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INTRODUCTION

Hepatocellular carcinoma (HCC) is a type of
cancer that arises from the liver and is
recognized as the sixth most prevalent

ABSTRACT

Magnetic fluid hyperthermia is a modern cancer treatment
that selectively heats tumor tissues to destroy them without
harming healthy tissues. The current study aimed to evaluate
the cytotoxic effect of FesOs/chitosan nanocomposite
hyperthermia on liver cancer both in vitro and in vivo. The
nanocomposite was prepared using the co-precipitation
technique; and its magnetic and optical properties were
measured along with its Raman spectrum. Cell toxicity for
FesOa/chitosan nanocomposite was conducted on a liver
cancer cell line (HepG2) using 3-(4,5-dimethylthiazol-2-yl) 2,5-
diphenyltetrazolium bromide (MTT) assay, and the cell
viability was performed after exposure to FesOa/chitosan
nanocomposite hyperthermia using trypan blue stain. For the
in vivo experiments, 25 male BALB/c albino mice were
randomly/equally allotted into five groups: the 1% group was
the non-tumor control group, the 2" group involved the tumor-
bearing control mice, the 3" group involved the tumor-bearing
mice received intramuscular injection of FezOa./chitosan
(90 mg/kg, once/week for two weeks), the 4" and 5" groups
involved tumor-bearing mice received intramuscular injection
of FesOs/chitosan and exposed to an alternating magnetic field
with a frequency of "200 kHz" and an output current of “300 A"
once or twice/week, respectively, for two weeks. The results
showed that nanocomposite was able to induce cytotoxicity
(in vitro), as well as enhanced programmed cell death and
necrosis of tumor cells, and reduced significantly (P<0.05) the
tumor size (in vivo), when exposed to a hyperthermal magnetic
field. In conclusion, FesOa/chitosan nanocomposite could be
a promising therapeutic option for liver cancer through
magnetic heating technology.

cancer globally. Moreover, it is considered
the third most common cause of cancer-
related deaths across the world!*. According
to a study that estimated global cancer
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incidence and mortality, liver cancer
accounted for 19% of all newly diagnosed
cancer cases across all ages and genders,
with an incidence rate of 32% and
a mortality rate of 31%[!. Therefore, early
detection and diagnosis of HCC are crucial
for the effective treatment and improved
survival of patients with HCC.

Magnetic fluid hyperthermia (MFH) is
a novel and hopeful approach in the field
of cancer treatment!?l. It involves the use
of magnetic nanoparticles (MNps) for hyper-
thermia therapy, which has the potential to
be an effective modality for treating cancer.
The fundamental concept of this technique
is to target and harm cancer cells selectively
by elevating their temperature through the
use of MNps, while minimizing the impact
on normal tissues, thereby avoiding fatal
effects?l. Nanosystems can be designed to
generate heat, making them suitable for
use as hyperthermia agents that can
deliver toxic amounts of thermal energy to
tumors. Additionally, they can function as
chemotherapy and radiotherapy enhancers,
where a moderate degree of tissue warm-
ing can enhance the effectiveness of cell
destructiont!,

MNps are typically composed of one
or more inorganic crystals of a magnetic
material that are either coated with or
embedded within a biocompatible polymer,
gold, or silica shell to enable function-
alization. MNps have a broad range of
applications in the biomedical field due
to their wversatility. Iron oxides have
gained significant attention in biomedical
applications due to their unique ability to
generate mechanical motion (linear or
rotational, depending on the size and
domain state of the particles) or dissipate
thermal energy in response to external
magnetic fields®5. This property makes
them highly advantageous for use in
various medical applications. Iron oxides
have demonstrated promising potential in
this regard®>l. FezOa/chitosan nanocompo-
sites have gained significant attention among
magnetic materials due to their potential
biomedical applicationsl®l. Fe3Os Nps are

easy to synthesize, biocompatible, non-toxic,
chemically rather stable, and can be super-
paramagnetic. Surface coatings of Nps are
an integral part of their synthesis[’l.
Chitosan is a modified carbohydrate polymer
that is derived from chitin, a natural
biopolymer that is found in the shells of
crabs, lobsters, yeast, and fungif®.

The focus of this study was to synthesize
a thermally sensitive material called
FezOa/chitosan nanocomposite and evaluate
its therapeutic potential using an alternating
magnetic field (AMF) on liver cancer cells,
both in vitro and in vivo. The results of this
study may provide valuable insights into the
potential use of FezOas/chitosan nanocompo-
sites for cancer treatment.

MATERIAL AND METHODS

Chemicals and kits

FeCl3.6H20, Fe2S04.7H20, trypan blue
stain, and low molecular weight chitosan
molecules with a viscosity of 20 centipoise
were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Dulbecco’s modified Eagle’s
medium (DMEM), 3-(4,5-dimethylthiazol-2-
yl) 2,5-diphenyltetrazolium bromide (MTT),
penicillin, and streptomycin were purchased
from PAA Laboratories GmbH (Pasching,
Austria). The genomic DNA miniprep kit
was obtained from QIAGEN (Hilden,
Germany), and Lambda DNA/EcoRI +
Hindlll DNA ladder, GeneJET RNA
purification kit, and Revert Aid™ First
Strand cDNA synthesis kit were procured
from ThermoFisher Scientific (Waltham,
MA, United States). The Enzyme linked
immunosorbent assay (ELISA) plate reader
was obtained from BioTech Instruments
(Winooski, VT, USA). The ELISA
techniques were performed utilizing Novus
Biologicals kits (Centennial, CO, USA).
Other used laboratory chemicals were of
pure quality and obtained from Sigma-
Aldrich.

Synthesis and characterization of Fe3Oa/
chitosan nanocomposite

Chitosan-coated FesOs Nps were synthe-
sized using the coprecipitation technique.
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Firstly, 0.02 mol of FeCl3-6H20, and
0.01 mol Fe»S04.7H20 at a ratio of 2:1
was dissolved in 200 mL distilled water.
To coat chitosan molecules onto the
surface of superparamagnetic iron oxide
Nps (SPIO-Nps), chitosan was adsorbed
onto the Nps during their synthesis. An
aqueous solution (1%, weight/volume) was
prepared by adding 0.2 g of chitosan into
a mixture of 19 mL of water and 1.0 mL
of 2 mol acetic acid. The pH of the aqueous
solution (200 mL) and the diluted chitosan
was adjusted to 6.9 by slowly adding 20 mL
of 30% (weight/weight) aqueous NH4OH.
This allowed for the successful coating of
chitosan onto the surface of the SPIO-Nps,
while stirring constantly under a temperature
of 80°C for 20 minutes. The mixture’s color
turned from brown to black, followed by
the standing of the solution for 24 hours.
After the synthesis of FezOa/chitosan
nanocomposite, a black precipitate was
obtained. The precipitate was collected
and washed multiple times. Finally, the
FesOu/chitosan nanocomposite was dried
at 60°C to obtain the final product. The
drying process is essential to remove any
residual solvent and ensure the stability of
the nanocomposite material.

To assess the phase composition and
crystallinity of nanocomposite, X-ray diffra-
ction (XRD) was carried out employing
a Bruker D8 X-ray diffractometer with
monochromatized Cu Ka radiation. The Nps'
morphology was investigated using high-
resolution transmission electron microscopy
(HRTEM) with a JEOL JEM-A 2100
instrument  (Tokyo, Japan). Moreover,
Fourier-transform infrared (FTIR) spectro-
scopy was utilized to examine the functional
groups present in the prepared samples.
The FTIR spectra of the FesOas/chitosan
nanocomposite were captured utilizing
a Jasco Model 4100 instrument (Tokyo,
Japan), in the range of 4000-400 cm™2.

Cell Culture

Liver cancer cell line (HepG2) utilized in
the study was procured from the Research
and Development Sector of The Holding

Company to produce Vaccines, Sera, and
Drugs (VACSERA), situated in Cairo, Egypt.
The cells were maintained in DMEM
supplemented with 10% fetal bovine serum
and 100 U/mL of both penicillin and
streptomycin, and incubated in a humidified
atmosphere containing 5% CO; at 37°C. To
maintain cell viability and ensure optimal
growth conditions, the growth medium was
replenished every 24 hours during the
incubation period.

MTT Assay

Before conducting the hyperthermia study,
the synthesized FesOs/chitosan nanocompo-
site's cytotoxicity was assessed following
the method detailed by Gerlier and
Thomasset’®. HepG, cells were seeded in
a 96-well plate at a density of 5x10° cells
per well and cultured in 100 pL of DMEM.
The culture medium was supplemented with
varying concentrations of FeszOas/chitosan
nanocomposite (0, 15, 30, 60, 125, and
250 pg/mL), and the cells were then
incubated at 37°C for 24 hours. Following
incubation, 10 pL of MTT reagent was
added to each well, and the cells were
further incubated for 2-4 hours at 37°C. Next,
200 pL of dimethyl sulfoxide (DMSQO) was
added to each well and mixed thoroughly.
To assess cell viability and determine any
potential cytotoxic effects of the nano-
composite on the HepG: cells, the absorb-
ance was measured at 570 nm using
a multi-well, BioTech, ELISA plate reader.

FesOu/chitosan
thermia assay
To investigate the in vitro hyperthermia
effects of FesOs/chitosan nanocomposite,
HepG: cells were firstly cultured in a 6-well
plate with 3 mL DMEM media for 24 hours
at 37°C, and secondary cultured for 48 hours
as follows:

- Control group: HepG: culture medium
only.

- Magnetic fluid (MF) group: various
concentrations (15, 30, 60, 125, and 250
Hg) of FesOa/chitosan nanocomposite per
mL HepG: culture medium.

nanocomposite  hyper-




Antitumor effect of magnetic nanocomposite hyperthermia

- MFH group: various concentrations (15,
30, 60, 125, and 250 pg) of FezO4/
chitosan nanocomposite per mL HepG>
culture medium and heated by AMF.

To achieve MFH, the FesOa/chitosan
nanocomposite sample was placed on the
coil plate of a high-frequency heater and
exposed to AMF with a frequency of
200 kHz and a power output of 4 kW for
15 minutes. The temperature of the sample
was monitored and recorded using an
infrared (IR) thermal camera to evaluate
the heating efficiency and effectiveness of
the MFH treatment. The cell viability was
assessed by trypan blue staining.

Determination the median lethal dose
(LDso) of FesOas/chitosan nanocomposite
in male BALB/c mice

Male BALB/c mice (8 animals/group) were
intramuscularly injected with different doses
of FesOu/chitosan nanocomposite (50, 100,
300, 500, and 700 mg/kg) and the mortality
of the mice was recorded after 24 hours. The
LDso of the FeszOas/chitosan nanocomposite

was determined by the following equation!l:

LDso = Dm — %(Z x d) / n; where: (Dm)
represents the minimum dose that kills all
animals in the group, (¥£) is the sum of
(Z x d), (Z2) is the mean number of dead
animals in two successive groups, (d) is the
constant factor between two successive
groups, and (n) is the number of animals in
each group (Table 1).

In vivo experiments
The study involved the use of 25 adult male
BALB/c albino mice that were 10 weeks old
and weighed between 25-30g. The mice used
in the study were procured from the animal
house of the Egyptian Organization for
Biological Products and Vaccines, situated
in Helwan, Cairo, Egypt. The mice were
housed individually in plastic cages in
a suitable condition, with a temperature
range of 23-25°C and at 20+5% relative
humidity, and were fed on balanced pellets
with water free access. The mice were
housed for two weeks before the experiment
for accommodation in the surrounding
environment.

To establish the tumor model, BALB/c
mice were intramuscular injected in the
femur with 0.1 mL cell suspension
containing 5x10° HepG; cells. The tumor
were allowed to grow for a period of > 14
days until it reached a diameter of
approximately 300 mmiY. Tumor dia-
meters are measured with calipers, and the
tumor volume in mm?3 is calculated by the
following formula*l: Volume = (Width)? x
Length /2

The tumor-bearing mice were randomly
allotted into four groups (5 mice for each
group) as follows:

- The tumor control group involved the
tumor-bearing mice that were intra-
muscularly injected with saline (NaCl
0.9%).

Table 1: Calculation of the median lethal dose (LDso) of FesOa/chitosan nanocomposite.

Dose of nanocomposite

(ma/kg) Number of dead animals Z d (Zxd)
50 8 0 0 50
100 8 0 0 100
300 8 0 0 200 0
500 8 4 4 200 800
700 8 8 4 200 800

Z: is the mean number of dead animals in two successive groups; d: is the constant
factor between two successive groups; n: is the number of animals in each group.
LDso of FesOa/chitosan nanocomposite = 500 mg/kg.
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- The MF group involved the tumor-
bearing mice that were intramuscularly
injected with 90 mg/kg of Fesz04/
chitosan nanocomposite (resembles 18%
of LDso) once a week for two consecutive
weeks.

- The MFH;: group involved the tumor-
bearing mice that were intramuscularly
injected with 90 mg/kg of Fesz04/
chitosan nanocomposite and subjected
to AMF with a frequency of 200 kHz,
an output current of 300 A, and a power
output of 4 kWM for 30 minutes
once a week for 2 consecutive weeks.
During the treatment, the temperature
of the sample was continuously monitored
and recorded using an IR thermal camera.

- The MFH: group involved the tumor-
bearing mice that were intramuscularly
injected with 90 mg/kg of Fez304/
chitosan nanocomposite and subjected
to AMF with a frequency of 200 kHz,
an output current of 300 A, and a power
output of 4 kW for 30 minutes twice
a week for 2 consecutive weeks.
During the treatment, the temperature
of the sample was continuously
monitored and recorded using an IR
thermal camera.

In addition to above groups, another group

containing 5 mice (without tumors) were

injected intramuscularly with normal saline
solution and considered as a non-tumor
control group.

DNA fragmentation analysis

The tumors were utilized to extract DNA
following the protocol recommended by the
manufacturer for the GenElute Mammalian
Genomic DNA Miniprep Kit (QIAGEN).
Subsequently, 20 uL aliquots of the isolated
DNA samples were loaded onto a 1%
agarose gel containing 5 pg/mL ethidium
bromide in 1x Tris-acetate-ethylene diamine
tetra-acetic acid buffer (pH = 8.5). The gel
was then subjected to electrophoresis at
90 V for 1.5 hours, and the DNA bands
were visualized under ultraviolet (UV)
light and compared with a DNA ladder
(ThermoFisher Scientific) for analysis.

Reverse-transcriptase polymerase chain
reaction (RT-PCR)

To assess the levels of expression of
apoptosis-related genes in the tumor
tissues, total RNA was extracted using
the GeneJET RNA Purification kit
(ThermoFisher Scientific), following the
instructions provided by the manufacturer.
The CcDNA products from the high-
quality RNA were carried out using Revert
Aid™ First Strand cDNA synthesis kit
(ThermoFisher Scientific) based on the
manufacturer’s protocols. The reaction
mixture was performed in thermal cycler
(Bio-Rad, Hercules, CA, USA) according
to the manufacture protocol. Subsequently,
a quantitative real-time PCR was conducted
utilizing a combination of 125 pL of
2x  SYBR green PCR master mix
(ThermoFisher Scientific), 1.0 pL of each
primer, 2 pL of cDNA, and 8.5 pL of
RNase-free water; resulting in a total
volume of 25 pL. The amplification
conditions and cycle counts were set at
an initial activation of 95°C for 15 min,
followed by 40 cycles consisting of
a denaturation step at 94°C for 15 seconds,
followed by an annealing step at 60°C for
30 seconds, and an elongation step at 72°C
for 30 seconds. The expression levels of
the P53, Casp3, and Bcl-2 genes were
determined using the housekeeping gene
p-actin as an internal control.

The first pair of primers is for the target
gene P53, with the forward primer sequence
being 5-CCCCTCCTGGCCCCTGTCATCT
TC-3' and the reverse primer sequence being
5'- GCAGCGCCTCACAACCTCCGTCAT-
3'. The second pair of primers is for the
target gene Casp3, with the forward
primer being 5 -TTCATTATTCAGGCC
TGCCGAGG-3’ and the reverse primer
being 5’-TTCTGACAGGCCATGTCATCC
TCA-3’. The third pair of primers is for the
target gene Bcl-2, the forward primer
sequence being 5’CCTGTGGATGACTGA
GTACC-3’ and the reverse primer being 5’°-
GAGACAGCC AGGAGAAATCA-3’. The
fourth pair of primers is for the target
gene S-actin, with the forward primer being
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5-CAAGGTCATCCATGACAACTTTG-3,
the reverse primer being 5 GTCCACCAC
CCTGTTGCTGTAG-3". All used primers in
the current study were purchased from
ThermoFisher Scientific.

Enzyme linked
(ELISA)

To measure the serum concentrations of
P53, BCL-2, and cleaved CASP3 proteins,
a sandwich ELISA assay was performed
using Novus Biologicals ELISA Kits
(Catalogue numbers: NBP2-75358, NBP2-
69946, and DYCB835-2, respectively)
specific for mouse proteins following the
manufacturer's protocol.

immunosorbent assay

Statistical analysis

The statistical analysis was performed
utilizing the SPSS program (IBM SPSS
Inc., Chicago, IL, USA) and one-way
analysis of variance. The least significant
difference (LSD) was employed to assess
the distinction between the treated

RESULTS

Characterization of FesOa/chitosan nano-
composite

The XRD pattern displays six principal
peaks at 20 values of 30.3°, 36.5°, 44.0°,
54.0°, 57.0°, and 63.0°, which correspond to
reflections from the 220, 311, 410, 422, 510,
and 440 crystal planes, respectively (Figure
1). The positions and intensities of all peaks
align with the cubic crystalline system of
Fe3O4 Nps. The results indicate that the Nps
are pure FesO4 with a cubic structure after
surface modification (Figure 1). By utilizing
the Scherer equation, the average size of
the crystallites in the Nps was determined
by correlating it with the broadening of
the XRD peaks. The computed average
crystallite size was 43 nm. High-resolution
transmission electron microscopy (HR-TEM)
was utilized to investigate the morphology
of the FesOa/chitosan nano-composite and
the resulting image is shown in Figure "2".
Based on the image obtained from HR-TEM
analysis, it can be observed that the MNps

groups; P-values < 0.05 are considered exhibit a spherical shape, and size was found
significant. to be in the range of 13-17 nm.
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Figure 1: The X-ray diffraction spectra of FezO4/chitosan nanocomposite.
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transmission

Figure 2: High-resolution
nanocomposite.

The spectrum of the FesOa/chitosan
nanocomposite was obtained using FTIR
analysis across a range of 4000-400 cm™,
as depicted in (Figure 3). The objective of
the FTIR analysis was to verify the
existence of functional groups on the
surface of the synthesized nanocomposite
material. The FTIR spectrum likely showed
the characteristic peaks of both Fez0s
and chitosan. The emergence of a peak at
2922 cm?, corresponding to the stretching
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electron microscopy of FeszOa/chitosan

vibrations of —-CH- in chitosan, is indicative
of the presence of chitosan. Furthermore,
the peak at 1641 cm™ can be attributed
to the N-H vibration of chitosan, while
the C-N vibration of the amino group is
represented by the peak at 1415 cm™ and
the C-O in the ether group is indicated by
the peak at 1074 cm™. These peaks confirm
the presence of chitosan on the surface of the
Fez04 nanoparticles.
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Figure 3: Fourier-transform infrared spectra of FesOa/chitosan nanocomposite.
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In vitro cytotoxic effect of synthesized
FesOas/chitosan nanocomposite with or
without hyperthermia on HepG2 cells

The cytotoxicity of the FeszOa4/chitosan
nanocomposite at various concentrations
with/without hyperthermia was in vitro
evaluated against HepG. cells using the
trypan blue staining and MTT assay,
respectively (Figure 4). The data indicated
a dose-dependent cytotoxic effect of the
nanocomposite with/without hyperthermia,
with the highest cell viability of 100%
observed in the control group. The highest
toxic effect of FesOs/chitosan nanocompo-
site in the absence of hyperthermia was

observed at a concentration of 250 ug/mL,
where only 46.84% cell viability was
observed after 24 hours of exposure. The
highest toxic effect of FesOas/chitosan nano-
composite in the presence of hyperthermia
(45-47°C for 15 minutes) was observed at
a concentration of 250 pg/mL, where only
10.7% cell viability was observed after
48 hours of exposure (Figure 4). These
results suggest that the FesO4/chitosan
nanocomposite has a cytotoxic effect on
HepG: cells, and the degree of cytotoxicity
is dependent on the concentration, exposure
time, and the absence/presence of hyper-
thermia.

100}
a0l f Fe3Oa4/chitosan nanocomposite
S
<
>
fes]
= 60}
S t
>
= 40}
Q
O . :
§ Fesz0a4/chitosan nanocomposite
20 S S with hyperthermia
........................ 4
0 30 1.:_':.@ 1_';sD 2I.1.ID 2_';:0
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Figure 4: In vitro cytotoxic effect of synthesized FesOs/chitosan nanocomposite with/without
hyperthermia on HepG: cells. The cell viability was assessed by trypan blue stain and MTT
assay for FesOa4/ chitosan nanocomposite with/without hyperthermia, respectively. Data were
presented as mean + standard error. MTT: 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetra-

zolium bromide.

In vivo effect of synthesized FesO4/
chitosan nanocomposite with or without
hyperthermia on tumor volume, DNA
fragmentation, and apoptotic markers

The mice treated with FesOas/chitosan
nanocomposite with AMF (200 kHz,4 kw,
output current 300 A) once per week for
2 weeks (MFH: group) showed a significant
reduction in tumor growth (330.0+6.7 mm?)

compared with the tumor control mice
(805.7+0.9 mm?®) and MF (757.3+6.2 mm?)
groups. However, the mice treated with
FesOa/chitosan nanocomposite with AMF
twice per week for 2 weeks (MFH2 group)
showed a significant reduction in tumor
growth (185.1+4.9 mm3) compared with the
MFH1 mice (Figure 5).
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Figure 5: Effect of magnetic FesOs/chitosan nanocomposite on tumor volume. Data were
presented as mean + standard error. MF: magnetic fluid; MFH: magnetic fluid hyperthermia;
*: P<0.05 compared with the tumor control and MF groups; t: P<0.05 compared with the

MFH: group.

The MFH: group showed a higher degree
of DNA fragmentation (which appears as
a smear indicating necrosis) than the other
groups (Figure 6). The expression of the
proapoptotic genes (P53 and Casp3) showed
a significant increase in the MFH; (3.15+
0.01 and 3.90+0.17) and MFH2 groups
(5.05+£0.15 and 5.49+0.13), respectively,
compared with the tumor control group
(0.73+0.02 and 0.08+0.06, respectively) and

the MF group (2.03+£0.03 and 2.25+0.07,
respectively). In addition, the expression
of the antiapoptotic gene Bcl-2 showed
a significant decrease after hyperthermia
in the MFH: and MFH> groups (0.58+
0.10 and 0.38+0.25, respectively) compared
with the tumor control and MF groups
(1.43 £0.03 and 0.76x0.04, respectively) as
shown in Figure "7".

Figure 6: Effect of alternating magnetic field-induced FesOas/chitosan nanocomposite-
mediated hyperthermia treatment on DNA fragmentation. (M) Ladder (200-1000 base pairs),
(1) non-tumor control group, (2) tumor control group, (3) MF group, (4) MFH:1 group, (5)
MFH: groups. MF: magnetic fluid; MFH: magnetic fluid hyperthermia.
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Figure 7: Effect of alternating magnetic field-induced FesOs/chitosan nanocomposite-
mediated hyperthermia treatment on apoptosis-related genes' expression measured by RT-
PCR. Data were presented as mean + standard error. MF: magnetic fluid; MFH: magnetic
fluid hyperthermia; *: P<0.05 compared with the tumor control group; t: P<0.05 compared

with the MFH: group.

The concentrations of proapoptotic
proteins, P53, and active CASP3 showed
a significant increase in MFH: group
(2.34+0.02 and 2.45%0.02) and MFH2 group
(2.61+0.01 and 3.15%+0.02) compared with
the tumor control group (0.39+£0.02 and
0.65+0.03) and MF group (1.44+0.01 and
2.07+£0.12, respectively). Conversely, there

was a significant decrease in the
concentration of the anti-apoptotic protein,
BCL-2, after hyperthermia in MFH: and
MFH: groups (0.84+0.02 and 0.62+0.04,
respectively), compared with the control
group and MF group (1.25+0.03 and 1.09+
0.029, respectively) as shown in Figure "8".
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Figure 8: Effect of alternating magnetic field-induced FesOas/chitosan nanocomposite-
mediated hyperthermia treatment on apoptosis-related protein concentrations measured by
ELISA. Data were presented as mean + standard error. MF: magnetic fluid; MFH: magnetic
fluid hyperthermia; *: P<0.05 compared with the tumor control group; t: P<0.05 compared
with the MFH; group.
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DISCUSSION

The results of FTIR analysis in this study
are consistent with previous studiest*34]
which confirmed the reliability and
effectiveness of FTIR analysis for identify-
ing the functional groups in the FesO4/
chitosan nanocomposite. The presence of
chitosan on the surface of FesOs Nps is
significant because chitosan is a natural
polymer with excellent biocompatibility
and biodegradability, making it a promising
material for various biomedical applications,
and prevents agglomeration, oxidation,
corrosion, and toxicity™]. FTIR analysis
provided information on the chemical
composition and properties of the nano-
composite material, specifically the highly
organized and oriented polymer chains of
chitosan on the surface of FesOs Nps that
were indicated by the stretching vibrations
of -CH- and N-H. The stability and
functionality of the nanocomposite material
may be due to the presence of ether and
amino groups, as indicated by the C-N and
C-O vibration peaks.

The MTT assay used in this study is
reliable for evaluating the cytotoxicity of
the FesOs/chitosan  nanocomposite  on
HepG2 cells. Bae et al.l'®! reported that
chitosan MNps did not exhibit serious
toxicity to healthy tissue. However, other
studies, such as that of Hosseinzadeh
et al.ll, have shown that chitosan can
inhibit cell viability in a dose-dependent
manner and induce apoptosis in colon
cancer cell line "HT-29. Yan et al.[*?l found
that a large amount of Fe,Os Nps caused
a high rate of apoptosis in the liver cancer
cell line "SMMC-7721". Kowalik et al.l'®]
observed that Fe3Os Nps alone did not
significantly impact the viability of breast
cancer "4T1" cells, but reduced cancer cell
viability in the presence of AMF. The
present study's findings are consistent with
previous researches, which have shown
that hyperthermia treatment with MNp
fluid (Fe3Os) can significantly decrease
prostatict*® and pancreatic?! tumor growth.
Qi et al.l’ demonstrated that chitosan
Nps may have potential as an anti-

cancer agent for human hepatoma
BEL7402 cells by decreasing cell
proliferation ~ through  inducing  cell

necrosis. All of these findings suggest the
potential of FesOs/chitosan nanocomposite
for cancer therapy.

The observed reduction in tumor size
following hyperthermia treatment may be
attributed to  several factors??,  The
cancerous tissue is believed to be more
sensitive to heat than normal tissue due to
the acidic and hypoxic conditions present
within tumors?®  Hypoxic cells in solid
tumors are often more acidic and nutrient-
deprived, making them more susceptible to
thermal damage. Additionally, heat exposure
can improve the local blood and oxygen
supply to the tumor, facilitating drug
penetration and inducing tumor cell death(?4l
Hyperthermia treatment may also decrease
DNA synthesis and stimulate lipid per-
oxidation, which can damage the cell
membrane structure and lead to tumor cell
death. According to Lin et al.[??l, hyper-
thermia treatment may hold potential as
a cancer therapy, particularly when used in
combination with other treatments such as
drug delivery.

Kuppusamy and Karuppaiah®! reported
that chitosan Nps induced DNA fragmenta-
tion in T24 urinary bladder cancer cell lines.
However, to our knowledge, no study has
been conducted to investigate the impact of
AMPF-induced hyperthermia treatment using
FesOal/chitosan nanocomposite on  DNA
fragmentation. This suggests a potential
avenue for future research to explore the
mechanisms underlying the cytotoxic effects
of the nanocomposite under hyperthermia
conditions. The modulation of pro- and anti-
apoptotic genes (including P53, Casp3, and
Bcl-2) may contribute to the mechanism
underlying the cytotoxic effects of MFH
treatment on cancer cells. The current study
found that the expression of the pro-
apoptotic genes (P53 and Casp3) increased
significantly in MFH: and MFH: treated
groups compared with the tumor control and
MF groups. The significant increase in the
expression of these genes suggests that
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MFH treatment can trigger programmed cell
death in cancer cells. In addition, there was
a significant decrease in the expression of
the anti-apoptotic gene Bcl-2 after hyper-
thermia in the MFH: and MFH2 groups,
compared with the tumor control and MF
groups; this significant decrease in Bcl-2
expression further supports the pro-apoptotic
effects of MFH treatment. Overall, these
findings suggested that MFH treatment has
the potential to induce apoptosis in cancer
cells by regulating the expression of pro-
and anti-apoptotic genes. In addition, the
current study observed an increase in the
concentration of pro-apoptotic proteins "P53
and active CASP3" in the MFH: and MFH;
groups compared with the tumor control and
MF groups, indicating that MFH treatment
may direct cancer cells toward apoptosis.
Additionally, there was a significant
decrease in the concentration of the anti-
apoptotic protein BCL-2 after hyperthermia
in the MFH: and MFH, groups, which
further supported the pro-apoptotic effects
of MFH treatment. Other studies indicated
the effect of hyperthermia on apoptosis and
proliferation of cancer cells}*?6271, Zavareh
et al.[®l used MNps containing fluorouracil
(5-FU) to improve the chemotherapeutic
effect in various cancer models. These
investigations have demonstrated that the
inclusion of 5-FU in MNps can enhance the
efficacy of chemotherapy treatment by
reducing the expression of human Bcl-2
protein and elevating the expression of
human Casp3 protein. Likewise, Jordan
et al.??l investigated the impact of MFH
on C3H mammary carcinoma in vivo and
observed widespread tumor necrosis after
undergoing MFH treatment. In addition,
Salimi et al.B% investigated the use of
dendrimer functionalized iron-oxide Nps in
combination with MFH for the therapy of
BALB/c mice with breast cancer. Based on
the histopathological analysis, a significant
augmentation in the number of apoptotic
cells in the MNps+tAMF group was
observed, in addition to a decrease in the
micro-vessel density within the tumor,
which could be another contributing factor

to the observed reduction in tumor size in
the treated mice®l.

Overall, the current study provided
further evidence for the potential of MFH
treatment and MNps in cancer therapy. The
use of MNps in cancer therapy provides
several benefits, such as targeted delivery
and hyperthermia treatment. The MNps can
be modified with targeting agents, like
antibodies or peptides, to specifically target
cancer cells while minimizing damage to
healthy tissue. These Nps can also be
activated by an external magnetic field to
generate heat and trigger cancer cell death.
Combining MNps with other cancer treat-
ments, such as chemotherapy and radiation
therapy, may enhance the effectiveness of
cancer therapy while reducing the associated
side effects. Further research is needed to
optimize the use of MNps in cancer therapy
and to gain a better understanding of their
mechanisms of action.
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