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ABSTRACT: In the current study, chitosan (CS) and polyvinyl alcohol (PVA) essenced hydrogels were produced using
the freeze-thaw method without toxic cross-linking agents. Magnetic nanoparticles (MNPs) and quercetin (QC) were
added to the system after synthesizing the hydrogel and the samples were freeze-dried using a lyophilizer. The prepared
samples were used in in vitro drug release studies. QC, known as a natural polyphenol, is a promising candidate to
support cancer treatment with its antioxidant effects. However, the hydrogels containing Fe304 nanoparticles exhibit
high porosity and encapsulation efficiency, making them a convenient carrier for drug loading and controlled release.
The QC was encapsulated in the synthesized CS-PVA-MNPs. Morphological changes of the prepared hydrogels were
visualized using scanning electron microscopy (SEM). The molecular structure of the synthesized samples was
determined using fourier transform infrared spectroscopy (FTIR), while their thermal stability was evaluated through
thermogravimetric analysis (TGA). The encapsulation efficiency (EE) and drug loading efficiency (DLE) of QC in
hydrogels including Fe;O; MNPs were determined as 93.40% and 65.58%, respectively. In vitro release profiles of QC at
pH 5 and pH 7.4 demonstrated the effectiveness of the hydrogel. These results indicate that CS-PVA-MNPs-QC is a
convenient carrier for the intended drug delivery and reveal the potential of QC as a drug versus cancer cells.
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1. INTRODUCTION

Cancer remains a substantial cause of death entire world; its prevalence is predicted to increase due to
population growth and aging, especially in less developed regions where approximately 82% of the global
population resides [1]. To increase comfort and alleviate side effects during the traditional cancer treatment
process, antioxidant additives are used in addition to medications.

Natural polyphenols attract great attention in cosmetics, medicine, and food because of their well-
rounded functions like antibacterial, antioxidant, and anticancer properties. Chemical groups in natural
polyphenols (i.e. pyrogallol and catechol) are liable for strong non-covalent interactions through
hydrophobic interactions and multiple hydrogen bonds, as well as dynamic covalent complexation with
multiple metal ions and boronate groups. Natural polyphenols have been widely used in producing
biomaterials like hydrogels, nanoparticles (NPs), and nanocapsules for transporting different types of
molecules. Moreover, natural polyphenols comprised of umpteen pyrogallol/catechol groups can be readily
combined with diverse polymers to evolve functional materials [2].

Chitosan is produced through the deacetylation of chitin; it is a natural biopolymer that is
biocompatible, easily accessible, biodegradable, non-toxic and has an antimicrobial effect. CS is widely used
in biomedical and medical applications like tissue engineering, drug delivery systems, and biosensors.
Organic crosslinking agents used when preparing hydrogel with CS cause negative effects on the human
body. Concerns remain regarding the safety of CS-essenced hydrogels, particularly due to the toxicity of
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glutaraldehyde. Possible side effects can be prevented by using a natural and non-toxic cross-linking agent
or by boosting the freezing-thawing times [3]. In the literature, many drug carriers such as MNPs, hydrogels,
and liposomes have been designed using chitosan and its derivatives [4,5].

Hydrogels are structures with three-dimensional polymeric networks. They have high water
absorption capacities and can easily mimic cells. These materials do not irritate the body due to their
flexibility and softness [8]. Bahareh et al. developed two biomolecules containing CMCS-grafted glycerol and
CS-grafted glycerol hydrogels for controlled and sustained drug release. These hydrogels effectively
delivered drugs to MCF-7 and other breast cancer cells with improved bioavailability [5].

NPs have been employed as drug carriers in implementations, also implicating cancer treatments, to
utilize the therapeutic advantages of drug targets. With diameters ranging from 10 to 100 nm, nanoparticles
exhibit distinctive and customizable physicochemical properties aimed at improving drug availability,
targeting specificity to tissues, and enhancing drug solubility [6]. There are various drug delivery systems
created by incorporating nanoparticles into hydrogels. Naderi et al. carried out drug loading and release
studies for curcumin with the carboxymethyl CS hydrogel they synthesized by incorporating Fe;O; and
MnFe;O, nanoparticles [7].

Quercetin is a flavonoid compound found in the composition of many foods such as onions,
coriander, lovage, capers, berries, and apples. By stopping some key signal transduction targets, QC
prevents cancer as well as healing tumor cells. However, other solvents, such as ethanol, are needed to be
used during the studies due to the low solubility of QC in water. In recent studies, Patel et al. revealed that
the in vivo cytotoxicity of QC-loaded polymer lipid hybrid NPs in breast cancer therapy was higher than
free QC in terms of performance [8].

The current study explains the production of an extremely fruitful magnetic composite hydrogel for
QC by incorporating CS-PVA-Fe3;Os MNPs as reinforcement. This study, it was aimed to synthesize a
biocompatible hydrogel without using toxic and harmful cross-linkers, and the loading and in vitro release
studies of QC, an adjuvant drug in cancer treatment, were carried out on the synthesized hydrogel to
minimize the side influences of cancer treatment. The results obtained showed that hydrogel synthesis was
successful through characterization studies and drug release through in vitro tests.

2. RESULTS
2.1 Characterization of Hydrogels

The manufacturing scheme CS-PVA-MNPs-QC hydrogel is shown in Figure 1. In light of studies in
the literature, the hydroxyl and amine groups in chitosan both enable binding to FesO, and play a role in
polymerization by binding to PVA chains [9]. Thus, a cross-linked network-like hydrogel structure with
porous and highly swelling properties in an aqueous environment is formed. Additionally, thanks to the
magnetic property gained by the inclusion of FesO; MNPs in the synthesized hydrogels, it provides the
hydrogels with the advantage of being easily separated from the QC-released environment with an external
magnetic field. Characterization studies of CS-PVA-MNPs-QC hydrogel were examined with various
analytical techniques and explained below.
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Figure 1. Schematic representation of the manufacturing of CS-PVA-MNPs-QC hydrogels
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SEM images of all the prepared hydrogel samples are illustrated in Figure 2. The CS-PVA hydrogel
surfaces exhibit a high degree of porosity, which is associated with the freezing process. CS contributes to an
increase in the porosity of the hydrogel structure and results in wider pores [4]. The three-dimensional
network seen in the SEM images (Figure 2 A, B, C) can be attributed to the presence of crystalline regions
formed by PVA chains. The conformational alterations in PVA, which provides binding capabilities within
the hydrogel, are caused by the freeze-thaw cycle. Moreover, the porosity and pore structure arise from a
freezing process dependent on the solvent, which leads to the formation of ice crystals that expand until they
meet the surfaces of other crystals. During the freeze-drying of the hydrogels, these ice crystals undergo
sublimation, leaving behind channels formed by gaps. In Figure 2B, MNPs are visible within these gaps as
white dots. Structural transformations that occurred when QC was integrated into the hydrogel are visible in
Figure 2C.

i i ik i SR \
Figure 2. SEM images of (A) CS-PVA, (B) CS-PVA-MNPs, and (C) CS-PVA-MNPs-QC hydrogels.

For a better understanding of magnetic behavior, the response of synthesized Fe;Os MNPs to an
external magnet in a dispersion environment is presented in Figure 3. In future studies, the magnetic
properties of MNPs can be utilized for targeted drug delivery.

Figure 3. Presentation of confirming that Fe;O4 MNPs are attracted towards the external magnet

The FTIR spectrum of chitosan is shown in Figure 4. A significant peak at 3353 cm™ !, which can be
linked to -OH stretching vibrations. The absorption bands at 1650 cm™* (C=0) and 1550 cm™ ! (-NH-)
correspond to amide groups [10]. A decline in the absorbance between 1145 and 1000 cm™ ! is attributed to
the vibration bands of the -C-O-C- groups, indicating the molecular splitting of chitosan chains [11]. n pure
PVA, distinct peaks were noted such as the broad band at 3290 cm™ ! related to the O-H stretching
vibrations. The 1619 cm™ ! peak corresponds to the C=C stretching of PVA, while the 1161 cm™ ! peak is
related to C-O bond stretching, and the 1015 cm™ * peak is associated with C-O-C bond stretching [12]. An
intense peak at 590 cm™ ! represents Fe-O bond stretching in Fe; O, , confirming the presence of Fe; O,
MNPs [13]. Key peaks such as 3326 cm™ ! (N-H and O-H stretching), 2825 cm™ ! and 2856 cm™ ' (C-H
stretching), 1545 cm™ ! (C=O stretching), 1508 cm™ ' (N-H bending), 1378 cm™ ! (C-O stretching), 1213 cm™ !
(N-C-N stretching), 1071 cm™ ! (C-O-C stretching), and 590 cm™ ! (Fe-O stretching) indicate the successful
integration of MNPs into the hydrogel. The CS-PVA-MNPs spectrum further confirms this with the presence
of Fe-O vibrations at 590 cm™ ' and various other key peaks. The FTIR spectrum of quercetin (QC) displays
several key peaks: C=C
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Figure 4. FTIR spectra for manufactured drug delivery system

stretching at 1659 and 1636 cm™ !, aromatic C=C stretching and C-H in-plane deformation at 1605 and 1587
cm” 1, along with aromatic C=C and C=0 stretching at 1558 and 1563 cm™ *. Additional stretching vibrations
of C=C and C=0, accompanied by C-H in-plane deformation, are observed at 1511 cm™ !, 1504 cm™ 1, 1462
cm” 1, and 1454 cm™ . Peaks at 1424 cm™ * and 1419 cm™ ! are linked to O-H and C-H in-plane deformation,
and further vibrations at 1350 cm™ ! and 1372 cm™ ! correspond to aromatic C=C and C=O stretching. The
peaks at 1311 and 1308 cm™ ! suggest aromatic C=0O stretching, while additional aromatic C=O and O-H in-
plane deformations appear between 1286 cm™ ! and 1265 cm™ ', as well as between 1240 cm™ ! and 1248
cm” L The range between 1198 cm™ * and 1191 cm™ ? captures aromatic C=C and O-H deformations. Peaks in
the 1091-1093 cm™ ! range relate to C=C and C=0 stretching, while peaks between 1014 cm™ ' and 1022 cm™ *
suggest C=0 stretching. Peaks at 997-1000 cm™ ! correspond to O-H in-plane deformation, while aromatic
C=0 stretching occurs between 930 cm™ ! and 936 cm™ *. C-H out-of-plane deformation is observed at 881
and 872 cm” !, alongside additional peaks at 841 and 840 cm™ !, which also show C-H out-of-plane
deformation and aromatic C=O stretching. The peaks at 807 cm™ ! and 817 cm™ ! represent further out-of-
plane deformations, with torsional vibrations at 785 and 783 cm™ ! [14]. The intensity of these peaks,
particularly the aromatic C-O stretches, remains relatively unchanged with QC loading, as observed in the
CS-PVA-MNPs hydrogel. However, the peak at 1600 cm™ ! increases slightly due to the overlapping of C=O
stretching bands from QC and PVA. Additionally, interactions between QC and the hydroxyl groups of
Fe;O0, NPs slightly enhance the peak at 3500 cm™ * [15,16]. All findings obtained from the FTIR spectra
proved that every step of the synthesis occurred correctly.

As shown in Figure 5 TGA can indicate the formation of a coating on the surface of magnetite
nanoparticles [17]. In the given study, Initial Mass Loss (0-200 °C), in this range is likely due to the
evaporation of moisture or solvents [18]. Major Decomposition (200-400 °C), significant mass loss phase
corresponds to the decomposition of the polymer matrix (CS-PVA) and possibly the organic components in
the sample. Final Mass Loss (400-600 °C): Further decomposition of the remaining material, which could
include the degradation of chitosan and any other organic additives. The slight variations between the
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curves of CS-PVA, CS-PVA-MNPs, and CS-PVA-MNPs-QC indicate that the addition of magnetic

nanoparticles and quercetin slightly alters the thermal stability and decomposition profile of the base CS-
PV A material [19-21].

CS-PVA
100 . CS-PVA-MNPs
% CS-PVA-MNPs-QC
80 \
- \:.II'.
* 60 \
= %
§ 40
. -
0 -
T T T T T
0 200 400 600 800 1000
Temperature (C®)

Figure 5. TGA curves CS-PVA, CS-PVA-MNPs and CS-PVA-MNPs-QC
2.2 Assays of Swelling

The changes in the hydrogel's weight during soaking in water at room temperature for 96 hours are
illustrated in Figure 6. The increase in weight during the swelling test, followed by a subsequent decrease, is
related to the hydrogel's water absorption capacity and the release of water from the hydrogel matrix,
respectively [22]. The initial rapid swelling observed in the first few hours is due to the hydrogel's rapid
water absorption. During this period, the hydrogel matrix quickly absorbs water, leading to an increase in
weight. As water absorption continues, the hydrogel matrix reaches saturation, and the rate of water
absorption decreases [23]. The weight continues to increase during the first three hours as the hydrogel
matrix continues to absorb water, though at a slower rate. Following this, partial release or expulsion of
water from the hydrogel begins, leading to a decrease in the hydrogel's weight. The decrease in weight after
96 hours indicates that the hydrogel's water absorption capacity has largely reached saturation, and it has
started to release some of the absorbed water [24]. This process illustrates the water absorption and release
capabilities of the hydrogel, which is essential for characterizing hydrogel materials.
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Figure 6. Swelling kinetics of CS-PVA and CS-PVA-MNPs hydrogels

2.3 Loading Capacity and Encapsulation Efficacy of Quercetin
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For the determination of DLC and EE, the absorbance and calibration curve of the QC solution was
used as a reference, and the DLC and EE results were obtained by UV measurements at 370 nm. QC loading
capacity and encapsulation efficiency were determined as 65.58% and 93.4%, respectively shown in Figure 7.
For CS-PVA-MNPs-QC hydrogel. In a drug loading study conducted in the literature for QC, Eshaghi et al.
reached 48% DLC and 89% EE for the TiO2-containing PVP/PVA hydrogels they synthesized [16]. In
another study, Ahmadi et al. reached 42%, 57% DLCs and 72%, 94% EEs for the CS-MMTQC and Fe203-CS-
MMTQC they synthesized, respectively [8]. The DLC and EE of the developed CS-PVA-MNPs-QC hydrogel
in this study are compatible with the literature and are quite high. This can be explained by the drug
retention effect of MNPs in addition to the increase in the porosity of chitosan in the structure.

CS-PVA-MNPs-QC Hydrogels

120
|:| Drug Loading Capacity (DLC) %
100 I:l Encapsulation Efficiacy (EE) % T
I
80
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60
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Figure 7. DLC and EE for QC loading to the CS-PVA-MNPs-QC hydrogel
2.4 Evaluation of In Vitro Drug Release Properties of Synthesized Hydrogel

As depicted in Figure 8, the burst QC release for CS-PVA-MNPs-QC is 69.9% at pH 5.0 in the first 6 h.
Again, at the same pH, 24 and 48 hour releases are 78.77% and 85.45%, respectively. For CS-PVA-MNPs-QC,
the releases for 6, 24, and 48 hours at pH 7.4 are 22.07%, 38.79% and 42.49%, respectively. At the end of 96
hours, 98.2% of QC was released from the hydrogel at pH 5, while this rate was 43.77% at pH 7.4. In an
acidic medium (pH 5.0), the CS' amino groups protonate and positively charge, thus increasing the
hydrophilicity and intramolecular electrostatic repulsions, resulting in dramatic swelling of the CS-PVA
hydrogel. With the protonation of the CS amino groups, Schiff base bonds become unstable and dissociation
of QC occurs [3]. According to the in vitro release profile, it is observed that hydrogel is much faster to
release QC at pH 5.0 than at pH 7.4. Consequently, a pH-sensitive controlled release process for acid-
triggered burst release can be achieved.

3. DISCUSSION

CS-PVA hydrogels were successfully developed by integrating MNPs as drug carriers for QC. The
analysis results were characterized using SEM and FTIR, while the synthesis procedures for CS-PVA-MNPs-
QC hydrogels were validated independently. The attraction of Fe304 MNPs to an external magnetic field is
a key aspect for enhancing magnetic-targeted drug delivery in future research. The swelling test results
further confirmed the hydrogel's capacity for water absorption and release. The fluctuations in hydrogel
weight during the swelling test directly correlate with its water-holding ability and subsequent release of
water from the matrix. The QC loading capacity and encapsulation efficiency of the CS-PVA-MNPs-QC
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Figure 8. In vitro QC release from CS-PVA-MNPs-QC hydrogel at pH 5.0 and pH 7.4. Results are acquired as mean + SD
(n=23).

hydrogel were observed to be significantly high, measured at 65.58% and 93.4%, respectively. Due to the
beneficial effects of phenolic compounds in cancer therapy, the high QC efficiency provides a strong
advantage for continued research. According to in vitro drug release tests on the CS-PVA-MNPs-QC
hydrogel in both acidic (pH 5.0) and physiological (pH 7.4) environments, the release of QC was consistently
higher at pH 5 compared to pH 7.4, with measurements taken at hourly intervals. At pH 5, QC release rates
were 78.77%, 85.45%, and 98.2% after 24, 48, and 96 hours, respectively, whereas at pH 7.4, the rates were
significantly lower at 38.79%, 42.49%, and 43.77% over the same periods. These results confirm the successful
creation of the intended drug delivery system and its effectiveness in vitro. The therapeutic potential and
efficacy of this system warrant further investigation.

4. CONCLUSION

In this study, a novel chitosan-PVA hydrogel incorporating MNPs was successfully synthesized and
characterized as a drug delivery system for quercetin. The hydrogel demonstrated favorable properties,
including enhanced biocompatibility, stability, and a high drug-loading capacity. Through in vitro drug
release studies, it was observed that the release of quercetin was both pH-dependent and sustained over
time, which is ideal for targeting cancer cells in acidic environments. The incorporation of MNPs also offers
the potential for magnetically guided drug delivery, enhancing therapeutic precision. Overall, the developed
hydrogel system holds promise for improving the efficacy of anticancer treatments while minimizing side
effects.

5. MATERIALS AND METHODS
5.1 CS-PVA Hydrogel Synthesis

Considering the ratios in the literature for CS-PVA hydrogel synthesis, 400 mg CS was admixed with
0.1 M acetic acid solution as 2% (w/w) for 1 night at room temperature (RT). It was prepared by mixing 2000
mg PVA and 10% solution at 80 °C for 1 hour. Then two solutions were admixed with ratio (1:1, v/v) until

homogeneous at RT. The mixture was placed in a petri dish and degassed for 1 hour at atmospheric pressure
[4,25].

5.2 MNPs Synthesis
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Fe30; synthesis was carried out with the mole ratio Fe?*: Fe3* = 1: 1.75, considering the literature-
mentioned ratios [26]. 2 g Fe;SO.7H>O and 3.4030 g FeCl;.6H,O were supplemented to 300 mL distilled
water and stirred under N> atmosphere at 80 °C. 40 mL ammonia solution (25%) was added drop by drop
into the solution and stirred for 1 hour. To remove excess base in the mixture after synthesis, washing was
carried out once with hot distilled water and twice with normal distilled water, and the MNPs were dried at
70 °C overnight after collecting with a magnet.

5.3 CS-PVA@MNPs Synthesis

15 mg MNPs were added onto the prepared chitosan-PVA with a (w:w) ratio of Fe;Os: CS-PVA (1:
16.67) and mixed until homogeneous distribution was achieved [27]. The mixture was placed in a petri dish
and degassed for 1 hour at atmospheric pressure [4,25].

5.4 CS-PVA@MNPs@Quercetin Synthesis

400 pL of quercetin at a concentration of 1 mg/mL was prepared and added dropwise to 20 mL of
Chitosan-PVA-MNPs solution, resulting in a final drug concentration of 20 pg/mL in the solution [8]. The
mixture was placed in a petri dish and degassed for 1 hour at atmospheric pressure [4,25]. CS-PVA-MNPs
and CS-PVA-MNPs-QC hydrogels were subjected to vacuum freeze-drying to prepare them for drug release
processes and characterization tests. First, the freezing and thawing cycle was repeated six times in the
freezer to achieve the desired gel consistency. It was then dried in the Biobas Lyophilizer device for 48 hours,
making it ready for use, and stored in the refrigerator for further characterization.

5.5 Assays of Swelling

The water absorption capacity and swelling behavior of CS-PVA and CS-PVA-MNPs hydrogels in
deionized water at RT were analyzed gravimetrically for 96 hours. After weighing the dry weight of the
lyophilized hydrogel pieces in air were transferred to Falcon® tubes containing 50 mL of deionized water
and shaken at RT. After being immersed for certain periods, the hydrogel pieces were taken from the
swelling environment, excess water was removed, weighed, and the measurements were recorded [4]. The
degree of swelling of the hydrogel at certain times was calculated using Equation (1):

Ws — Wd
5D (%) = [{T]] * 100 O

where ws and wd are the wet weight and the dry weight of the hydrogel, respectively.

The swelling reached equilibrium at 24 h, and then the swelling equilibrium state, q, was calculated via
Equation (2):
Ws
9= g
Wd )

5.6 Drug Loading Study for Quercetin

Using ultraviolet-visible spectrophotometry (UV), the DLC and EE of QC were calculated as shown in
equations (3) and (4).

Amount of drug in carrier (mg)
Drug loading capacity (36) = - ® 100
- Amount of carrier (mg) 3)

Amount of drug in carrier (mg)
Drug loading capacity (346) = - x 100
- Amount of carrier (mg) 4)
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5.7 In Vitro Quercetin Release Studies from Hydrogels

To elucidate the drug release properties of the developed CS-PVA-MNPs-QC, in vitro drug release
tests were achieved in an acidic medium (pH 5.0, 37 °C) and physiological medium (pH 7.4, 37 °C). For the
drug release test, CS-PVA-MNPs-QC samples of 1 mg.mL-1 were spread separately into 15 mL of pH 5.0 and
pH 7.4 buffers and then sealed in dialysis bags. Dialysis bags were immersed one by one in 50 mL of buffer
solutions (pH 5.0 and pH 7.4) and mixed with a magnetic stirrer at 37°C and 100 rpm for 72 hours. At
predetermined times, 1 mL of release medium was separated and refreshed with fresh buffer solutions each
time to maintain ambient conditions. The drug amounts in the samples taken from the release media were
determined UV spectrophotometrically at 370 nm. The released drug percentage was calculated via Equation

©)-

Amount of drug release time t'

D L b)) = » 100
rug release (%) Amount of drug release at time = 0 )
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