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KEYWORDS Abstract Because magnetic nanoparticles (NPs) have the ability to combine different therapies
Gastric cancer: such as drug delivery and photothermal therapy (PTT) along with reducing cancer drug resistance,
Photothermal therapy; their use in cancer treatment is considerable. For this purpose, we developed albumin-perfluorohex
Chemotherapy; ane/cisplatin-magnetite NPs (A-PFH/C-MNPs) by hydrothermal method. Then, the physicochem-
Magnetic nanoparticle; ical properties of the MNPs and A-PFH/C-MNPs were investigated by SEM, TEM, XRD, and
Cisplatin FTIR. In the following, drug release at different pH and A-PFH/C-MNPs thermal reactions were

assessed. The toxicity of different drug formulations against advanced gastric cancer (AGS) and
mouse fibroblast (3 T3) cells were assessed by MTT assay, followed by flow cytometry and real time
PCR on AGS cells. The results determined that A-PFH/C-MNPs (~142 nm) with a relatively uni-
form distribution, in addition to increasing the loading capacity up to 60%, raise the PFH release
by increasing the temperature from 37 °C to 45 °C. Also, in vitro outcomes exhibited higher toxicity
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of A-PFH/C-MNPs + PTT compared to free C against AGS cells. Whereas, the toxicity of A-C-
MNPs and A-PFH/C-MNPs + PTT on 3 T3 cells as normal cells was much lower compared to
the cancer cells. The mechanism of cytotoxicity indicates that A-PFH/C-MNPs + PTT significantly
increase apoptosis by inducing expression of TNF-o and Bax mRNA compared to A-C-MNPs.
Overall, A-PFH/C-MNPs + PTT provided a promising platform in anticancer activity by increas-
ing drug loading capacity and combined chemotherapy and PTT.

© 2023 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Gastric cancer is one of the most deadly and malignant cancers in the
world with a high prevalence and mortality rate (Thrift and El-Serag
2020). Despite significant advances in the diagnosis of gastric cancer
in its early stages (Shimura et al. 2020), it is considered as a challenging
issue due to drug resistance with high mortality rates (Marin et al.
2020). Although several conventional treatments for cancer, such as
radiotherapy, chemotherapy, and surgery have been developed,
researchers are developing nanotechnology-based hybrid methods to
reduce the side effects of treatment, reduce the dose of the drug, and
deliver drugs more effectively (Liang et al. 2020, Xiao et al. 2020).
Therefore, in order to reduce the toxicity of drugs used through target-
ing, increasing drug loading in cancer cells, induction of cell death
pathways along with enhancing auxiliary therapeutics, the use of bio-
compatible nanoparticles (NPs) with high loading, and the possibility
of performing therapeutics such as photo or thermal therapy were
widely considered (Khan et al. 2021).

Among the metal NPs used in the treatment of cancers, the use of
magnetite NPs (MNPs) due to very low toxicity, cheap production,
simple drug loading, the ability to perform various therapeutics and
low immunogenicity are also considered by researchers (Bejjanki
et al. 2021). Also, the use of MNPs is a good option for therapeutics
due to its high ability to generate heat by absorbing light wavelengths
in a range that has no effect on the biological system (Batooei et al.
2020, Nagaraju et al. 2021). In fact, heat absorption from light absorbs
apoptosis by increasing the intracellular reactive oxygen species (ROS)
(Agnihotri et al. 2020). For example, in the cellular model, Norouzi
et al. (2020) were able to not only amplify the inhibition of glioblas-
toma cancer cells by targeting them with trimethoxysilylpropyl-ethyle
nediamine triacetic acid-coated MNPs containing doxorubicin, but
also to provide more effective control through synergy with magnet
therapy. Likewise, Sharifi et al. (2020a), and Maximenko et al.
(2020) revealed that MNPs containing anticancer drug, in addition
to reducing cancerous cell proliferation through combination with
photothermal therapy (PTT), enable more effective control of cancer
cells with minimal toxicity and immunogenicity. In this regard, Chen
and Yang (2020) provided a higher contrast of gastric cancer cells in
imaging by using glypican-3 protein on MNPs.

Cisplatin (C) is a chemical compound with a high degree of toxicity
that is widely used in the treatment of various cancers with a toxicity
rate of more than 60% (Yu et al. 2020). It was formerly known as Pey-
ronie’s chloride and was first synthesized in 1845 by Michele Peyrone
(Prestayko 2013). The most important mechanisms described in the
treatment of gastric cancer by cisplatin have anti-neoplastic effects
including induction of apoptosis through DNA damage (Chen et al.
2018), ROS production (Lin et al. 2019), cell cycles arrest in the subG1
phase (Song et al. 2016), and disruption of mitochondrial activity
(Chen et al. 2017). However, reports indicate that cancer cells show cis-
platin resistance after drug therapy (Manohar and Leung 2018, Ghosh
2019). However, hypoxia in tumors challenges the possibility of drug
delivery. For this purpose, various strategies to reduce hypoxia, such
as the use of O, transport by PFH (Xu et al. 2016) and in-situ O, pro-
duction by nanozymes (Jiang et al. 2019), have been investigated. PFH
have been widely commercialized as O, carriers to overcome hypoxic
conditions due to their high affinity for O, and good biocompatibility

along with a boiling point of 56 °C and stability in tissues (Yu et al.
2018, Wang et al. 2020). Meanwhile, due to the property of phase tran-
sition caused by temperature, PFH have been investigated as contrast
agents (Wang et al. 2020). The synergy of PDT with PFH not only
increases the O, level, but also increases the lifetime of ROS within
the tumor due to its ROS storage capability (Zhou et al. 2016, Wang
et al. 2020).

In this study, with the production of albumin-perfluorohexane/cis
platin-MNPs (A-PFH/C-MNPs), in addition to reducing the drug
resistance of gastric cancer, the combination of PTT with chemother-
apy was investigated. Also, in addition to explaining the toxicity of A-
PFH/C-MNPs, an attempt was made to investigate the C and PFH
release profile in vitro. Also, in this study, the toxicity mechanism of
A-PFH/C-MNPs in gastric cancer cells was evaluated (Fig. 1A). In
fact, our goal was to provide a biocompatible platform for combining
therapeutics with a minimally invasive approach to reduce the thera-
peutic resistance of gastric cancer cells and their effective treatment.

2. Experimental section

2.1. Synthesis of A-PFH|C-MNPs

MNPs were designed by the hydrothermal method via a
ligand-assisted method described by Su et al. (2015). In sum-
mary, initially 2 mL of oleic acid was dissolved in 20 mL of
ethylene glycol. Then 20 mM of ferric chloride hexahydrate
FCH and 40 mM of sodium acetate were added to the solu-
tion. Then, the mixture was stirred for 24 h at 60 °C. Finally,
it was heated in a Teflon-lined stainless-steel autoclave at
220 °C for 8 h. After cooling at room temperature, the MNPs
were collected by centrifugation (at 7,000 rpm for 12 min) and
washed with ethanol and water.

The method described by Sharifi et al. (2020c) was used for
more stable loading of A and other compounds on MNP. In
brief, to provide hydroxyl functional groups on the surface
of PFH/C-MNPs, 1mg/mL of NPs with 40puL of
N-hydroxysuccinimide (0.1%) and 40 pL. of 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide for 3 h at 4 °C were vigor-
ously stirred. Then, after using the PD-10 column moderated
with 10 mM PBS solution, dissolved the MNPs in DI water
and mixed 2 mg of A (500 pL) and stirred at 21 °C for 24 h.
Finally, the resulting product was rinsed with water for later
use.

Based on the optimum point obtained in the MNPs loading
capacity, we mixed 1 mg of MNPs with 2 mL of DMSO solu-
tion containing 2 mg of C and stirred for 24 h. The solution
was then dried under vacuum to evaporate the excess DMSO
within 24 h. Using the phosphate buffer saline (PBS), removed
the excess C by washing 3 times. To load the PFH onto the
MNPs containing the C, the C-MNPs were kept in a sealed
container for 2h at 21 °C after mixing with the PFH and
sonication. To remove excess agents, the mixture was first
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Fig. 1
MNPs. (D) XRD patterns of MNPs.

centrifuged at 5000 rpm for 10 min and then washed with
deionized (DI) water.

2.2. Characterization of A-PFH|C-MNPs

To evaluate the appearance of A-PFH/C-MNPs, scanning
electron microscopy (SEM, JEOL, JSM 6701F) was applied,
and high-resolution images were obtained by using a transmis-
sion electron microscope (TEM-JEOL3010). The crystal
microstructure of the produced MNPs was investigated using
Power X-ray Diffractometer (Phillips, USA). The measure-
ments were carried out in the standard 26 applying Cu Ko
radiation (A = 0.154 nm). The data were gathered in the range
between 20° to 70° with a step size of 0.08°. In the following,
further features of the A-PFH/C-MNPs was carried out using
a using a Perkin Elmer spectrometer FTIR SPECTRUM in
wavenumbers from 4000 to 500 cm™! by a KBr wafer. To
determine the rate of temperature, increase in A-PFH/C-
MNPs by PTT, a thermometer was used during the radiation
with a wavelength of 808 nm.

2.3. C loading and C or PFH release

In order to evaluate the drug loading capacity of MNPs, the
fluorescence spectra method was used by Hitachi F 2500 spec-
trophotometer. In this method, 0.6 mg of MNPs are added to
the solutions with concentrations of 50, 150, 300, 450, 600 ng/
mL of the C and stirred for 24 h at 21 °C. The C-MNPs were
then separated from the solution using a magnet and the per-
centage of drug charge was determined.

After determining the optimum point by loading efficiency
(%), we dissolved 2 mg of MNPs with 1 mg of C in 2 mL of
DMSO and shaken for 24 h at 21 °C. Then, according to the

Cisplatin

40 50 60 70
Degree 26

(A) Scheme of the perfluorohexane and cisplatin release by A-PFH/C-MNPs. (B) FE-SEM and (C) TEM images of A-PFH/C-

above method, the MNPs containing the C were loaded with
PFH and coated with A. Finally, the A-PFH/C-MNPs are
dried in vacuum and washed 3 times with water. Then, to eval-
uate the release of the C through dialysis bags, certain amounts
of A-PFH/C-MNPs are incubated in 20 mL of PBS at different
pHs (2.5, 5.0 and 7.5) at 37 °C for 1800 min. Next, purification
was performed by a dialysis process (MWCO 3500) against
80 mL of the same buffer at 100 rpm. At regular time intervals,
10 mL of solution was drawn for the measurement by absor-
bance at 510 nm. At the time of extraction from the solution
an equal volume of the same solution was recovered.

In order to evaluate the loaded amount of PFH, A-PFH/C-
MNPs were first weighed. The A-PFH/C-MNPs were then
placed at 37, 41 and 45 °C to evaporate the PFH. The NPs
were then weighed again after 60 min. The amount of PFH
loaded was calculated using the weight loss caused by PFH
evaporation.

2.4. Cell culture

The human gastric carcinoma cell line (AGS) and the mouse
fibroblast cell line (3 T3) were obtained from American Tissue
and Culture Collection (ATCC) (Manassas, VA, USA). The
3T3 and AGE cells were cultured in DMEM and RPMI-
1640 medium, respectively containing 10% FBS, 100 U/ml
penicillin and 100 pg/ml streptomycin. They were then kept
in an incubator with 5% CO, at 37 °C.

2.5. MTT assay

MTT method was used to evaluate the cytotoxicity of C, A-C-
MNPs, and A-PFH/C-MNPs in AGS and 3 T3 cells. AGS and
3T3 cells with a density of 3 x 10° and 2 x 10* cells/well,
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respectively were cultured in 96-well microtiter plates (200 pL
per well) for 12 h in an incubator with 5% CO, at 37 °C. Then,
after 12 h, the cells were incubated for 24 h in the presence of C
with concentrations of 5, 10, 15, and 20 pg/mL, A-C-MNPs
and A-PFH/C-MNPs with concentrations of 10, 20, 30, and
40 pg/mL under laser irradiation (150 J/cm? fluence and 100
Mw/cm? irradiance) for 5 min at 8th h after main incubation.
Next, the medium was removed by PBS, and 0.5 mg/mL MTT
was added in media and incubated for 4 h (50 mL/well). After
incubation, the culture medium was detached and the residual
crystals were liquefied in 100 mL DMSO by shaking for 3 min.
Finally, the optical density of the cells was assessed at
A = 570 nm using an ELISA plate reader (RT-2100C Micro-
plate Reader, China).

2.6. Apoptosis and cell cycle

Flow-cytometry was carried out to evaluate the percentage of
apoptosis performed by C, A-C-MNPs and A-PFH/C-MNPs
+ PTT. After culturing the AGS cells according to the instruc-
tions in Section 2.5, 3 x 10> AGS cells were cultured for 24 h
per well along with the C (10 pg/mL), A-C-MNPs (20 ng/
mL) and A-PFH/C-MNPs + PTT (20 pg/mL). Then, the
AGS cells were centrifuged at 3000 rpm for 3 min at 4 °C
and washed by cold PBS. The AGS cells were then resus-
pended in 100 mL of Annexin V binding buffer including
0.1 M, NaCl 1.4M, CaCl, 25Mm, pH 7.4. Next, 2 uL of
Annexin V conjugated Alexa Fluor 488 was supplemented to
the solution containing the AGS cells and kept at room tem-
perature in the dark. Afterwards, 400 uL of the binding buffer
along with 5 pL of 50 pg/ml of propidium iodide were supple-
mented to the solution and placed in an ice box. Finally, sam-
ples were investigated by FACscan (BD Bioscience, USA).

Flow cytometry technique was used to study cell cycles. At
the end of the 24 h incubation period, the AGS cells were
washed with PBS and collected using trypsin and centrifuga-
tion. They were then cooled in cold ethanol (70%) and stored
at —25 °C. Afterwards, the AGS cells were dispersed again in
800 uL of PBS. Therewith, 5SpuL of 2 mg/mL RNAse was
added and incubated for 40 min at 37 °C. After incubation,
the AGS cells were stained with 75 ul of fluorescent nucleic
acid dye and 1 mg/ml of propidium iodide. The AGS cells were
incubated at 21 °C for 15 min and then passed via a 40 pm
sterile filter. Finally, the AGS cells are probed by excitation
at 490 nm in BD LSR II (BD Biosciences).

2.7. ROS assays

In order to evaluate the intracellular level of ROS in the pres-
ence of C (10 pg/mL), A-C-MNPs (20 ug/mL) and A-PFH/C-
MNPs + PTT (20 pg/mL), 3 x 10> AGS cells per well were
cultured for 24 h. Then, 10 mM 2',7'-dichlorofluorescein was
added per well and maintained up to 1h at 37 °C with 5%
CO,. Next, each well was washed with PBS and homogenized
carefully with 500 uL. of PBS. At the end, the fluorescent inten-
sity was assessed using a fluorescence microplate reader (Bio-
Tek Instruments, Winooski, USA).

2.8. Real time PCR

Isolation of total RNA was performed based on the manufac-
turer’s protocols in control, C (10 ug/ml), A-C-MNPs (20 ug/

mL), and A-PFH/C-MNPs + PTT (20 ug/mL) groups
through Trizol reagent on AGS cells. The RNA was then mea-
sured at 260-280 nm by applying a UV-VIS spectrophotome-
ter (Eppendorf). To eliminate any contaminant genomic DNA,
the RNA was treated with DNAse I and cDNA was produced
from 1 pg of RNA using revert Aid First Strand cDNA Syn-
thesis Kit (Fermentas). The following primers were used: -
TNF-o0  forward 5-CGAGTGACAAGCCTGTAGC-3,
reverse 5-GGTGTGGGTGAGGAGCACAT-3'; Bax forward
5-TGGCAGCTGA CATGTTTTCT GAC-3' and reverse 5'-
TCACCCAACC ACCCTGGTCT T-3'; Fas forward 5-GG
ACCCTCCTACCTCTGGTT-3, reverse 5'-ACCTGGAGGA
CAGGGCTTAT-3; Caspase-3 forward 5-TGGCATTGAGA
CAGACA-3, reverse 5-GGCACAAAGCGACTG-3;
GAPDH forward’5- ACCCAGAAGACTGTGGATGG -3
and reverse’5- TCTAGACGGCAGGTCAGGTC —3'. Quan-
titative PCR was executed on an ABI 7500 real-time PCR sys-
tem (ABI, USA) by applying a SYBR Premix Ex Taq Reagent
Kit (Takara) according to the manufacturers’ recipes. The fold
change in mRNA expression of TNF-a, Bax, Fas and Caspase-
3 was calculated as 2744,

2.9. Statistical analysis

Statistical analysis was carried out using SPSS software 17
(SPSS Inc., Chicago, IL, USA) version. The one-way ANOVA
was performed to represent a significant range of this current
work.

3. Results

3.1. Characterization of synthesized NPs

After the synthesis of MNPs by hydrothermal reaction with
the introduction of an oleic acid ligand and sodium citrate as
coordinating agents, their morphological properties were
explained by SEM (Fig. 1B) and TEM (Fig. 1C). It was shown
that A-PFH/C-MNPs are spherical in shape with an approxi-
mate size of 131.2 nm and are uniformly coated by the A with
dimensions of approximately 8.3 nm. The presence of C, PFH
and A increased the Zeta potential values to 27.1, 17.6, —9.3
and —17.1 at pH of 2.5, 5, 7.5 and 10 respectively. The poten-
tial value of —9.2 in pH 7.5 indicates the stability of A-PFH/C-
MNPs in physiological pH.

These images show the relatively uniform distribution of A
on the NPs and the relatively narrow distribution of the A-
PFH/C-MNPs. The crystalline structure of the MNPs gener-
ated was investigated applying XRD (Fig. 1D). The apparent
peaks indicate lack of any additional contamination.

In this line, the outcomes of FTIR on MNPs, A, PFH, C
and A-PFH/C-MNPs approved the favour loading of PFH,
C and A on the MNPs (data not shown). FTIR spectra
revealed that C had a peak of 3250cm™!, 2950 cm™',
1600 cm ™', 1500 cm ™', 1000 cm ™', 800 cm™', and 500 cm ™.
Also, the FTIR results show that the PFH main bonds are
1700 cm ™', 1600 cm ™', 1400 cm ™', and 950 cm™~'. While, the
bonds of C represented the main feature of bending and
stretching  vibrations in peaks on 3500-3400 cm ™',
1500 cm™!, 1250 cm ™', 900 cm™! and 500 cm™'. Nonetheless,
when C, PFH and A were conjugated on the MNPs, the peaks
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which were observed in their spectrum were modulated or
disappeared.

In the following, photothermal heat generated in A-PFH/
C-MNPs was explained in Fig. 2. Our outcomes illustrated
that laser irradiation with 808 nm wavelength sufficiently per-
forms the thermal activation of the A-PFH/C-MNPs.

3.2. C loading and PFH/C release

The output of the amount of C loaded on the MNPs based on
the results of Fig. 3A shows that despite the increase in the C
loading level with increasing drug concentration, the C loading
efficiency decreases with increasing concentration. In this
regard, the optimal C concentration for loading with efficiency
higher than 60% is between 250 and 350 pg/mL of C.
Although lower C concentrations have the highest loading effi-
ciencies, maximal utilization of nanocarrier capacity for drug
delivery to AGS tissues or cancerous cells will not be observed.

In order to evaluate the reaction and response of PFH to
temperature, A-PFH/C-MNPs were stored at 37, 41 and
45 °C to determine the evaporation level of PFH. As exhibited
in Fig. 3B, at 37 °C similar to body temperature, the PFH
release level in 60 min is very low and at the lowest level
(<12%). Whereas, with increasing temperature from 37 to
41 °C, the amount of PFH release increased and after
60 min, the PFH release level reached 31%. However, at
45 °C, approximately 59% of PFH is released within 60 min.
Also, the burst release of the PFH at 45°C is faster than
41 °C and happens in 20-25 min. On the whole, the results
show that higher temperatures provide stronger energy for
PFH evaporation.

Likewise, the results of C release from A-PFH/C-MNPs at
different pHs demonstrated that C release from A-PFH/C-
MNPs according to Fig. 3C is time-dependent and pH-
sensitive. In general, the C release level at pH 2.5 after
1800 min is about 73.5%, while 59.1% and 37.7% of the C
were released at pH 5.0 and 7.5 after 1800 min, respectively.
Thus, the results suggest that A may act as a biological gate
to reduce the level of C release. Despite the rapid release of
the C from the A-PFH/C-MNPs in the first 120 min, the
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Fig. 3 (A) Drug loading and nanocarrier efficiency, (B) quan-
titative analyses of cisplatin (C) release at 37 °C at different pH,
(C) the perfluorohexane (PFH) content patterns monitored by
thermogravimetric traces over time at 37, 41, and 45 °C.

release rate of the C is relatively constant and increasing over
time. Release of more than 50-60% of the C in the first 12 h
and 60-70% in 24 h of A-PFH/C-MNPs under acidic condi-
tions has a favorable potential for C release in AGS cells.

3.3. Cytotoxicity assay

As mentioned earlier, the MTT technique was used to evaluate
the C, A-C-MNPs and A-PFH/C-MNPs cytotoxicity on AGS
cells (Fig. 4). In this study, it was found that with increasing
concentrations of C and A-C-MNPs, the rate of cytotoxicity
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in AGS cells increases. Whereas, the toxicity rate was much
lower for 3 T3 cells with increasing C and A-C-MNPs concen-
trations. However, the toxicity of the free drug and nano-
platform depends on the dose used (Fig. 4A). Furthermore,
the results revealed that despite the higher cytotoxicity of the
A-C-MNPs compared to the C at concentrations higher than
10 pg/mL, the rate of change of both is relatively the same.
Also, the toxicity results in Fig. 4B shows that the use of A-
PFH/C-MNPs + PTT has the highest cytotoxicity compared
to other groups. In addition, the level of toxicity increased sig-
nificantly with increasing the concentration of A-PFH/C-
MNPs + PTT in 3 T3 cells (Fig. 4A). Overall, the results
demonstrated that increasing the concentration of A-PFH/C-
MNPs combined with PTT caused the greatest cytotoxicity
in AGS cells.

3.4. Apoptosis, cell cycle arrest and ROS production

As reported in Fig. 5A, various treatments include of C (10 pg/
mL), A-C-MNPs (20 pg/mL) and A-PFH/C-MNPs + PTT
(20 pg/mL), increase the percentage of apoptotic cells.
Although the use of C increased 11.77 and 21.33 times the
apoptotic cells in the late and early apoptosis compared to
the control, respectively (P <0.01), the use of A-C-MNPs
exposed more induction of apoptosis in the early and late
apoptosis after 24 h compared to the C (*P < 0.05). The num-
ber of apoptotic cells by A-C-MNPs in early and late apoptosis
increased from 25.9% to 34.8% and 19.2% to 28.7%, respec-
tively, compared to the free drug. However, the outcomes exhi-
bit that the synergistic effect of C and PFH via A-PFH/C-
MNPs + PTT causes a significant increase in apoptotic cells
in early (49.5%) and late (30.8%) apoptosis compared to A-
C-MNPs. Overall, the results showed that the highest reduc-
tion in cancer cell proliferation through induction of apoptosis
was in order of A-PFH/C-MNPs + PTT, A-C-MNPs and C,
which could indicate the positive synergistic effects of
chemotherapy and PTT.

To confirm the higher toxicity of A-C-MNPs and A-PFH/
C-MNPs + PTT compared to C, ROS production was inves-
tigated. Our results in Fig. 5B depicted that the use of C and
A-C-MNPs significantly increases the ROS intracellular level
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up to 209 (P < 0.01) and 278 (""P < 0.01) units, respectively,
compared to the control group. However, the use of A-PFH/
C-MNPs + PTT produced the highest ROS up to 3.06 folds
(with 389 units) of the control group, 1.86 times the C group
and 1.39 folds of the A-C-MNPs group. Therefore, it was
found that A-PFH/C-MNPs + PTT and A-C-MNPs could
inhibit the proliferation of AGS cancerous cell by generation
of ROS.

Also, as illustrated in Fig. 5C, C significantly increased the
AGS cell population in the subGl phase by 1.64 times com-
pared to the control group ("P < 0.01). Likewise, A-C-
MNPs caused a significant increase in AGS cell population
in the subG1 phase compared to the control group. In addi-
tion, the use of nanocarriers has significantly increased the
concentration of AGS cells in the subG1 phase compared to
the free drug (*P < 0.05). While the highest AGS cell popula-
tion observed in the subGl phase was related to A-PFH/C-
MNPs + PTT, which was 3.06 folds higher than the control
group (P < 0.001). On the other hand, the highest AGS cell
concentration in phase S was related to A-PFH/C-MNPs
+ PTT, A-C-MNPs and C, which indicates an effective
increase in the combination of chemotherapy and PPT.

3.5. Cell death mechanisms

The results of the toxicity mechanism based on Fig. 6 show
that significant changes in the expression of TNF-a, Fas,
Bax, and Caspase-3 genes were observed in the presence of
nanocarriers and drugs. For example, the use of C significantly
increased the expression of TNF-a, Fas, Bax, and Caspase-3
genes compared to the control group. But, the use of A-C-
MNPs displayed a significant increase in TNF-o, Bax, and
Caspase-3 genes compared to free drugs, whereas it did not
induce a significant regulation in the expression of Fas gene
compared to C group. On the other hand, the inhibitory effects
on AGS cancerous cells by increasing the expression of TNF-
o, Bax, and Caspase-3 genes in combination therapy by
chemotherapy and PTT based on A-PFH/C-MNPs resulted
in a significant difference compared to the A-C-MNPs and free
drug groups. However, A-PFH/C-MNPs + PTT did not show
a significant upregulation in the Fas gene compared to the C

®A-PFH/C-MNPs+PTT
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Fig. 4 Cytotoxicity assay of cisplatin (C), albumin-cisplatin-magnetite nanoparticle (A-C-MNPs), and albumin-perfluorohexane/cis-

platin-MNPs plus PTT (A-PFH/C-MNPs + PTT) in 3 T3 cells (A) and AGS (B) cells. *P < 0.05, P < 0.01 and

ek

P < 0.001 for a

difference of treatment groups. **““Least square means with different letters in superscripts are different at *P < 0.05.
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and A-C-MNPs. In fact, the most induced TNF-o and Bax
pathways of apoptosis are related to A-PFH/C-MNPs
+ PTT and A-C-MNPs, and the induction of the Fas pathway
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Fig. 5 (A) Quantification of cell necrosis and apoptosis mea-
sured using propidium iodide (PI) and Annexin V-FITC staining
in AGS cancerous cells determined by flow cytometry assay.
Control, cisplatin (C), albumin-cisplatin-magnetite nanoparticle
(A-C-MNPs), and albumin-perfluorohexane/cisplatin-MNPs plus
PTT (A-PFH/C-MNPs + PTT), (B) the effects of C, A-C-MNPs
and A-PFH/C-MNPs + PTT on the ROS production, and (C)
flow cytometry-based assay of the cell cycle: control, cisplatin, A-
C-MNPs and A-PFH/C-MNPs + PTT. *P < 0.05, P < 0.01
and ""P < 0.001 for a difference of treatment groups. ~>“ILeast
square means with different letters in superscripts are different
at *P < 0.05.

is related to C and A-C-MNPs. Taken together, these results
indicate that the greatest increase in Caspase-3 through intrin-
sic and extrinsic apoptotic pathways in AGS cancerous cells is
mediated by A-PFH/C-MNPs + PTT, followed by A-C-
MNPs and C.

4. Discussion

Because protein-coated MNPs have very low cytotoxicity and
high stability in bioactivity, they are very important in drug
delivery, imaging, PTT, magnetic fields, and combination ther-
apies with the integration of the above methods. Here, after
synthesizing A-PFH/C-MNPs by hydrothermal method and
examining physicochemical properties by SEM (Fig. 1B),
TEM (Fig. 1C), and XRD (Fig. 1D) techniques, we showed
that the uniform distribution of NPs was in accordance with
the findings of Gokduman (2019) and Sharifi et al. (2020b).
Whereas, synthesis of MNPs with relatively narrow and uni-
form range and relatively high surface area is a main challenge
(Ali et al. 2016, Sharifi et al. 2020c). Also, similar to the studies
of Gokduman (2019), Hormozi and Esmaeili (2019) and Teng
et al. (2017), the results of this study indicate a uniform loading
of A on MNPs and high loading of C and PFH. Although the
porosity of the synthesized MNPs was not investigated in this
study, in comparison with the result of Gokduman (2019) the
MNPs synthesized in this study have the highest drug loading
percentage up to 61% (Fig. 3A).

As shown in Fig. 3B, the drug release rate in A-PFH/C-
MNPs depends on the environment acidity, and optimally
the burst release time and drug release percentage in these
nanocarriers improve with changes in environmental acidity.
The results of drug release in this study in line with the results
of Abedi et al. (2019) and Chen et al. (2019) indicate the high
sensitivity of nanocarriers produced to environmental pH.
Overall, the results indicated that by changing the neutral to
acidic conditions, the rate of drug release increases, which is
potentially very suitable for targeting the drug in AGS cancer-
ous cells due to the acidity of their environment. As well, the
results of this report are similar to the findings of Su et al.
(2015) and Guo et al. (2018) illustrated that MNPs, like other
metal oxide NPs, have a high release potential for the PFH
based on the thermal responses of the nanocarriers.

The cytotoxic effects of A-PFH/C-MNPs and free drugs on
gastric cancer cells indicate that cell growth inhibition is
strongly dependent on C dose and MNPs (Fig. 4). This report
is consistent with the outputs of Gokduman (2019) and
Mandriota et al. (2019) who demonstrated that the use of
nanocarriers in drug delivery increases intracellular cytotoxic-
ity due to drug dose changes. On the other hand, this study,
similar to the results of Sharifi et al. (2020a) and Su et al.
(2015) revealed that the combination of chemotherapy and
PTT in cancerous cells further improves the anticancer effects
of developed nano system. The degree of cytotoxicity of MNPs
containing anticancer drugs is generally expressed by their cat-
alytic effects through ROS production (Sharifi et al. 2020c,
Canaparo et al. 2021), DNA damage (Revia and Zhang
2016), and mitochondrial dysfunction (Khan et al. 2012). In
this regard, the results of this study in accordance with the
findings of Velavan et al. (2018) and Baneshi et al. (2019)
showed that the use of protein-coated MNPs containing drug
in comparison with free drug increases the induction of
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apoptosis by increasing the generation of intracellular ROS.
Likewise, the results of the cell cycle indicate the accumulation
of AGS cancerous cells in subG1 phase, which in accordance
with previous findings that nanoplatforms are able to stop
the proliferation of cancerous cells (Zhang et al. (2015) Lu
et al. (2018). The higher anticancer effects of combination ther-
apy in this study are similar to the findings of Su et al. (2015)
and Guo et al. (2018), which could indicate the induction of a
synergistic anticancer effect enabled by developed platform.
Therefore, inhibiting the proliferation of AGS cancerous cells
based on the combination therapy can play a promising role in
anticancer activity of developed platforms. Conversion of light
into heat involves two physical processes, electron—electron
and electron—phonon in femtoseconds and picoseconds,
respectively, which quickly convert the absorbed light into
heat. Due to the small size of the NPs, almost 100% of the
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emitted light is converted into thermal energy (Bohren and
Huffman 1998). Therefore, when the cells are irradiated, the
cancer cells are sensitive to the temperature-dependent cell
death.

Although the positive effects of A-PFH/C-MNPs on the
cell cycle arrest and their inhibitory effects via apoptosis are
evident in Fig. 5, the use of PTT can induce more severe inhi-
bitory effects on AGS cancer cell growth relative to the cells
treated only with A-C-MNPs. In this regard, the outputs of
the cytotoxicity mechanism in Fig. 6 confirm that the combina-
tion of chemotherapy and PTT increased the expression of
genes in the extrinsic (TNF-ao gene) and intrinsic (Bax gene)
pathways of apoptosis. Our findings were similar to the results
of Li et al. (2019) who revealed that the simultaneous use of
chemotherapy and PTT enabled by metal oxide NPs induces
apoptosis via expression of TNF-a (extrinsic apoptosis
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Fig. 6  Effect of the control, cisplatin, albumin-cisplatin-magnetite nanoparticle (A-C-MNPs), and albumin-perfluorohexane/cisplatin-
MNPs plus PTT (A-PFH/C-MNPs + PTT) on the expression of TNF-a, Bax, Fas and Caspase-3 mRNA, in the AGS cancerous cells.
ab.ed] east square means with different letters in superscripts are different at *P < 0.05.
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pathway initiator) and Bax (intrinsic apoptosis pathway initia-
tor) genes. In addition, the results of this study, similar to the
findings of Lu et al. (2018), showed that the combination of
chemotherapy and PTT can induce the activation of
Caspase-3 signalling pathway.

5. Conclusions

In general, our results indicate the synthesis of A-PFH/C-MNPs with a
spherical shape, relatively narrow distribution and drug loading capac-
ity of over 60%. Also, the C and PFH release profile showed that the
synthesized NPs are not only sensitive to the environmental pH, but
also have a favourable thermal response in PTT. In addition, A-
PFH/C-MNPs + PTT enhanced anticancer activity by increasing
intracellular ROS, inducing apoptosis and increasing the population
of AGS cancerous cells in the subG1 phase. Based on the findings, it
can be said that MNPs can be considered as a suitable platform for
combination of therapeutics in the treatment of gastric cancer.
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