechanical

strength while imparting biodegradability to resulting
hydrogels.

Gelatin, a natural polymer similar to collagen,
is extensively used in biomedicine due to its cost-
effectiveness, biocompatibility, and biodegradability.
It contains Arg-Gly-Asp (RGD)-like sequences that
support cellular activities."* However, the challenges
associated with gelatin include low mechanical
strength and rapid dissolution at physiological tempe-
ratures, necessitating the use of toxic crosslinkers that
can compromise the hydrogels' integrity."”

Chitosan, Earth's second most abundant poly-
saccharide after cellulose, is valued for its biocom-
patibility, biodegradability, and antimicrobial pro-
perties. It serves diverse roles in biomedical, phar-
maceutical, and environmental applications, inclu-
ding wound healing, drug delivery, water treatment,
and food packaging.'® Chitosan hydrogels come in
diverse forms such as liquid gels, powders, beads,
films, tablets, capsules, microspheres, micropar-
ticles, sponges, nanofibrils, textile fibers, and inor-
ganic composites.'’

Alginate, a seaweed-derived linear unbranched
polysaccharide containing repeating units of 1,4-
linked B-d-mannuronic acid and a-1-guluronic acid, is
renowned for its versatility in forming hydrogels.'®
Its reversible gelling properties in aqueous solutions
arise from ionic interactions with divalent cations,
such as calcium, barium, and magnesium, interacting
with carboxylic acid moieties on the guluronic acid
residues.'® Tonically crosslinked alginate hydrogels
have gained significant interest in applications like
drug delivery, cell encapsulation, and tissue rege-
neration.'” Despite promising outcomes in previous
studies, achieving control over mechanical properties,
swelling ratios, and degradation profiles in ionically
crosslinked alginate hydrogels remains challenging.

Although combining natural polymers with
PMA can enhance hydrogel properties compared to
single-network hydrogels, research in this area
remains limited. Few papers have explored PMA/
gelatin IPN hydrogels. Gupta et al. utilized glutar-
aldehyde to crosslink PMA/gelatin granules for
controlled glipizide release,”® while Zhang et al.
employed low-temperature photo-induced free-ra-
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dical polymerization to create semi-IPN networks
with gelatin and PMA, achieving excellent mecha-
nical properties.'' Our recent investigations have
focused on three-dimensional PMA/gelatin IPN
hydrogels for potential biomedical applications,
demonstrating significant improvements in mecha-
nical strength and biodegradability.’?'

Chitosan's cationic groups enable it to form
polyelectrolyte complexes with polyanionic polymers
like poly(acrylic acid) and PMA making them
promising for controlled drug release applications
due to their pH sensitivity.” However, literature on
IPN hydrogels combining chitosan and PMA is
sparse. Maity et al. have synthesized PMA/chitosan
IPN hydrogels for dye adsorption, enhancing thermal
stability and adsorption capacity.” Another study has
combined chitosan with a copolymer of methacrylic
acid (MA) and acrylamide to form IPN hydrogels via
sequential polymerization.”* These hydrogels showed
reduced swelling and faster release kinetics compared
to the copolymers, suggesting potential applications
in controlled release systems.

Similarly, studies on PMA/alginate IPN
hydrogels are limited. Sajeesh and Sharma
developed PMA/alginate microparticles for insulin
release, showing pH-dependent release behavior.”
Another study reported PMA/alginate semi-IPN
hydrogels responsive to stimuli like temperature,
pH, and ionic strength. It has been demonstrated
that these hydrogels have potential for applications
in artificial muscles, sensors, and controlled release
systems with electrical modulation.’**’ Recently,
Pal et al. synthesized alginate/poly(methacrylic-co-
acrylic acid) hydrogels, ionically crosslinked by
Fe*"/Fe**.*® These hydrogels demonstrated pH-
dependent drug delivery Kkinetics, inhibitory
activity against breast cancer MDA-MB-231 cells,
and biocompatibility with HEK-293 cells.

In this work, we synthesized IPN hydrogels
based on PMA and natural polymers: gelatin,
chitosan, and alginate. The obtained hydrogels were
characterized in terms of physicochemical, structural,
and mechanical properties, with a focus on the
properties important for biomedical applications, as
well as in vitro drug release.

2. MATERIALS AND METHODS

2.1. Materials

Methacrylic acid (MA) (99.5 %) was supplied
by Merck KGaA. Poly(ethylene glycol) diacrylate
(PEGDA) (M, = 700 g/mol), sodium hydroxide
(NaOH) (= 97.0 %), Type B bovine skin gelatin (gel
strength 225), sodium alginate, and chitosan (medium
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molecular weight, 75-85 9% deacetylated) were
obtained from Sigma Aldrich. The initiator, 2,2'-
azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride
(VA-044) (99.8 %) was supplied by Wako Pure
Chemical Industries. All chemicals were used as
received.

2.2. Methods

2.2.1. Synthesis of IPN hydrogels

The synthesis of IPN hydrogels was per-
formed through thermally induced free-radical
polymerization of MA in the presence of a
crosslinker (PEGDA) and a natural polymer.
Specifically, 0.3 ml of MA, 0.1 ml of 2 M NaOH,
0.4 ml of 2 % PEGDA, 0.5 ml of distilled water,
and a specified amount of natural polymer (Table
1) were mixed and stirred at 60 °C for 20 minutes.
Afterward, 0.2 ml of 1 % VA-044 initiator was
added to the mixture, which was stirred for an
additional 3 minutes before being poured into
cylindrical molds (8 mm diameter). The molds
were then placed in a dryer at 70 °C for 3 hours to
allow polymerization. The resulting hydrogels
were carefully removed from the molds and cut
into 5 mm thick disks, which were then prepared
for subsequent characterization tests. Hydrogels
containing the drug ciprofloxacin were prepared in
the same way, but with the addition of 10 mg of
ciprofloxacin, and were labeled as PMA/CIP,
PMAGS3/CIP, PMAA3/CIP, and PMAC3/CIP.

Table 1

Sample codes and the content of natural polymer
in the reaction mixture

Samples Natural polymer Mass (g)
PMA / /
PMAGI1 gelatin 0.070
PMAG2 gelatin 0.140
PMAG3 gelatin 0.200
PMAC1 chitosan 0.007
PMAC2 chitosan 0.014
PMAC3 chitosan 0.020
PMAA1 alginate 0.007
PMAA2 alginate 0.014
PMAA3 alginate 0.020

2.2.2. Fourier transform infrared (FTIR)
spectroscopy analysis

Fourier transform infrared (FTIR) spectra of
the samples were recorded in absorbance mode using
a Nicolet™ iS™]0 FTIR Spectrometer (Thermo
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Fisher Scientific) with Smart iTR™ attenuated total
reflectance (ATR) sampling accessories, within the
range of 4004000 cm ™', at a resolution of 4 cm™'
using over 20 scan modes.

2.2.3. Degree of monomer conversion into
gel phase

The degree of monomer conversion (DC)
into gel phase was determined using the equation:

(1)

DC =2
me
where my is the weight of xerogel obtained by drying
of hydrogels to constant mass after 24 h of swelling
in phosphate-buffered saline (PBS) at pH="7.4 and
t=37 °C, during which unpolymerized molecules
were rinsed out; and m; is the theoretical mass of the
xerogel obtained by summing all components
constituting the polymer network.

2.2.4. Determination of swelling capacity

The equilibrium swelling ratio (ESR) was
determined after 24 hours of immersion in different
buffer solutions (0.01 M) — hydrochloric acid buffer
(pH 1.2), acetate buffer (pH 4.0), and phosphate
buffer (pH 7.4). The ESR was calculated using the
following equation:

m,

ESR (%) = 2

eq
mo
where m,, is the weight of the swollen hydrogel
sample at equilibrium, and my is the weight of the
xerogel. For each sample, at least three swelling
measurements were performed, and the mean
values were used.

2.2.5. Morphological investigations

A field emission scanning electron micro-
scope (FE-SEM), Tescan MIRA 3 XMU (Czech
Republic), operating at 20 kV, was used to
characterize the morphology of the hydrogels.
Prior to examination, all samples were swollen to
equilibrium in PBS, lyophilized, and sputter-coated
with gold using a POLARON SC502 sputter coater
(United Kingdom) to avoid electrostatic charging.
To prepare the samples for lyophilization, the
samples were frozen at —80 °C for 1 h before the
procedure. The solidified scaffolds were then
transferred into a freeze-dryer (Beta 2-8 LD plus,
Martin Christ, GmbH, Germany) and dried at —60 °C
(at pressure of 0.011 mbar) for 24 h and at =75 °C

(at pressure of 0.0012 mbar) for an additional hour
to remove the residual water.

2.2.6. Mechanical properties

The mechanical properties of hydrogels were
evaluated using a universal testing machine AG-
Xplus (Shimadzu, Japan), equipped with a 1000 N
force load cell (force range from 0.01 to 1000 N).
Before testing, the hydrogels were equilibrated in
PBS at 37 °C and shaped into cylindrical specimens
measuring 10 mm in height and 5 mm in diameter.
Unconfined compression was performed up to 100 %
deformation at a compression speed of 3 mm/min.
Automatic detection of the contact between the plate
and hydrogel was performed by setting a contact
force of 0.1 N. The values of compressive strength
were determined as stress values at fracture. The
compressive modulus was calculated as the slope of
the stress-strain curve from the linear region between
0 % and 10 % strain. At least three specimens were
tested for each hydrogel, and the mean values and
standard deviations were calculated.

2.2.7. In vitro drug release

Pristine PMA, PMAG3, PMAA3, and
PMAC3 hydrogels, with and without ciprofloxacin,
were cut into circular discs (10 mm in diameter, 5
mm in thickness). The hydrogels without the
incorporated antibiotic served as controls. For the in
vitro ciprofloxacin release study, a certain amount of
the tested hydrogels (PMA/CIP, PMAG3/CIP,
PMAA3/CIP, PMAC3/CIP) was immersed into 30
ml of PBS solution (pH 7.4) in a thermostatic
incubator at 37 °C. At predetermined time intervals
0f 0.5, 1,2, 4, 8, 24, 30, and 48 h, 2 ml of the release
medium was sampled and replaced with fresh PBS to
maintain sink conditions. Ciprofloxacin release was
quantified using UV spectrophotometry (UV-1800
UV-VIS spectrophotometer, Shimadzu, Japan) at 270
nm, and cumulative release was calculated from a
standard calibration curve. The release behaviors
were assessed in triplicate, with results reported as
mean =+ standard deviation.

2.2.8. Drug release kinetic studies

To study the kinetics of the ciprofloxacin
release, the results of in vitro tests were fitted to
various kinetic models, including:

e Zero-order model: Oy = Qo + Kot, where O
is the amount of drug released in time ¢, Qp is the
initial amount of drug in the solution, and Kj is the
release constant;
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e First-order model: logQ: = logQy —
K1#/2.303, where (O is the amount of drug
dissolved at time ¢, Qo is the initial amount of drug
in the solution, and K; is the first-order release
constant;

e Higuchi's model: O, = Kut'"?, where Q; is
the amount of drug dissolved at time ¢, and Ky is
the release constant.

3. RESULTS AND DISCUSSION

3.1. The design of IPN hydrogels

PMA hydrogels were fabricated via ther-
mally induced free-radical polymerization, utili-

zing MA as a functional monomer, VA-044 as an
initiator, and PEGDA as the crosslinking agent
(Figure 1). PEGDA, a bifunctional crosslinker with
acrylate groups at both ends of the molecule, plays
a crucial role in the polymerization process. During
this process, the acrylate groups of PEGDA react
with the growing macromer radical, incorporating
the crosslinker into the polymer chain and forming
covalent bonds with the monomer units. When
both ends of the PEGDA crosslinker are integrated
into two separate polymer chains, they create
crosslinking sites, resulting in a covalently
crosslinked network. As the density of crosslinking
points increases, the hydrogel becomes more rigid
and mechanically robust.

COOH COOH
1) I+ HC=CH  —=— |—HC—CH'

COOH COOH COOH  COOH  COOH
(2) I-HC—CH" +(HC=CH) =me— I—HC—C + HC—CH): HC—CH'

COOH COOH  COOH COOH
iz / /0, 7 o
3) I=HC—C £ HC—CH) ,HC—CH’ + HC=CH === /\/\/\Hchcufnch/cw R= f( \/\}\o
13
OZC\ o=¢
R \ PEGDA
) R
iy S I- Initiat
HC=CH HC—CH nitiator
/COOH /COOH /COOH /COOH
(4) /\/\/\Hchcufﬂch/cw + HE —CHA NN —— /\/\/\Hchcnfﬂch/CHfHC—CH,/\/\/\
0=cC 0o=cC
\ X\
R R
5 P8
0o=cC o=C
\ N
HC=CH HC—=CH
COOH COOH COOH GOOH
P W W T S - PAVataN
/\/\/\HchchHZCW/CH*HC—CH,/W\ HG—CH—HC—CH—HC —CH,
o=cC OZC\
(5) \R —_— R
F /
COOH o:c\ COOH COOH O0=C COOH

4
/\/\H,cch' + HC=CH + -Hé_CHz/\/\/\

\ A\ /
NNHE—CH— HE—CH —HE — CH NN

Fig. 1. A simplified illustration of the free-radical polymerization of MA and the formation of three-dimensional crosslinked
hydrogels: (1) Initiation — formation of MA radicals; (2) Propagation — addition of MA monomers to the growing polymer chain;
(3) Incorporation of the crosslinker's vinyl group into the growing chain; (4) Termination — interaction between the growing chain

and another polymer chain; and (5) Crosslinking — reaction of the second vinyl group of the crosslinker with another growing chain,
resulting in the formation of crosslinking points.

Following thermally induced free-radical poly-
merization and crosslinking, a three-dimensional
network was formed, entrapping natural polymer
molecules within the structure, which interacted with
the PMA chains. Figure 2 shows IPN hydrogels
swollen in deionized water. As the content of natural
polymers (gelatin or chitosan) increased in PMAG
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and PMAC hydrogels, their dimensions decreased,
indicating the formation of a more compact structure.
The transparency reduced, respectively, making the
hydrogels white and opaque, suggesting the estab-
lishment of interactions between PMA and the natu-
ral polymers.
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For example, the reduced transparency in

‘ PMA /gelatin hydrogels was attributed to microscale

phase separations due to hydrophobic inter-

. actions.”'® In contrast, the increase in alginate

content in PMAA hydrogels led to reduced compact-
PMAC1 PMAC2 PMAC3 ness. While PMAA1 and PMAA?2 were mechanically
stable, PMAA3 was softer and weaker. Hydrogels
with even higher alginate content (not shown) were
overly soft and prone to disintegration, likely due to
hindered polymerization and crosslinking of the

PMA network, resulting in insufficiently crosslinked,
soft hydrogels.

. . 3.2. Polymerization degree
The degree of conversion (DC) directly affects
the physical and mechanical properties of hydrogels,
PMAG1 PMAG2 PMAG3

indicating the extent of monomer incorporation. In

. , this study, DC varied with the type of natural
Fig. 2. Photograph of the synthesized PMA, PMAG, PMAA, 1 .
and PMAC hydrogels polymer used (Fig. 3).

PMA PMAA1 PMAA2 PMAA3

>
w

a -\ . A\
| A
95 . 95 +

90+

g Ty

754

90

85 \ l
J

75

Degree of Conversion (%)
Degree of Conversion (%)

701+ - . . . . , 70— . - . . - .
0.00 0.07 0.14 0.21 0.000 0.007 0.014 0.021
Gelatin content (g) Alginate content (g)

C 100 4
| \;

::: ~

80+

Degree of Conversion (%)

75

70

T ¥ T ! T ¥ 1
0.000 0.007 0.014 0.021
Chitosan content (g)

Fig. 3. The influence of natural polymer content on DC for PMAG (A), PMAA (B), and PMAC (C) hydrogels
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For PMAG hydrogels, DC ranged from 99.68
+0.31 % to 76.39 £ 5.34 %, while PMAA hydrogels
had a range of 99.68 + 0.31 % to 81.17 £ 4.67 %, and
PMAC hydrogels ranged from 99.68 + 0.31 % to
86.17 £ 3.21 %. As natural polymer content in-
creased, DC decreased due to higher viscosity of the
reaction mixture and reduced monomer mobility, as
well as physical interactions with the natural
polymer's functional groups. PMAG3 had the lowest
DC (75 %) due to the high gelatin content, but
remained compact and functional, showing that
higher natural polymer content can offset lower DC.
In PMAA hydrogels, adding 0.02 g of alginate
reduced the DC to 80 %, while higher alginate con-
centrations resulted in overly soft, non-functional
hydrogels (data not shown). PMAC hydrogels
showed a DC reduction to 86.2 % with 0.02 g of
chitosan; however, higher chitosan content (not
shown) still resulted in compact, functional hydro-
gels. This suggests that while natural polymers affect
conversion and mechanical properties, careful opti-
mization of the synthesis parameters, i.e., PMA to
natural polymer ratio, monomer and polymer content,
etc., can result in the formation of hydrogels with
desirable characteristics.

3.3. Chemical structure of the semi-IPN hydrogels

The FTIR spectra of pristine PMA, gelatin,
sodium alginate, chitosan, and the IPN hydrogels are
presented in Figure 4. The spectrum of pristine PMA
exhibited a strong peak at 1691 cm™, corresponding
to the C=0 stretching of carboxylic groups. In the
fingerprint region (6001500 cm™), smaller peaks at
1534 and 1388 cm™ were observed, indicating the
asymmetric and symmetric stretching of carboxylate
ions, respectively. Peaks at 1478 and 1448 cm™
corresponded to CHs bending and CHz scissoring,.

The gelatin FTIR spectrum featured significant
peaks at 1628, 1522, and 1235 cm™ linked to the
polypeptide backbone and amide vibrations. A broad
peak at 3275 cm™ represented -NH and —OH
stretching modes, the peak at 3071 cm™ —-NH
stretching, while peaks at 2935 and 2874 cm™' were
assigned to C—H stretching vibrations.

The PMAG3 IPN hydrogel showed charac-
teristic bands for both components, gelatin and PMA.
Increasing PMA content enhanced the intensity of the
carboxylic C=0 peak, while reducing the polypeptide
C=0 peak. Notably, the peaks corresponding to the
amide C=0O stretch (1628 cm™) and the carboxyl
groups of PMA (1691 cm™) merged, forming a
broader peak centered at 1654 cm™, indicating
interactions between PMA and gelatin. Additionally,
a shift in the -NH bending vibration (from 1522 to
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1528 cm™) further suggested the formation of mutual
interactions, probably through hydrogen bonding.

The FTIR spectrum of chitosan displayed
several characteristic absorption peaks: a strong
band between 3291 — 3361 cm™ for N-H and O-H
stretching, and bands at 2921 and 2877 cm™! for C—
H symmetric and asymmetric stretching.*® Bands at
1645 cm™ (amide I, C=0 stretching), 1325 cm™
(amide III, C—N stretching), and 1550 cm™ (amide
II, N-H bending) confirmed the presence of
residual N-acetyl groups. A band at 1589 cm™
indicated N—H bending of the primary amine.

In the FTIR spectrum of the pure alginate
hydrogel, the peaks at 3240 cm™ and 2921 cm™
corresponded to O-H and C-H bond stretching,
respectively. Bands at 1593 cm™ and 1405 cm™ were
attributed to the asymmetric and symmetric stret-
ching of the carboxylate group (COO"). The bands at
1023 cm™ and 1081 cm™ were associated with C-O
stretching, while peaks at 946 cm™, 883 cm™, and
1081 cm™ confirmed the presence of guluronic and
mannuronic acid units. The band at 810 cm™
indicated Na—O bonds in sodium alginate.’'

gelatin  c-o

;
t9zbicmy N-H bending

1522 cm™*

alginate

chitosan

Transmittance (%)

T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 4. FTIR spectra of natural polymers, PMA, and IPN
hydrogels

The spectra of the PMAC3 and PMAA3
hydrogels were almost identical to that of the pure
PMA hydrogel, with no distinct features matching the
alginate or chitosan spectra. This suggests that the
addition of 0.02 g of chitosan or alginate was
insufficient relative to the mass of PMA to produce
measurable spectral changes, and probably the main
absorption peaks of chitosan blended with the peaks
of PMA. The change in transparency of PMA
hydrogels upon the addition of chitosan confirmed
the establishment of mutual interactions. Maiti et al.
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have studied PMA/chitosan IPN hydrogels for dye
absorption applications and reported shifts in the
vibrational frequencies of functional groups in both
PMA and chitosan after IPN formation.”> However,
the main absorption peaks related to PMA functional
groups showed minimal shifts, consistent with our
findings. Although the chitosan content was insuf-
ficient to induce major spectral changes, possible
interactions based on the structure of the components

in the PMA/chitosan system included: 1) hydrogen
bonding between chitosan and PMA; 2) electrostatic
interactions between the positively charged ammo-
nium groups of chitosan and the negatively charged
carboxylate ions of PMA; and 3) hydrophobic
interactions.’ Figure 5 illustrates the proposed inter-
actions between PMA and natural polymer molecules
within the hydrogels' structures.

0090 Gelatin P Alginate
R PMA ... Hydrogen bonds
' - Chitosan

Hydrophobic
interactions

lonic bonds

Fig. 5. Proposed interactions between PMA and natural polymers within the structures of PMAG (A), PMAC (B),
and PMAA (C) hydrogels

3.4. Swelling and pH sensitivity

Swelling ability is a crucial characteristic of
pH-sensitive hydrogels in drug delivery applications,
as it can significantly influence the release profiles of
bioactive molecules.”® In addition, the degree of
hydrogel swelling is an essential parameter for vari-
ous medical applications, particularly when hydrogel-
based devices are implanted near pressure-sensitive
tissues and organs, such as in spinal or brain sur-
gery** In this study, we investigated the swelling
behavior of hydrogels across a pH range of 1.2 to 7.4
at 37 °C. The equilibrium swelling ratio (ESR) as a
function of natural polymer content for hydrogels
under different pH conditions is illustrated in Figures
6A-C.

All hydrogels demonstrated pH-sensitive
swelling behavior. At pH 1.2 and 4.0, which are
below the pK, value of PMA (approximately 4.3),
the ESR was low for all hydrogels. When the pH
exceeded the pK,, the carboxylic groups became
ionized, resulting in repulsive forces between the
negatively charged carboxylate ions and an incre-
ased ionic density, which contributed to a higher
ESR. However, an increase in the natural polymer

content led to a greater degree of crosslinking,
resulting in a lower ESR. For instance, for PMAG
at pH 7.4, the ESR decreased from 15.9 to 3.4 g/g
as gelatin content increased from 0.0 to 0.2 g
(Figure 6A). Similarly, for PMAA and PMAC, the
ESR decreased from 15.9 to 8.5 (Figure 6B) and
7.3 g/g (Fig. 6C), respectively. These ESR de-
creases indicate that the addition of gelatin to PMA
hydrogels produced the most compact and highly
crosslinked structure compared to alginate and
chitosan.

Interestingly, although PMAC exhibited a
lower ESR at pH 7.4 compared to PMAA, it
demonstrated significantly higher ESR under
acidic conditions, which increased further with
higher chitosan content (3.66 g/g for PMAC3 and
1.41 g/g for PMAA3). This behavior is attributed
to the pH sensitivity of chitosan, stemming from
the presence of amino groups that can be
protonated or deprotonated depending on the
surrounding pH. At low pH levels, the chitosan
amino groups became protonated, resulting in a
positively charged structure that enhanced swelling
and solubility, as also reported in another study.*

Maced. J. Chem. Chem. Eng. 44 (1), xx—xx (2025)
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Fig. 6. pH sensitivity of natural polymer content on ESR for PMAG (A), PMAA (B), and PMAC (C) hydrogels

3.5. Field emission scanning electron microscopy

Figure 7 shows cross-sectional FE-SEM
images of lyophilized, swollen hydrogels, revealing
distinct microstructural characteristics due to the
different natural polymers used for IPN formation.
Pristine PMA exhibited a highly porous structure
with pore sizes up to 500 um. The addition of gelatin
significantly reduced porosity, with PMAG3 showing
more uniform microstructure and a smaller average
pore size of approximately 10 pm. In contrast, the
addition of alginate and chitosan had less effect on
the porosity, with pore sizes ranging from 100 to 500
pm. The PMAA3 hydrogel displayed a highly
irregular microstructure, probably due to inter-
ruptions in the polymerization process. PMACS3,

Maced. J. Chem. Chem. Eng. 44 (1), xx—xx (2025)

however, had a relatively uniform microstructure,
similar to pristine PMA.

These observations correlate with ESR results,
as the microstructure is strongly influenced by water
content. Specifically, porosity and pore size are
directly related to the amount of water in the
structure, as well as the formation of ice crystals
during the freezing process. On the other hand, the
ESR is influenced by the polymerization process and
the degree of crosslinking, meaning that the network
parameters, such as the density of crosslinks, play a
crucial role in shaping the final microstructure. Thus,
both the water content and the synthesis parameters
(type and content of natural polymer) significantly
contributed to the development of the hydrogel's
porosity and overall architecture.
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Fig. 7. Microstructure of the lyophilized hydrogels: PMA (A), PMAG3 (B), PMAA3 (C), and PMAC3 (D)

3.6. Mechanical properties

The mechanical properties of hydrogels are
vital for their performance in applications like tissue
engineering and drug delivery, as they ensure sta
bility, durability, and functionality under operational
conditions. Optimizing mechanical performance is
essential for ensuring the functionality and longevity
of hydrogels in their intended applications. Figures
8A—F illustrate the stress-strain curves, as well as the
trends in modulus and compressive strength, as a
function of natural polymer content. Notable
improvements in compressive mechanical properties
were observed for PMAG (Fig. 8A) and PMAC (Fig.
8C) hydrogels with increasing gelatin and chitosan
content. Specifically, the addition of 0.2 g of gelatin
(PMAGS3) enhanced the compressive strength of
PMA hydrogels from 0.16 MPa to 2.35 MPa (Figure
8D), representing a roughly 15-fold increase.
Similarly, the modulus increased from 0.006 MPa to
0.027 MPa, a four-fold improvement.

In contrast, the mechanical enhancements due
to chitosan incorporation were less pronounced. At

the maximum tested chitosan content, compressive
strength and modulus increased by factors of two and
four, respectively, compared to pristine PMA hydro-
gels (Fig. 8F). These results indicate that the incorpo-
ration of natural polymers into PMA hydrogels
enhanced their mechanical properties, due to the
formation of a semi-interpenetrating polymer net-
work (semi-IPN). The presence of the interpenetrant
(natural polymer) improved the crosslinking, incre-
asing the number of chain entanglements and
forming physical bonds with PMA.

The stronger mechanical improvements ob-
served with gelatin can be attributed to the high
number of hydrogen bonds and hydrophobic inter-
actions present within the material, as well as the
significantly lower water content in the structure as a
consequence of these interactions. The abundance of
microphase-separated hydrophobic domains acted as
permanent crosslinks, alongside the chemical cross-
links formed by PEGDA.” These hydrophobic
domains resulted from the a-methyl groups in PMA
interacting with the hydrophobic regions of gelatin.
In contrast, poly(acrylic acid) (PAA)-based hydro-

Maced. J. Chem. Chem. Eng. 44 (1), xx—xx (2025)
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gels, which lack these interactions, have exhibited
significantly lower mechanical properties.”! This
highlights the crucial role of hydrophobic interactions
in PMA/gelatin systems. Additionally, hydrogen
bonds between the carboxylic groups of PMA and
the hydrophilic groups of gelatin contributed to dense
dynamic crosslinking, enabling much higher tensile
strength and deformation compared to pristine PMA
hydrogels. Also, since a huge part of the structure of
the hydrogels was water, which acts as a plasticizer,
reducing the water content in the structure of the
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hydrogels additionally contributed to better mecha-
nical properties.

While chitosan enhanced the mechanical pro-
perties of PMA hydrogels, its effect was less
pronounced compared to gelatin. This difference can
be attributed to the weaker interactions between
chitosan and PMA, as confirmed by FTIR analysis,
which provided minimal contribution to mechanical
reinforcement. Furthermore, the significantly higher
ESR relative to PMAG hydrogels negatively
contributed to the overall mechanical performance.
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Fig. 8. Stress-strain curves for IPN hydrogels with different contents of natural polymers: gelatin (A), alginate (B), and chitosan (C).
The influence of natural polymer content on mechanical properties of PMAG (D), PMAA (E), and PMAC (F) hydrogels
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Increasing the alginate content initially enhan-
ced both compressive strength and modulus, with
optimal values observed for PMAA1 and PMAA?2
samples, i.e., 0.014 g and 0.007 g of alginate, res-
pectively (Fig. 8E). However, further increases in
alginate concentration led to a decline in mechanical
properties. At lower concentrations, alginate probably
promoted crosslinking through hydrogen bonding
between its hydroxyl groups and the carboxyl groups
of PMA, which strengthened the hydrogel network.
In contrast, higher alginate concentrations hindered
the polymerization process, weakening the overall
structure. When alginate content exceeded 0.02 g
(PMAA3), the polymerization was significantly
impaired, resulting in a very soft, poorly structured
hydrogel that was difficult to manipulate.

In summary, the addition of natural polymers,
particularly gelatin, significantly improved the
mechanical properties of PMA hydrogels through
enhanced crosslinking and lowered water content in
the structure, while alginate's effect was more limited
and became detrimental at higher concentrations.

3.7. In vitro release of ciprofloxacin from
PMA/CIP, PMAG3/CIP, PMAA3/CIP, and
PMAC3/CIP hydrogels

The ciprofloxacin release profiles from
different hydrogels — PMA, PMAG3, PMAA3, and
PMAC3 — were observed over a 48-hour period
under simulated physiological conditions (PBS at
37 °C) and are presented in Figure 9. The release
kinetics were influenced by the swelling and
diffusion properties of the hydrogels. PMA, which
exhibited the highest ESR, demonstrated the
greatest drug release, whereas PMAG3, PMAA3,
and PMAC3, with lower ESR values, released
comparatively lower amounts of the drug.

The initial release (within the first hour) was
relatively low across all hydrogels. Specifically,
PMA released 5.1 £ 0.6 % of the ciprofloxacin,
while PMAG3, PMAA3, and PMACS3 released 3.5
+1.1 %, 4.1+ 1.8 %, and 4.3 £ 0.2 %, respectively.
In the subsequent hours, the hydrogels continued to
release the drug, with PMA showing a significantly
higher release (30.8 = 0.7 %) by 7 hours, compared
t0 20.9 £ 2.1 %, 22.5 £ 5.0 %, and 26.2 + 5.1 % for
the PMAG3, PMAA3, and PMAC3 hydrogels,
respectively.

By the 24-hour mark, the drug release from
PMA reached 63.0 = 0.4 %, while PMAG3, PMAA3,
and PMACS3 released 42.9 + 6.3 %, 48.4 = 5.3 %, and
48.8 £ 6.1 % of the drug, respectively. These
differences can be attributed to the varying ESR
values: PMA, with its higher ESR, likely swells
more, creating larger voids for the drug to diffuse

through, thus allowing for a higher cumulative
release. In contrast, the IPN hydrogels with lower
ESR values — PMAG3, PMAA3, and PMAC3 —
exhibited reduced swelling, which restricted the
diffusion of the drug and resulted in slower release.
After 48 hours, PMA had released 82.4 +
2.9 % of the ciprofloxacin, significantly more
than the other hydrogels, which released 62.1 +
4.2 %, 67.7 £ 6.7 %, and 68.1 = 6.4 % of the
drug. These results underscore the critical role of
the hydrogel's swelling behavior in modulating
drug release kinetics. These findings also
highlight the impact of the natural polymer type
on drug release. The differences in release
profiles suggest that a polymer's swelling
behavior and water interaction can be tailored to
control release kinetics. Thus, selecting the right
polymer is crucial for designing a hydrogel
network that provides precise, controlled drug
delivery to meet specific therapeutic needs.

100
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Cumulative ciprofloxacin release (%)

Fig. 9. Cumulative release of ciprofloxacin from PMA/CIP,
PMAG3/CIP, PMAA3/CIP, and PMAC3/CIP hydrogels
in PBS

To establish the ciprofloxacin release profiles
from hydrogels, the in vitro ciprofloxacin release test
results were fitted to mathematical models — zero-
order and first-order models, as well as the Higuchi
model.*® The correlation coefficient (12) between the
model-predicted and experimentally obtained values,
determined through regression analysis, served as the
criterion for selecting the kinetic model that best fits
the drug release kinetics. The correlation coefficient
values (%) for all the tested models, presented in
Table 2, indicate which kinetic model aligns most
closely with the experimental data.
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Table 2

The correlation coefficient (v°) values
for the zero-order, first-order, and Higuchi model

Zero-order First- Higuchi
Sample model (r?) order model (%)
model (%)
PMA/CIP 0.93 0.92 0.99
PMAG3/CIP 0.89 0.93 0.99
PMAA3/CIP 0.91 0.90 0.99
PMAC3/CIP 0.93 0.92 0.99

The Higuchi model exhibited the highest r°
values for the samples, indicating that ciprofloxacin
diffusion from hydrogels followed the Higuchi

model. The regression equation for the Higuchi
model had the form:

0.=13.51"-7.2 (1> =0.99, sample PMA/CIP)
(3)
0 =10.1 "%~ 7.2 (r* = 0.99, sample PMAG3/CIP)
4)
0.=10.8 1" - 7.4 (* = 0.99, sample PMAA3/CIP)
(5)
0 =11.05 " - 6.7 (* = 0.99, sample PMAC3/CIP)
(6)

where O represents the amount of ciprofloxacin
dissolved at time ¢, and Ky is the Higuchi release
constant. In a Higuchi model of drug release, the
drug is released in a manner that is primarily
diffusion-controlled and proportional to the square
root of time, meaning that the amount of drug
released increases gradually over time, following a
quadratic relationship. The Higuchi model suggests
that the release occurs sustainably, where the drug
diffuses through the hydrogel matrix into the
surrounding medium. This model is particularly
useful for describing systems where sustained and
controlled drug release is desired, such as hydrogels
used for therapeutic applications. According to the
Higuchi model, these systems can provide a
prolonged therapeutic effect while minimizing the
risk of toxicity associated with rapid release.

4. CONCLUSION

The manuscript concludes that incorporating
natural polymers into PMA hydrogels can signi-
ficantly enhance their suitability for biomedical
applications, particularly in controlled drug delivery
and tissue engineering. Through the development of
semi-IPN hydrogels with PMA and gelatin, chito-
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san, and alginate, the study demonstrated how na-
tural polymer integration influences key properties,
including mechanical strength, swelling behavior,
and drug release profiles.

Mechanical testing revealed that gelatin mar-
kedly improved the hydrogel's compressive strength
and modulus, suggesting a stronger and more durable
structure. This improvement is attributed to enhanced
crosslinking and network density when gelatin is
introduced. Chitosan provided moderate mechanical
benefits, while alginate exhibited minimal effects on
mechanical properties at higher concentrations, sug-
gesting that gelatin is particularly effective in
strengthening the hydrogel matrix.

Swelling analysis showed that all hydrogels
displayed pH-sensitive swelling behavior while the
addition of natural polymers reduced the ESR,
indicating a denser crosslinked network. In acidic
conditions, chitosan-based hydrogels exhibited
higher ESR due to the protonation of amino groups.
Demonstrated pH responsiveness is beneficial for
drug delivery applications, as it can enable controlled
release in response to environmental pH changes.

Ciprofloxacin release studies further high-
lighted the role of natural polymers in modifying re-
lease kinetics. Gelatin-modified hydrogels exhibited
a slower release profile compared to chitosan and
alginate variants, due to their more crosslinked
structure, lower porosity, and reduced swelling;
however, all modified hydrogels showed significantly
slower release rates than pristine PMA. This behavior
supports the development of drug delivery systems
tailored to specific pH conditions, aligning with the
requirements for targeted and sustained drug release.

Overall, the study demonstrates that natural
polymer integration, particularly with gelatin, en-
hances the mechanical properties, pH-sensitive swel-
ling, and controlled drug release potential of PMA-
based hydrogels. These findings support the develop-
ment of advanced hydrogel systems for biomedical
applications, as the optimized mechanical strength,
tunable swelling, and drug release capabilities present
promising prospects for effective and adaptable drug
delivery and tissue engineering solutions.
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