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Polyethylenimine-based iron
oxide nanoparticles enhance
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Background: Drug resistance in cancer cells is a major concern in
chemotherapy. Cisplatin (CIS) is one of the most effective chemotherapeutics
for ovarian cancer. Here, we investigated an experimental approach to increase
CIS cytotoxicity and overcome cell resistance using nanoparticle-based
combination treatments.

Methods: Polyethylenimine (PEl)-based magnetic iron oxide nanocomplexes
were used for drug delivery in genetically matched CIS-resistant (A2780/CP)
and -sensitive (A2780) ovarian cancer cells in the presence of a 20 mT static
magnetic field. Magnetic nanoparticles (MNPs) were synthesized and bonded to
PEI cationic polymers to form binary complexes (PM). The binding of CIS to the
PM binary complexes resulted in the formation of ternary complexes PM/C (PEI-
MNP/CIS) and PMC (PEI-MNP-CIS).

Results: CIS cytotoxicity increased at different concentrations of CIS and PEl in all
binary and ternary delivery systems over time. Additionally, CIS induced cell cycle
arrest in the S and G2/M phases and reactive oxygen species production in both
cell lines. Ternary complexes were more effective than binary complexes at
promoting apoptosis in the treated cells.

Conclusion: PEl-based magnetic nanocomplexes can be considered novel
carriers for increasing CIS cytotoxicity and likely overcoming drug resistance of
ovarian cancer cells.
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Introduction

Disruption of the cell cycle progression impacts cell
homeostasis and physiological functions, potentially leading to
cancer. Ovarian cancer is the fourth most commonly diagnosed
cancer among females globally and ranks first among cancers that
threatens the female reproductive system. Several risk factors for
ovarian cancer, such as lifetime ovulatory cycles, have been
identified in previous studies (1, 2). Unfortunately, ovarian cancer
is often diagnosed at an advanced stage when the tumor has already
spread beyond the ovary, making it the leading cause of death
among gynecologic cancers (3).

Cisplatin (CIS) platinating agents are commonly used in
chemotherapy against various types of breast, lung, and ovarian
cancers (4-6). This compound inhibits DNA synthesis by binding
to the guanine base and forming intra-strand DNA adducts (4).
Drug resistance is the most critical problem in the CIS treatment of
ovarian tumor cells that occurs in the early phase of chemotherapy
(7, 8). Various mechanisms of drug resistance have been proposed,
including genetic polymorphisms in copper transporter proteins
(9-11). Another mechanism that leads to CIS drug resistance is the
multidrug resistance (MDR) protein, which pumps the drug
extracellularly with energy consumption (12-16). Generally,
cellular adaptations can accomplish CIS resistance, including
uptake decrement, inactivation by glutathione, metallothionein,
and other antioxidants, and increased DNA repair gene
expression (15, 17-19). There are ongoing research efforts to
overcome drug resistance, which are necessary for efficient
treatments. However, currently, there is no practical approach to
overcome drug resistance in cancer therapy (20-25).

Using Hsp90 inhibitors, Zhang et al. reversed CIS resistance by
modifying the expression of multiple drug resistance-related genes
(26). In another study, Ai et al. showed that inhibition of HIF-1a.
induces reactive oxygen species (ROS) overproduction in CIS-
resistant cells and resensitizes CIS-resistant ovarian cancer cells
(27). Moreover, Hu and Zhang found that targeted nanocarriers can
deliver drugs, oligonucleotides, peptides, and DNA to tumor cells
by enhancing permeation and retention (28). Nanoparticle-based
combination approaches used in clinical assessment to overcome
drug resistance include control over drug loading, temporary
sequencing of drug release, and co-encapsulation of drugs with
various physicochemical properties (28, 29).

Studies have demonstrated that curcumin-loaded nanoparticles
induce apoptotic cell death by regulating MDR functions and ROS
levels in CIS-resistant human ovarian cancer cells (30).
Polyethylenimine (PEI) polymer has been used to transfer genes,
proteins, and anticancer drugs (31-35). Yang et al. showed that
chemo-radioresistance of glioblastoma decreased using microRNA
(miR)145 with cationic polyurethane-short branch PEI (PU-PEI).
PU-PEI-miR145 delivery effectively suppressed the expression of
drug-resistance and antiapoptotic genes and can consequently lead
to a novel therapeutic approach for malignant brain tumors (36).

Magnetic fields (MFs) affect biological systems and may
increase ROS production, leading to oxidative stress in DNA,
proteins, and lipids and cause genetic mutations and cell death
(37-39). Anticancer agents and MFs can impact cell proliferation,
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and their combination may provide a novel approach in cancer
therapy to enhance the anticancer effect of chemotherapeutics (22,
37, 40). This study investigated the potential of magnetic iron oxide
nanoparticles (MNPs) with a PEI cationic polymer to increase CIS
cytotoxicity and overcome drug resistance. These drug-loaded PEI-
based MNPs were delivered using a homogenous static magnetic
field (SMF) into sensitive and resistant ovarian cancer cell lines. The
PEI-based magnetic nanocomplexes can boost drug delivery and
cytotoxicity and may decrease cell drug resistance.

Materials and methods
Chemical reagents

Roswell Park Memorial Institute (RPMI)-1640 medium and
fetal bovine serum (FBS) were purchased from Gibco. Penicillin-
streptomycin and trypsin-EDTA were purchased from Bioidea.
Cisplatin was purchased from Oncotec Pharma Production GmbH
(Germany). Branched polyethylenimine (25 kDa) was purchased
from Sigma-Aldrich. 2’,7’-Dichlorofluorescein diacetate (DCFDA,
ab113851) was purchased from Abcam. Propidium iodide (PI), iron
(IT) chloride tetrahydrate (4H,0.FeCl,), iron (III) chloride
hexahydrate (6H,0.FeCl;), and sodium hydroxide (NaOH) were
purchased from Merck. Annexin V apoptosis detection kit was
purchased from eBioscience (USA).

Synthesis and characterization of
magnetic nanoparticles

Fe;0, MNPs were synthesized using the co-precipitation
approach. The properties of nanoparticles and size-dependent
parameters, such as reaction temperature, suspension pH, and
initial molar concentration, have been investigated (41, 42). In
this approach, nanoparticles are synthesized from 4H,0.FeCl,,
6H,0.FeCl;, and NaOH with high purity and distilled water. The
4H,0.FeCl, and 6H,0.FeCl; solutions were mixed in the respective
stoichiometry (i.e., 1:2 ratio of Fe (II):Fe (III)) in presence of OH~
deposited through the following reaction in Equation (1).

Fe?* + Fe’* + 8OH™ — Fe(OH), + 2Fe(OH);
— Fe; O, + 4H,0 (1)

The ultrasonic transducer and nitrogen gas initially
deoxygenated distilled water. Iron salts II and III were then
added. The ultrasonic apparatus also deoxygenated the NaOH
solution. Twelve microliters of saline solution were added to 120
mL of NaOH solution under nitrogen atmosphere, and the solution
was homogenized for 10 h at 10,000 rpm for 30 min. Subsequently,
the particles were washed with distilled water and once with
acetone, and dried under vacuum conditions (43, 44).

The binary complexes PEI-CIS (PC) and PEI-MNPs (PM)
were synthesized at 37°C for 1 h. To form ternary complexes [PEI-
MNP/CIS (PM/C)], CIS bound to PM binary complexes. Moreover,
PEI, MNP, and CIS bound together simultaneously, and PEI-
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MNP-CIS (PMC) ternary complexes were synthesized at 37°C for
1h

The accuracy of MNPs and the formation of binary and ternary
complexes were confirmed by Fourier transform infrared
spectroscopy (FTIR) and dynamic light scattering analysis. FTIR
spectra were obtained for a dried sample of MNP, PM binary, and
PMC ternary complexes using an FTIR spectrometer (NICOLET
IR100; Thermo Scientific) in a wave-number range of 4000-400 cm™
with a resolution of 4 cm™. In brief, the dried sample was placed on a
silicon substrate transparent to infrared, and the spectra were
measured using the transmittance method. The spectra of
synthesized products were then plotted using the Essential FTIR
software. The size and surface charge distribution of the PEI, MNP-
PM, and PMC ternary complexes in solutions and suspensions were
determined using dynamic light scattering (DLS Zetasizer, a nano-ZS
model; UK). Briefly, a 1 mg/mL solution of nanoparticles was
prepared in deionized water and placed in an ultrasonic bath for
30 min. The sample was filtered using a 0.25 um filter to remove
larger and accumulated particles. Then, the particle size distribution
and surface charge were analyzed using the Zetasizer software
(version 7.11).

Cell culture

The CIS-resistant human ovarian carcinoma A2780/CP and
sensitive A2780 cells were obtained from the National Cell Bank of
Iran (NCBI). A2780/CP is a sub-line of A2780 that gained CIS
resistance in vitro (27). The cells were allowed to grow in RPMI-
1640 in neutral PH (7.2-7.4) supplemented with 10% (v/v) heat-
inactivated (50°C, 30 min) FBS and 2 mM glutamine, 100 units/mL
of penicillin and 100 mg/mL of streptomycin at 37°C and 5% CO,
in a humidified incubator. The cells were trypsinized (0.025%
trypsin and 0.02% EDTA) after reaching 70-80% confluency.
Prior to treatments, cells were allowed to reattach overnight.

Magnetic field exposure

We used permanent cobalt magnets to apply a 20 millitesla
(mT) homogenous SMF. The magnitude of this magnetic field was
calculated using a Teslameter (13610.93; PHYWE, Gottingen,
Germany) with a Hall effect probe regarding its cross-sectional
area and thickness. During this study, we exposed the cells to 20 mT
SMEF by placing magnets under the bottom cell culture plates.

Cell treatments

The A2780/CP and A2780 cells were treated with CIS and PEI
at concentrations of 5, 10, 25, 50, and 100 pg/mL; the PC binary
complex comprised various concentrations of PEI (1, 2.5, 5, and 10
pug/mL) and CIS (2.5, 5, and 7.5 pug/mL) and the PM binary
complex, of PEI (2.5, 5, and 10 pg/mL) and MNPs (1 pg/mL) in
the presence and absence of 20 mT SMF for 24 and 48 h. Moreover,
the cells were treated at a mass ratio of PEI/CIS (0.4, 0.5, 1, 2, and 4
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w/w) for 24 and 48 h. In addition, the cells were treated with PM/C
and PMC ternary complexes at concentrations of 1 pg/mL PEI, 1
pg/mL MNPs, and 2.5 pg/mL CIS in the presence and absence of
SMF for 48 h.

Cell viability assay

The viability of A2780/CP and A2780 cells was measured using
a tetrazolium-based colorimetric (MTT) assay. Briefly, cells (10*
cells/well) were seeded in a 96-well culture plate (SPL Life Sciences
Co., Ltd. Korea) and incubated in a total volume of 100 pL
supplemented with RPMI at 37°C and 5% CO, in a humidified
incubator. The cells were allowed to attach overnight. Following the
treatments, 100 pL FBS-free RPMI with 0.5 mg/mL MTT was added
to each well and kept at 37°C for 4 h in the dark. Then, formazan
was dissolved in 100 uL/well DMSO. The relative number of living
cells in each group was measured at 570 nm using a microplate
reader (uQuant MQX200; BioTek, USA). Cell viability results are
shown as a percentage compared to the control cells. The half-
maximal inhibitory concentration (ICsy) was used to evaluate the
sensitivity of the selected cell types.

Quantitation of intracellular
ROS accumulation

Intracellular ROS levels under normal and stress conditions
were detected using a 2',7'-DCFDA assay kit. The A2780/CP and
A2780 cells were treated with 1 pg/mL PEI and 2.5 pg/mL CIS, as
well as with PM/C and PMC complexes (at concentrations of 1 pg/
mL PEI, 1 pg/mL MNP, and 2.5 pug/mL of CIS), compared to
untreated cells, in the presence and absence of SMF for 48 h, which
were prepared in RPMI medium supplemented with 10% FBS in 6-
well cell culture plates (SPL Life Sciences Co., Ltd. Korea). After
treatment, the cells were prepared immediately, according to the
manufacturer’s instructions. Briefly, the cells were washed with PBS.
The samples were then suspended in a conical test tube with 20 uM
DCFDA in 1X buffer and incubated at 37°C in the dark for 30-45
min. ROS production was monitored immediately using a
FACSCalibur Becton-Dickinson flow cytometer (Franklin Lakes,
NJ). DCFDA flow cytometric data were analyzed using FlowJo
software (version 7.6.1) (22, 27, 45).

Cell cycle analysis

The A2780/CP and A2780 cells were treated with 1 ug/mL of
PEI and 2.5 pg/mL of CIS, and PM/C and PMC complexes (at
concentrations of 1 ug/mL PEI, 1 ug/mL MNP, and 2.5 ug/mL CIS)
in the presence and absence of SMF for 48 h, which were prepared
in RPMI medium supplemented with 10% FBS in 6-well cell culture
plates and incubated at 37°C and 5% CO, in a humidified incubator.
The cells were trypsinized and collected using centrifugation at 400
xg for 5 min. Then, the cells were resuspended in 0.5 mL PBS, fixed
by adding 4.5 mL of 70% (v/v) cold ethanol and centrifuged at 400 x
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g for 5 min. The cells were washed in 5 mL PBS, centrifuged at 400 x
g for 5 min, incubated at room temperature for 5 min, and
recentrifuged at 400 x g for 5 min. Then, the supernatant was
removed and resuspended in 1 mL of DNA staining solution. The
prepared cells were incubated for at least 30 min at room
temperature in the dark. The obtained cell suspension was
analyzed using a FACSCalibur Becton-Dickinson flow cytometer.
Data were collected from at least 104 cells. The cytometric flow data
were analyzed using Flow]Jo software (46, 47).

Detection of cell apoptosis

Apoptosis was detected using annexin V-FITC/PI staining. The
A2780/CP and A2780 cells were treated with 1 ug/mL PEI and 2.5
pg/mL CIS, and with PM/C and PMC complexes (at concentrations
of 1 ug/mL PEI, 1 ug/mL MNPs, and 2.5 ug/mL CIS) in the presence
and absence of SMF for 48 h, and were prepared in RPMI medium
supplemented with 10% FBS in 6-well cell culture plates and
incubated at 37°C and 5% CO, in a humidified incubator. The
cells were then collected and labeled with annexin V/PI in 1X
binding buffer for 15 min. Apoptotic and necrotic cells were
evaluated using a FACSCalibur Becton-Dickinson flow cytometer.
The flow cytometric data were analyzed using FlowJo software. The
total number of apoptotic and necrotic cells was defined as the sum
of the Annexin V+/PI- and Annexin V+/PI+ populations; the cell
populations in the four quadrants of the dot plot were analyzed as
follows: the Q1 quadrant represented necrosis; Q2, late apoptosis;
Q3, early apoptosis; and Q4 viable cells (47, 48).

Statistical analysis

GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, USA)
was used for data graphing and estimating the values of ICs, for
cytotoxicity. All experiments were performed in three independent
repetitions. Data are shown as the mean + standard deviation (SD)
and analyzed using factorial analysis of variance (ANOVA)
followed by Tukey’s post hoc tests. Differences were assessed to be
significant for p-values >0.05.

Results
Formation of magnetic nanoparticles

As shown in Figure 1, the FTIR spectrum of MNPs is indicated by
two peaks. The first absorption is at 3420 cm™, which is related to the
hydration bond formed with hydroxyl groups, and the second
absorption is at 572 cm™', which is due to the vibrational band of
Fe-O in MNPs. These peaks confirm the accuracy of the MNP
synthesis. In the PM binary complex infrared (IR) spectrum, in
addition to the MNP peaks, the 2924, 1633, and 1029 cm’
wavelengths indicate the C-H, C-C, and C-N bonds of the PEI
polymer, respectively, confirming the accuracy of the PM binary
complex formation. The FTIR spectrum of the PMC ternary
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FIGURE 1

The FTIR spectrum of (A) MNPs, (B) PEI-MNPs (PM), and (C) PEI-
MNP-CIS (PMC) in the range of 400-4000 cm™* wavelengths. The
FTIR spectrum of MNPs is visible on two peaks. The first absorption
pic is 3420 cm™ wavelength, related to the hydration bond formed
with hydroxyl groups. The second absorption pic is 572 cm™, due to
Fe-O's vibrational band in the nanoparticles. These peaks confirm
the accuracy of nanoparticle synthesis. In the PM binary complex, in
addition to MNPs-dependent peaks (3433 and 569 cm™), the
wavelengths 2924, 1633, and 1029 cm* indicate C-H, C-C, and C-N
bonds of PEI polymer, respectively. These results confirmed the
accuracy of PM binary complex formation. In the PMC ternary
complex spectrum, the peaks of MNP and PM are in the range of
867 cm™, which indicates the N-H bond of the cisplatin drugs.

complexes peaks at 867 cm, and the peaks of the MNPs and PM
show that the N-H bond of CIS in conjugation with other molecules
was<500 cm’!, which was not visible in our spectrum (44).
Furthermore, the DLS results, presented in Table 1, revealed sizes
corresponding to MNPs of ~ 69 + 5 nm, PM binary complex of ~
88 + 15 nm, and PMC ternary complex of ~ 151 + 21 nm, which
appear suitable for delivery agents. Furthermore, the zeta potential
results indicate that the MNP surface charge was approximately -25
eV, in which the negative surface charges create an interconnection
through electrostatic interaction with the positive charges of PEL
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TABLE 1 Zeta potential and size related to Fes04 magnetite nanoparticles (MNPs), PEI-MNPs (PM) binary complex including MNPs and
polyethylenimine (PEI) and three-component magnetic nanocomplexes (PMC) comprising PEI, MNP, and cisplatin.

PEI MNPs PM PMC

Zeta potential (eV) 34+3 -25+4 19+2 16+ 6

Size (nm) 91+17 69+5 ‘ 88 + 15 ‘ 151 21
Determination of the cytotoxicity different concentrations in both cell lines. Increasing PEI
of Cisp[atin_conjugated concentration from 2.5 pg/mL onwards at constant concentrations
magnetic nanoparticles of CIS (2.5, 5, and 7.5 pg/mL) resulted in a decrease in viability was

observed in both cell lines. A2780 cells showed a greater decrease in
We assessed the viability of A2780/CP and A2780 cells with  viability than A2780/CP cells, with reductions of around 20%, 10%
different treatments at 24 and 48 h using MTT staining and a  and 15% at the concentration (2.5, 5 and 7.5 pg/ml) of CIS,
microplate reader. As shown in Figures 2A, B, treatment with CIS  respectively, and a constant concentration of 10 pg/mL of PEI after
decreased the viability of A2780 cells more than that of A2780/CP 24 h. Similarly, reductions of around 20%, 10%, and 20% at
cells, with a reduction of around 30% at concentration of 5, 10 and ~ concentrations of 2.5, 5, and 7.5 ug/ml of CIS and a constant
25 pg/ml after 24 h, and around 20% and 10% at concentration of 50 concentration of 5 pg/mL of PEL and around 40%, 20%, and 15%
and 100 pg/ml, respectively. After 48 h, the reduction in viability =~ at concentrations of 2.5, 5, and 7.5 pg/ml of CIS and a constant
was more pronounced, with decreases of around 20% and 40% at  concentration of 10 pg/mL of PEI after 48 h, respectively.
concentrations of 5 and 10 pug/ml, respectively. Treatment with PEI The effect of 20 mT SMF exposure on cell viability and ICs,
significantly decreased the viability of both cell lines compared to ~ values was evaluated after treatments with the PEI and PM binary
untreated cells at both time points, with no significant difference ~ complex, as indicated in Figure 4 and Table 2. Notably, the cell
between the two cell lines. In the A2780 cell line, after 24 h, the rate  viability and ICsj, significantly decreased in A2780 cells treated with
of cell death was approximately 40%, 60%, and 80% in the CIS, PM/  PEI compared to A2780/CP cells, particularly in the presence of
C, and PMS treatments, respectively, and this effect was more ~ SMF, at both times (Figures 4A, C). Additionally, both cell lines
pronounced after 48 h. exhibited a substantial reduction in cell viability and ICs, values
The combined effects of CIS and PEI are shown in Figure 3,  when treated with MNPs within the PM complexes under SMF
where the PC binary complex significantly increased cytotoxicity at ~ exposure after 24 h (Figurse 4B, D). Furthermore, the combined
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FIGURE 2

The cell viability results of (A, C) A2780/CP and (B, D) A2780 cells treated with cisplatin (CIS) and polyethylenimine (PEI) at the same different
concentrations (5, 10, 25, 50, and 100 pg/ml) for two exposure times (24 and 48 h), respectively. Cell viability values were determined by MTT assay
and microplate reader, and results are expressed as the percentage of viable cells. Data are shown as mean + SD (n = 3). **P<0.01; ****P<0.0001
show significant differences relative to unexposed cells (CTRL), and letters (x,P<0.001; y,P<0.0001) show significant differences between treated cells
(6 x 2 factorial ANOVA flowed by post-hoc Newman—Keuls multiple comparison tests).
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The cell viability results of (A, B) A2780/CP and (C, D) A2780 cells treated with PC binary complexes involve different concentrations of 1, 2/5, 5, and
10 pg/ml polyethylenimine (PEI), and 2.5, 5 and 7.5 pg/ml cisplatin (CIS) for two exposure times (24 and 48 h), respectively. Cell viability values were
determined by MTT assay and microplate reader, and results are expressed as the percentage of viable cells. Data are shown as mean + SD (n = 3).
*P<0.05; **P<0.01; ****P<0.0001 show significant differences relative to unexposed cells (CTRL), and letters (0, P<0.05; v,P<0.0001) show significant
differences between treated cells (5 x 4 factorial ANOVA flowed by post-hoc Newman-Keuls multiple comparison tests).

application of MNPs and PEI resulted in a more pronounced
decrease in the viability and ICs, values of A2780 cells than
A2780/CP cells after 48 h. Specifically, the results revealed that
MNPs decreased the cell viability of A2780/CP cells compared to

Cell viability
(%, Mean + SD)
.
g 3

5 8

Cell viability
(%, Mean + SD)

204

swrom -

- -
24h 48h

Incubation Time

FIGURE 4

untreated cells only in the presence of SMF, with reductions of
approximately 10% observed at the concentration of 2.5, 5 and 10
pg/ml of PEI after 24 h, and a reduction of 10% observed at a
concentration 10 pg/ml of PEI after 48 h. Similarly, in A2780 cells,

< [ 25pg/ml
B 5 pg/ml
3 10pg/ml

+ + -+

48h

+ -+ -+
24h

+ -+

Incubation Time

The cell viability results of SMF (20 mT) exposure on (A) A2780/CP and (C) A2780 cells treated with different concentrations of 2.5, 5, and 10 pg/ml
polyethylenimine (PEI), and (B) A2780/CP and (D) A2780 cells exposed to combinations of varying concentrations of 2.5, 5, and 10 pug/ml
polyethylenimine (PEI) and 1 pg/ml magnetite nanoparticles (MNPs) for two exposure times (24 and 48 h), respectively. Cell viability value was
determined by MTT assay and microplate reader, and results are expressed as the percentage of viable cells. Data are shown as mean + SD (n = 3).
*P<0.05; ** P<0.01; ****P<0.0001 show significant differences relative to unexposed cells (CTRL), and letters (o, P<0.05; B,P<0.01 ,P<0.001; y,P<0.0001)
show significant differences between treated cells (4 x 2 X 2 factorial ANOVA flowed by post-hoc Newman—-Keuls multiple comparison tests).
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TABLE 2 The inhibitory concentration 50% (ICso) of CIS, PEIl, PC, PM, PM/C, and PMC treatments were calculated in A2780/CP and A2780 cells in
presence and absence of 20 mT static magnetic field (SMF).

CIS (ug/ml) PEI (ug/ml) PC (ug/ml) PM (ug/ml) PM/C (w/w) PMC (w/w)
A2780/CP (24 h) | 157+1.1 | 152423  284%13  274+22  14%l1 132431 | 259423 145422 | 59413 | 47408 = 4.8+09 = 3.9+0.9
A2780 (24 h) 11.140.6  10.1432 = 23.8+3.1 = 202409 = 85%0.5 7.942.9 23.6+34 125431 5108 4+1.1 39407 | 32407
A2780/CP (48 h) 14+0.8 131203 21.9+24 189409 11+11 10108  17.3+17 1140.9 37408 | 27402 | 27+02 | 1.6%0.2
A2780 (48 h) 10.6+1.2  9.5£0.4 184+1.6 159403 = 84406  7.3+04 19.8£1.9 = 9.3+1.8 32403 | 23+03 | 1.6+03 | 0.6%0.2
SMF (20 mT) - + - + - + - + - + - +

reductions of around 20%, 10%, and 15% were observed at
concentrations of 2.5, 5, and 10 pg/ml of PEI after 24 h,
respectively. After 48 h, reductions of approximately 15%, 10%,
and 20% were observed at concentrations of 2.5, 5, and 10 ug/ml of
PEI, respectively.

The mass of PEI used in the nanocomplexes is an important
parameter. As shown in Figure 5, the mass ratio of PEI/CIS
decreased the viability of A2780 cells more than A2780/CP cells
in the PMC nanocomplex at different concentrations of PEI and a
constant concentration of 2.5 ug/mL CIS and 1 pg/mL MNPs.
Indeed, PEI boosted CIS toxicity in both cell lines, particularly in
A2780 cells at 48 h. Moreover, in Figure 6, the results indicate that

the cytotoxicity effect of PM/C and PMC, at a mass ratio of 0.4 and
including 2.5 pug/mL of CIS, 1 pg/mL of PEI, and 1 pug/mL of MNPs,
was enhanced in the presence of a 20 mT SMF in both cell lines,
especially in A2780 cells. In the A2780/CP cell line, the rate of cell
death was around 20%, 45%, and 70% in the CIS, PM/C, and PMS
treatments, respectively, in the presence of SMF. The same trend
was observed in the A2780 cell line, with rates of cell death of
approximately 40%, 60%, and 80% in the CIS, PM/C, and PMS
treatments, respectively, in the presence of SMF. Furthermore, the
effects of PMC on cell viability were greater than those of the PM/C
complexes in the presence and absence of SMF. The ICs, values of
CIS, PEL PC, PM, PM/C, and PMC were calculated for the A2780/
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48h

The cell viability results of (A) A2780/CP and (B) A2780 cells treated with three-component magnetic nanocomplex (PEI-MNP-CIS (PMC)) including
different mass ratios (0, 0.4, 0.5, 1, 2, and 4 w/w) of polyethylenimine (PEI) compared to cisplatin (CIS) at same concentration 1 pg/ml of FezO4
magnetite nanoparticles (MNPs) for two exposure times (24 and 48 h), respectively. Cell viability values were determined by MTT assay and
microplate reader, and results are expressed as the percentage of viable cells. Data are shown as mean + SD (n = 3). ****P<0.0001 show significant
differences relative to unexposed cells (CTRL), and letters (o, P<0.05; B,P<0.01; %,P<0.001; v,P<0.0001) show significant differences between treated
cells (6 x 2 factorial ANOVA flowed by post-hoc Newman—Keuls multiple comparison tests).
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Treatments(48 h)

The cell viability results of (A) A2780/CP and (B) A2780 cells treated with (PEI-MNPs/CIS (PM/C)) consist of cisplatin (CIS)-treatment (2.5 ug/ml) after
1 h of PEI-MNPs (PM) binary complex treatment at concentrations of 1 ug/ml polyethylenimine (PEI) and 1 ug/ml FesO4 magnetite nanoparticles
(MNPs), and also three-component magnetic nanocomplex (PEI-MNP-CIS (PMC)) at the same concentrations of PM/C in presence and absence of
20 mT static magnetic field (SMF) for 48 (h) Cell viability values were determined by MTT assay and microplate reader, and results are expressed as
the percentage of viable cells. Data are shown as mean + SD (n = 3). ****P<0.0001 show significant differences relative to unexposed cells (CTRL),
and letters (B,P<0.01; x,P<0.001; y,P<0.0001) show significant differences between treated cells (2 x 2 x 2 x 2 factorial ANOVA flowed by post-hoc

Newman-Keuls multiple comparison tests).

CP and A2780 cells at 24 and 48 h (Table 2). These results suggest
that the PMC complexes are more effective than the PM/C
complexes in mediating the cytotoxic effects of CIS.

Cisplatin increases intracellular
ROS production

We measured intracellular ROS accumulation in the A2780/
CP and A2780 cells in the presence and absence of a 20 mT SMF
after treatment with CIS, PEI, and ternary complexes (PM/C and
PMC) at the same concentration for 48 h using the fluorescent
probe DCFH-DA and flow cytometry (Supplementary Figure
S1). As shown in Figure 7, ROS levels significantly increased in
all treatments compared to untreated cells. In general, A2780
cells exhibited higher ROS levels than A2780/CP cells in all
treatments than A2780/CP cells in all treatments. Moreover, the
PM/C and PMC complexes equally increased ROS production to
a greater extent than the SMF, CIS and PEI-treated cells in both
cell lines. ROS levels significantly increased in PM/C and PMC
complexes in the presence of 20 mT SMF in the both cell lines.
Additionally, ROS levels increased in the CIS and PEI-treated
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A2780 cells in the presence of 20 mT SMF compared to absence
of 20 mT SMF.

Cisplatin induces S and G2/M phase
cell cycle arrest

We evaluated the cell cycle distribution of A2780/CP and A2780
cells in the presence and absence of 20 mT SMF after treatment with
CIS, PEL and ternary complexes (PM/C and PMC) at the same
concentration of 2.5 uM CIS, 1 uM PEL and 1 uM MNP for 48 h
using PI staining and flow cytometry (Supplementary Figure S2). As
shown in Figure 8, the application of SMF led to the S phase arrest
of A2780/CP cells and G2/M phase arrest of A2780 cells. In the
presence and absence of a 20 mT SMF, CIS triggered S and G2/M
phase arrest of A2780/CP cell lines. Similarly, in the presence of 20
mT SMF, CIS induced S and G2/M phase arrest of A2780 cell lines.
Furthermore, after PEI treatment, a higher proportion of SMF-
treated A2780 cells than SMF-treated A2780/CP cells was arrested
in G2/M. In addition, PMC and PM/C treatments induced S and
G2/M phases in the presence of SMF in both cell lines. In the
A2780/CP cells, PM/C and PMC complexes induced G2/M phase
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The intracellular ROS generation of (A) A2780/CP and (B) A2780 cells treated with 1 pg/ml of polyethylenimine (PEI), 2.5 pg/ml of cisplatin (CIS), and
PM/C and PMC three-component magnetic nanocomplexes at same concentrations (1 ug/ml PEI, 1 ug/ml MNPs and 2.5 ug/ml CIS) in presence and
absence of 20 mT static magnetic field (SMF) for 48 (h) Cells were collected, and the ROS generation was evaluated using oxidized DCFDA and
Flow-Cytometry analysis. Data are shown as mean + SD (n = 3). ***P<0.001; ****P<0.0001 show significant differences relative to unexposed cells
(CTRL), and letters (0, P<0.05; v,P<0.0001) show significant differences between treated cells (2 x 2 X 2 x 2 X 2 factorial ANOVA flowed by post-hoc

Newman-Keuls multiple comparison tests).

arrest in the presence of SMF compared to absent of SMF. In the
A2780 cells, PM/C and PMC complexes induced S phase arrest in
the presence of SMF compared to absent of SMF.

Cisplatin promotes apoptosis in
cancer cells

We investigated the apoptosis rate of A2780/CP and A2780 cells in
the presence and absence of SMF (20 mT) after treatment with CIS,
PEL and PM/C and PMC ternary complexes simultaneously for 48 h
using annexin/PI and flow cytometry (Supplementary Figure S3). As
illustrated in Figure 9, exposure to SMF modulated the rate of apoptotic
cell death in the A2780 cells, but the effect was less pronounced in the
A2780/CP cells. Applying SMF increased the levels of apoptosis after
CIS and PEI treatments in either cell line. In the A2780 cells, the
apoptosis rate significantly increased after the PMC and PM/C
treatments compared to SMF, CIS and PEI treatments alone.
Treatment with the PMC ternary complex resulted in a higher level
of apoptosis than the other treatments in the A2780 cell line. Indeed,
PMC was more effective than PM/C at inducing apoptosis in the
A2780 cell line. Application of SMF increased the levels of apoptosis
after PM/C and PMC treatments in the A2780 cell line, while it did not
cause any changes in the A2780/CP cell lines.

Frontiers in Oncology

Discussion

This study aimed to investigate the effects of PEI-based
magnetic nanocomplexes on ovarian cancer cells in the presence
of SMF and the likely mechanisms of these effects. Cancer is caused
by gene mutations and changes in cell physiology and function.
Here, the ternary CIS complexes increased cytotoxicity and cell
accumulation in the S and G2/M phases of the cell cycle, as well as
ROS production and apoptosis. Polymeric nanocomplexes have
been extensively researched to increase the cytotoxicity and
efficiency of delivery systems, enhancing drug toxicity and
overcoming chemotherapy-drug resistance. Tseng et al. reported
that CIS-incorporated gelatin nanocomplexes can be used for
cancer chemotherapy (49). Furthermore, Lipid and polymer-
based nanoparticle siRNA delivery systems have also been
developed by Mainini and Eccles for cancer therapy (50).

Polymeric nanoparticles synthesized based on host-guest
interactions between B-cyclodextrin and benzimidazole have been
used for liver cancer-targeted therapy, demonstrating a remarkable
ability to induce cell apoptosis (51). Additionally, Lim et al. used
redox-responsive polymeric nanocomplexes to deliver cytotoxic
proteins and chemotherapeutics. They synthesized nanocomplexes,
including PEI cross-linked with oxaliplatin (IV) pro-drug, to generate
ROS in the cell, which can stimulate controlled drug release and affect
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The cell cycle arrest of (A) A2780/CP and (B) A2780 cells treated with 1 ug/ml of polyethylenimine (PEI), 2.5 pg/ml of cisplatin (CIS), and PM/C and
PMC three-component magnetic nanocomplexes at same concentrations (1 pg/ml PEI, 1 ug/ml MNPs and 2.5 pg/ml CIS) in presence and absence
of 20 mT static magnetic field (SMF) for 48 (h) Cells were analyzed for cell cycle distribution through a Pl flow cytometry kit. The plot shows cells in
G1, S and G2/M phases. Data are shown as mean + SD (n = 3). *P<0.05; **P<0.01 ***P<0.001; ****P<0.0001 show significant differences relative to
unexposed cells (CTRL). (2 X 2 x 2 X 2 x 2 factorial ANOVA flowed by post-hoc Newman—Keuls multiple comparison tests).

protein reactivity (52). In this study, we synthesized a noncomplex
that included PEI cross-linked by CIS and MNPs as ternary
complexes (PMC), which were characterized by FTIR (Figure 1)
and DLS (Table 1). The developed complex enhanced CIS
cytotoxicity and potentially overcame drug resistance. As shown in
Figure 2, the application of CIS and PEI decreased the viability of
A2780 cells more than that of A2780/CP cells. Cytotoxicity increased
in the PC (Figure 3) and PM (Figure 4) binary complexes, as well as in
the PMC ternary complex in both cell lines, especially A2780 cell
lines (Figure 6).

CIS causes cell death by binding and disrupts the nuclear (n)
DNA and mitochondrial DNA (mt)DNA, inhibiting the
transcription and replication of nDNA and mtDNA (53).
Cationic polymers bind to negatively charged proteins in the cells,
such as heat shock proteins and glutathione S-transferases, which
are involved in apoptosis. This is the most important mechanism of
toxicity by PEI polymers and enhances CIS cytotoxicity in the PC,
PM, and PMC complexes (54, 55). Recently, Karimi et al. reported
the use of CoFe,O,/MNPs as effective carriers for the delivery of
anticancer drugs such as epirubicin (56).

Our study showed that ROS production significantly increased
under all treatment conditions (Figure 7). In both cell lines,
treatment with PMC and PM/C complexes enhanced ROS
production more than treatments with SMF, CIS and PEI did. In
general, the level of ROS produced in A2780 cells was higher than in
A2780/CP cells under all treatments. Free radicals are essential to
maintain low levels of physiological and proliferation processes in
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the cell. However, high ROS accumulation leads to oxidative
damage of cell components and cell death (15, 22). Platinum in
CIS induces ROS production, leading to lesions in DNA, proteins
and lipids, and ultimately promoting apoptosis (57). It is possible
that the PEI polymers present in the PMC and PM/C complexes
may inhibit the activity of various antioxidant enzymes, including
glutathione S-transferases, which are responsible for scavenging
ROS. This disruption of antioxidant enzyme activity may cause an
increase in ROS content within the cells, leading to apoptosis.

CIS induced A2780/CP to accumulate in the S and G2/M phases
of the cell cycle in presence and absence of 20 mT SMF, while CIS
induced S and G2/M phase arrest of A2780 cell lines only in
presence of 20 mT SMF. Notably, G2/M arrest after PEI
treatment was more evident in SMF-treated A2780 cells than in
A2780/CP cells. Furthermore, PMC and PM/C treatments induced
S and G2/M phase cell cycle arrest by decreasing the cell population
in the GO/G1 phase in the presence of SMF in both cell lines. In the
A2780/CP cells, PM/C and PMC complexes induced G2/M phases
in the presence of SMF compared to absent of SMF. In A2780 cells,
PM/C and PMC complexes induced S phases in the presence of
SMF compared to the absent of SMF (Figure 8). Elevated ROS levels
can lead to oxidative damage of nucleotides in the nucleotide pool
and DNA molecules. Free radicals cause various types of damage,
including single- or double-stranded breaks in DNA, and eventually
activate proteins such as the phosphorylated form of checkpoint
kinase ataxia telangiectasia mutated (ATM) in the cells. ATM
phosphorylates Cdc25, p53, and E2F1, initiating the repair
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The apoptosis cell death of (A) A2780/CP and (B) A2780 cells treated with 1 ng/ml of polyethylenimine (PEI), 2.5 ug/ml of cisplatin (CIS), and PM/C
and PMC three-component magnetic nanocomplexes at same concentrations (1 pg/ml PEI, 1 pg/ml MNPs and 2.5 pg/ml CIS) in presence and
absence of 20 mT static magnetic field (SMF) for 48 (h) Cells were collected and labeled with annexin V/PI for flow cytometric analysis. The bar
graphs represented the mean values of the apoptotic cells (Q2+Q3). Data are shown as mean + SD (n = 3). **P<0.01; ****P<0.0001 show significant
differences relative to unexposed cells (CTRL), and letters (o, P<0.05; B,P<0.01 y,P<0.001; v,P<0.0001) show significant differences between treated
cells (2 x 2 x 2 x 2 x 2 factorial ANOVA flowed by post-hoc Newman-Keuls multiple comparison tests).

process or apoptosis of the damaged cells, whereby their
inactivation induces G2/M phase arrest (58-61).

Figure 9 illustrates the impact of SMF application (within
each treatment group) on the rate of apoptotic cell death in
A2780 and A2780/CP cells. The results indicate that the effect of
SMEF was less pronounced in A2780/CP cells compared to A2780
cells. The apoptosis rate was significantly higher in PMC and
PM/C treatments compared to SMF, CIS and PEI treatments in
the A2780 cell lines. Notably, treatment with the PMC ternary
complex resulted in higher levels of apoptosis in A2780 cells
compared to other treatments, and PMC was more effective than
PM/C at inducing apoptosis. The PMC complexes are likely to
trigger apoptosis through two mechanisms - firstly, the
inhibitory effect of PEI on negatively charged proteins, and
secondly, the conjugation of CIS to PM, which enhances the
efficiency of drug transfer by PMC. Conversely, the effects
mediated by the PM/C complexes rely only on the former
mechanism. Additionally, SMF application may influences cell
functions during MNPs treatment through mechanical forces
that facilitate the penetration of the cell membrane and promote
apoptosis in the A2780/CP cell lines (62).
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Our results in Figure 6 indicate that the rate of cell death in
A2780/CP cell lines was around 20%, 45%, and 70% in the CIS, PM/
C, and PMS treatments, respectively in the presence of SMF.
Similarly, in the A2780 cell lines, the rate of cell death was
approximately 40%, 60%, and 80% in the CIS, PM/C, and PMS
treatments, respectively. Additionally, as shown in Figure 9, the rate
of cell apoptosis in the presence of SMF was approximately 10% in
the A2780/CP cell lines and 15%, 20%, and 30% in the A2780 cell
lines in the CIS, PM/C, and PMS treatments, respectively.
Furthermore, Supplementary Figure S3 showed the rate of
necrosis (Q1) in the presence of SMF was around 4.3%, 4.7%, and
8.6% in the A2780/CP cells and 5.2%, 6.1%, and 3.4% in the A2780
cells in the CIS, PM/C, and PMS treatments, respectively. Therefore,
it is plausible that in addition to apoptosis and necrosis, other forms
of cell death such as ferroptosis, cuproptosis, or disulfidoptosis may
have occurred.

Ferroptosis is a type of regulated cell death that is dependent on
iron and ROS, as well as its characteristic lipid peroxidation. It is
morphologically and biochemically distinct and disparate from
other processes of cell death. This process occurs as a result of a
coordinated interplay between iron availability, ROS generation,
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TABLE 3 The mechanisms, functions, isoelectric point (pl), and net charge of enzymes are involved in the drug resistance of cancer cells.

. . Isoelectric point Net
Mechanism Function P
(ph charge
Pre-t t
Glutathione synthetase (GSS) re, arge GSH scavenges electrophiles and ROS (16) 3.3 -1
resistance
. Pre-target - . . . .
Glutathione- S-transferase (GST) st Inactivation of cisplatin through conjugation to GSH (15) 5.3 -3
resistance
Gamma-glutamylcysteine synthetase Pre-target Conjugates GSH to cisplatin and facilitates its excretion 57 13
(y-GCS) resistance (67) :
ATPase copper transporting beta Pre-target Involved in the export of copper and cisplatin out of the 62 119
(ATP7B) resistance cells (8, 11) : :
ATPase copper transporting alpha Pre-target Involved in the export of copper and cisplatin out of the 5.9 19.9
(ATP7A) resistance cells (11) : .

glutamate excess, and cysteine depletion. The magnetite (Fe304)  biological molecules with negative charge, such as mRNA (55).
nanoparticles used in our study may have induced ferroptosis by ~ Therefore, proteins highly linked to resistance to CIS may have an
supplying iron. Cysteine depletion, which is known to trigger  increased cytoplasmatic mRNA content, and PEI may inhibit ROS
ferroptosis, leads to the degradation of ferritin via ferritinophagy,  scavengers in the pre-target mechanism and the translation of
a type of autophagy mediated by nuclear receptor activator 4  proteins involved in drug resistance.
(NCOA4) (63). NCOA4 regulates iron homeostasis and produces The high buffering capacity of PEI and its ability to induce
ROS in cells, thus playing a crucial role in inducing ferroptosis (64).  endosomal escape can trigger endocytosis-mediated delivery, which
In addition, cuproptosis is a unique form of cell death that is is crucial for effective drug delivery. Endosomal escape allows a
dependent on copper and distinct from other types of cell death  carrier to enter the nucleus before it is destroyed by endosomes and
(65). In a previous study, the association between 10 cuprotosis-  intracellular lysosomes (71, 72). Therefore, PMC complexes may
associated genes (CAGs) and HNSC was investigated using multi-  appear less abundant in the cell cytoplasm. and may not be easily
omics public data. The expression of these CAGs was found to be  recognized by lysosomes or multi-drug resistance mechanisms.
correlated with the sensitivity of cancer cells to multiple drugs, = They are also less exposed to antioxidants, such as glutathione
including cisplatin and docetaxel (66). Therefore, it is possible that ~ and metallothionein, which can reduce the effectiveness of CIS. In
cuproptosis occurred in the A2780/CP and 2780 cells and  conclusion, PEI-based magnetic nanocomplexes may represent a
influenced the sensitivity of cisplatin by increasing ROS levels,  promising strategy for enhancing CIS cytotoxicity and overcoming
ultimately leading to an increase in the rate of cell death. drug resistance in cancer cells.

It is possible that during the application of PM/C complexes, the
PEI polymer and MNPs initially entered the cell without CIS, and
the PEI polymer had a sufficient opportunity to inhibit negatively Data avallablllty statement
charged proteins. This neutralization of proteins may have
contributed to a decrease in drug resistance in A2780/CP cells. The original contributions presented in the study are included
Conversely, in treatments with the PMC complexes, all components  in the article/Supplementary Material. Further inquiries can be
were entered into the cells simultaneously, resulting in reduced  directed to the corresponding author.
efficiency of PEI compared to PM/C complexes. Most proteins
involved in CIS resistance have an isoelectric pH of less than ~7.2
and carry a negative charge at neutral pH, making them attractive ~ EthiCS statement
targets for PEI binding. Therefore, the abundance of negatively
charged proteins in A2780 cells may be relatively low. This is Ethical approval was not required for the studies on animals in
reflected by the less significant changes in the IC50 rate after CIS  accordance with the local legislation and institutional
treatment in A2780 cells compared to A2780/CP cells, as shown in ~ requirements because only commercially available established
Table 2. Additionally, Table 3 indicates that the net charge of the  cell lines were used.
proteins involved in pre-target resistance is negative. One such
protein is the glutathione S-transferase enzyme, the expression of
which has been associated with increased resistance to CIS in ~ AUthor contributions
previous studies (68, 69). The net charge and isoelectric pH of the
enzyme are 3 and 5.3, respectively. Glutathione S-transferase All authors contributed to the conception and design of the
enzymes are essential scavengers of ROS, and their function leads  study. Preparation of material, data collection, and analysis were
to ROS accumulation, G2/M phase arrest, and apoptosis (54, 70).  performed by FA, BH-V, and MS. The first draft was written by FA,
PEI can bind to these negatively charged enzymes as well as other  and all authors commented on different versions of the manuscript.
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