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Introduction

Abstract

Background: The therapeutic potential of epidermal growth factor receptor (EGFR) targeting
in colorectal cancer (CRC) is hindered by the presence of KRAS codon 12 activating mutations,
prevalent in approximately 25% of advanced CRC cases. This study investigates the role of re-
active oxygen species (ROS) in conferring resistance to anti-EGFR monoclonal antibodies in
KRAS mutant CRC cells, focusing on ROS-mediated apoptosis induction using cetuximab-PE-
Gylated silica-coated magnetic nanoparticles (MNPs).

Methods: MNPs were synthesized and surface-coated with silica, followed by functionalization
and stabilization with polyethylene glycol (PEG). Cetuximab (Cet) was covalently conjugated to
generate EMNP-PEG-Cet. Structural and compositional analyses were performed using scan-
ning electron microscopy (SEM), dynamic light scattering (DLS), UV-vis spectroscopy, and
Fourier transform infrared (FTIR) analysis. Apoptosis induction, chromatin condensation, and
ROS production were evaluated in KRAS mutant SW-480 CRC cells.

Results: Successful synthesis of EMNP-PEG-Cet was confirmed, revealing a particle size of 67
nm and a surface charge of -8.3 mV. The conjugate exhibited significant cytotoxicity against
CRC cells, with notable apoptosis induction and ROS generation in EGFR-positive/KRAS mu-
tant SW-480 cells, surpassing the effects observed with bare Cet and EMNP-PEG controls. The
nuclear factor erythroid 2-related factor 2/Kelch-like ECH-related protein 1 (Nrf2-Kaepl) gene
expression analysis by real-time PCR showed that cells treated with EMNP-PEG-Cet exhibited a
noteworthy decrease in Nrf2 expression and a simultaneous increase in Keap1l expression com-
pared to those treated with free Cet.

Conclusion: These findings highlight the potential of ROS-mediated apoptosis induction to en-
hance the cytotoxicity of Cet in EGFR-positive/KRAS mutant CRC cells, offering new avenues
for overcoming drug resistance mechanisms in metastatic CRC.

have garnered attention for improving survival rates in

Colorectal cancer (CRC) is the third most prevalent cause
of death worldwide. It arises from genetic mutations
impacting oncogenes, tumor suppressors, and DNA
repair-associated genes.! Various treatment avenues are
available for managing CRC, including surgery, radiation
therapy, chemotherapy, and emerging techniques like
immunotherapy and targeted therapy.?

The heightened activation of the epidermal growth
factor receptor (EGFR) signaling pathway significantly
drives metastatic CRC development, establishing EGFR
as a promising therapeutic target.** EGFR-targeted
monoclonal antibodies (mAbs) like Cetuximab (Cet)

metastatic CRC. However, their therapeutic response is
hindered by various resistance mechanisms, including
mutations in key RAS/RAF/PI3K genes, activation of the
ERBB2/MET/IGF-1R pathway, increased EGFR ligands,
alterations in EGF receptors, and notable changes within
the tumor microenvironment.>® Considering these
challenges, ongoing research is focused on understanding
and overcoming resistance mechanisms to develop more
effective therapeutic options.”

Reactive oxygen species (ROS) play an important role in
cancer biology, especially in CRC.® Cancer cells generally
contain higher levels of ROS compared to normal cells due
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to metabolic changes. This adaptation helps them develop
antioxidant defenses, avoid apoptosis or ferroptosis
pathways, and make them resistant to drugs.*® The nuclear
factor erythroid 2-related factor 2/Kelch-like ECH-related
protein 1 (Nrf2/Keap 1) pathway is crucial in protecting
cells from oxidative stress and inflammation.® Activation
of this pathway induces detoxification, antioxidant
activities, and anti-inflammatory effects in normal cells,
while triggering apoptosis in cancer cells.”’ In response
to varying levels of oxidative stress, cancer cells produce
antioxidant enzymes like superoxide dismutase, catalase,
and peroxiredoxins, making them susceptible to targeted
elimination.'”'? ROS-inducing approaches aim to increase
the ROS level beyond the cytotoxic threshold, causing redox
homeostasis disturbance in cancer cells and prompting
them to undergo apoptosis. This vulnerability in cancer
cells can be a promising foundation for developing selective
therapeutic approaches.'>* The ROS-dependent apoptosis
strategy shows promise in enhancing the effectiveness and
customization of CRC treatments."

Recent advances in pharmaceutical nanosystems have
led to the development of secure and effective targeted
drug delivery systems. The use of nanomaterials and nano-
based drug delivery systems could significantly enhance
cancer treatment by selectively inducing pathways within
tumor cells, disrupting cellular balance, and damaging
crucial cellular components.'®'® In this regard, various
systems have been developed, such asliposomes, niosomes,
polymeric nanoparticles (NPs), micelles, gold, and iron
oxide NPs.?

Magnetic nanoparticles (MNPs) have emerged as
particularly promising in biomedical applications due
to their magnetism, biocompatibility, and versatility in
hyperthermia.?’*® MNPs can be engineered to integrate
multiple therapeutic functions, such as hyperthermia
and drug delivery, or a combination of therapeutic and
diagnostic functions, often referred to as theranostics.
The synergistic effect of hyperthermia, coupled with the
increased blood flow it induces, contributes to heightened
drug concentration in the tumor area. As a result,
intracellular drug uptake is augmented, and DNA damage
and apoptosis are intensified.” Despite having promising
features, MNPs face challenges such as aggregation at
higher concentrations, which results in a reduced surface
area. To address this issue, strategic functionalization with
materials like polymers is required. This not only enhances
the stability of the nanoparticles but also facilitates precise
drug and gene delivery.>>?’

MNPs are also prone to oxidation-reduction reactions
due to their unique physical and chemical properties.”
Numerous studies have demonstrated that MNPs can
induce dose-dependent oxidative stress by depleting
glutathione and inducing ROS production, disrupting
the balance between oxidation and antioxidant systems.”
This oxidative stress can lead to lipid peroxidation, DNA
and protein damage, and dysregulation of signaling
pathways. In conditions of high ROS content, pathways

involving Nrf2 and P38 MAPK are commonly activated
to generate antioxidants and alleviate oxidative stress.”
Moreover, elevated ROS levels within mitochondria result
in decreased ATP production, disrupting the tricarboxylic
acid (TCA) cycle and reducing cardiolipin levels, which
coordinates inflammatory metabolic reprogramming.’*
Evidence suggests that ROS originating from mitochondria
may contribute to apoptosis triggered by Tumor Necrosis
Factor-alpha (TNF-a) and Interleukin (IL)-1 beta (IL-
1B). Excessive ROS generation initiates a cascade of pro-
inflammatory cytokines and mediators via redox-sensitive
MAPK and Nuclear factor kappa B (NF-xB) signaling
pathways, regulating the transcription of inflammatory
genes such as IL-1, IL-8, and TNF-a.*

The current study aimed to address a strategy for
overcoming drug resistance in KRAS-mutated CRC cells
by conjugating PEGylated MNPs with Cet to develop
EMNP-PEG-Cet nanobiomedicine. The study evaluated
the ability of these conjugates to induce ROS-mediated
apoptosis in KRAS-mutated cells and provided insights
into overcoming drug resistance in metastatic CRC.

Methods

Materials

Antibody Cet was purchased from Merck, Inc. (Merck,
Germany). RPMI 1640 medium, fetal bovine serum (FBS),
and 3- (4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were obtained from Sigma-Aldrich
(St Louis, MO). Chemicals, including N-hydroxyl
succinimide (NHS), FeCl,.6H O, FeCl,.4H,0, 1-Ethyl-
3-(3-dimethylaminopropyl)-carbodiimide (EDC), and
phosphate-buffered saline (PBS) were provided from
Sigma-Aldrich Company (Munich, Germany). Annexin
V-FITC apoptosis detection kit was obtained from
eBiosciences (MA, United States).

Synthesis and characterization of nanoconjugates

MNPs preparation

An alkaline co-precipitation method under argon
conditions was employed to synthesize MNPs.* Initially, a
round bottom flask containing 6.8 g of FeCl,.6H,0 and 2.5
g of FeCl,.4H 0O in 300 mL of deionized water was stirred
with a magnetic stirrer for 20 minutes at room temperature
(RT). To synthesize MNPs, the pH of the reaction mixture
was gradually raised to 12 by adding ammonia solution
dropwise (~ 70 mL) with consistent and vigorous stirring.
Subsequently, we separated the resulting black sediment
by centrifugation for 10 minutes at 10000 rpm. To remove
any unreacted ions, several washing steps with water and
ethanol were conducted. Finally, the MNPs were dried
under a vacuum at 50 °C overnight.

Silica-coated MNPs (SMNPs) preparation

To create silica-coated MNPs (SMNPs), we employed
a modified version of a previously published method,*
using tetraethyl orthosilicate (TEOS) as the coating
agent. Initially, 5.0 g of MNPs was mixed with ethanol
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and deionized water (300 mL) in a 4:1 volume ratio. The
mixture underwent sonication in a water bath sonicator to
ensure a homogeneous suspension. Afterward, the pH was
raised to 10 by adding an ammonia solution. Subsequently,
TEOS (10 mL) was slowly dripped into the solution,
which was then stirred with a mechanical stirrer in an
argon atmosphere for 5 hours at 60 °C. Upon completion
of the coating process, the SMNPs were separated using
an external magnet and subjected to three washing steps
with a solution of ethanol and deionized water. Finally, the
obtained dark brown SMNPs were dried under vacuum
conditions at 50 °C for 18 hours, forming well-defined
silica-coated magnetic NPs with desirable properties for
various applications.

Surface functionalize of SMINP (EMNPs)

To functionalize the SMNPs, an excess of
(3-Glycidyloxypropyl) trimethoxysilane (GPTMS) (7.5
mL) and 3 mL of triethylamine (TEA) were added to a
mixture containing 3.0 g of dried SMNPs and 300 mL of dry
toluene. Then, the mixture was agitated using a mechanical
stirrer for 48 hours at 90 °C under an argon atmosphere.
Afterward, we introduced a chloropropyl functional group
to the SMNPs and performed magnetic separation. The
epoxy-activated SMNPs (EMNPs) were washed twice with
toluene, twice with deionized water, and twice with ethanol
before being dried at 50 °C overnight.

PEGylation procedure of EMINPs

In this study, the EMNPs were surface-modified with
functional carboxyl groups to enhance their stability
and biocompatibility. We prepared a solution containing
1.036 mg (0.0054 moL) of EMNPs in 10 mL of double-
distilled water to achieve this modification. To create the
PEGylation agent, HS-PEG-COOH (1 mg, 0.5 mol) was
dissolved in double-distilled water (1 mL). Subsequently,
the PEGylation agent was added to the EMNPs solution,
and the mixture underwent vortexing to achieve thorough
blending. The reaction was allowed to proceed overnight
at RT. After the PEGylation process, the modified EMNPs
(EMNP-PEG) underwent characterization using several
techniques.

Conjugation of EMNP-PEG with Cet (EMNP-PEG-Cet)
To covalently bind EMNP-PEG to Cet, we utilized the
EDC-NHS covalent binding method. Initially, a 2 mL
solution of EMNP-PEG (0.21 mg, 0.62 nmoLl) was
prepared and mixed with EDC (30 pL, 400 mM) and NHS
(30 uL, 120 mM) to activate the carboxyl groups on the
surface of MNPs. The mixture was then incubated at RT
for 2 hours to facilitate the formation of amine-reactive
ester intermediates. Subsequently, Cet (20 uL, 0.1 mg, 0.68
nmol) was added to the reaction and subjected to a 3 hours
incubation at 4 °C, with continuous shaking. Subsequently,
the EMNP-PEG-Cet nanoconjugates were recovered
through centrifugation at 10,000 rpm and washed three
times with PBS buffer.

Efficiency of Cet loading/unloading on EMNP-PEG
Quantification of Cet conjugation was conducted utilizing
a bicinchoninic acid (BCA) protein assay kit to determine
the total mAb content in the supernatant. Subsequently, the
mAb loading percentage was calculated using the provided
equation, with unloaded protein and protein loaded on
NPs expressed in mg/mL.

mAbs Loading %=[Total mAb-Unloaded mAb]/[Total
mAb] x100

Physicochemical characterization of EMNP-PEG-Cet
The characterizations of NPs were determined using
Fourier-transform infrared spectroscopy (FTIR). The zeta
potentialand dynamiclight scattering (DLS) of the designed
nanoconjugates (EMNP-PEG-Cet) were investigated with
Nanotrac WaveTM (Microtrac, USA). Additionally, the size
and morphology of the nanoconjugate were determined
through Scanning electron microscopy (SEM) (TeScan
Mira-3, Czech Republic).

EMNP-PEG-Cet binding affinity evaluation

The binding affinity of EMNP-PEG-Cet to EGFR receptors
was determined using Western blot analysis. Concisely,
the SW-480 cells were lysed using RIPA buffer and then
subjected to electrophoresis on a 12% polyacrylamide
gel for separation. Subsequently, the protein bands were
transferred onto a PVDF membrane (polyvinylidene
fluoride) to initiate the Western blotting phase. A solution
containing 5% BSA within the TBST buffer (20 mM Tris,
150 mM sodium chloride, and 0.05% Tween-20) was
employed to prevent non-specific binding occurrences.
This step involved an overnight incubation of the PVDF
membrane at 4 °C. Then, the primary antibody (EMNP-
PEG-Cet nanostructure) was allowed to incubate on the
membrane for 1.5 hours at RT. After that, the membrane
underwent a 5-minute wash with TBST buffer at RT to
eliminate any unbound primary antibody. Subsequently,
the secondary antibody (anti-human IgG-HRP) was
prepared, with a ratio of 1:3000 in a buffer containing 3%
BSA, and it was applied to the membrane for 1 hour at RT.
The ultimate step involved visualizing and analyzing the
protein bands using the BM chemiluminescence kit.

Cellular cytotoxicity assay

The SW-480 cell line was sourced from the Pasteur Institute
(Tehran, Iran). The cytotoxic impact of EMNP-PEG-Cet
was examined on SW-480 cells via the MTT assay. SW-480
cells with a seeding density of 1.0 x 10* cells per well were
grown in 96-well microplates. Subsequently, the cells were
exposed to various concentrations (10, 25, 50, 75, 100, and
200 pg/mL) of EMNP-PEG-Cet, Cet, EMNPs, and EMNP-
PEG for 24, 48, and 72 hours. Following the incubation
periods, the culture medium was replaced with fresh MTT
reagent (200 uL, 2 mg/mL) and incubated for 4 hours. The
formazan crystals were dissolved in 200 uL of dimethyl
sulfoxide (DMSO) after removing the MTT reagent.
Then, the optical density at 570 nm was measured using
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a BioTeck Elisa reader (model elx808, BioTeck, Winooski,
VT, USA). The IC,  dose was determined using GraphPad
Prism software.

Nuclear morphology assay by DAPI staining

The impact of EMNP-PEG-Cet nanoconjugates on
cell nuclei morphology was assessed through DAPI
(4',6-diamidino-2-phenylindole) staining. Initial cell
seeding was conducted in a 6-well microplate, with cells
introduced at a 1.0 x 10° cells/cm?* density. Following 24
hours incubation period at 37 °C, the cells underwent
treatment with an IC_ dose of EMNP-PEG-Cet, Cet,
EMNPs, and EMNP-PEG for an additional 24 hours.
Following three washes with PBS, the cells were fixed
by immersing them in 4% ice-cold paraformaldehyde
(PFA) for a 20 minute incubation at 37 °C. Afterward,
another PBS wash was carried out, followed by a 5 minute
permeabilization step using 0.1% Triton-X-100. The cells
were then subjected to another round of PBS washing and
exposed to a 0.1% DAPI solution for 6 minutes for nuclear
staining. Finally, cells were washed using Triton X-100
(0.1%) within PBS and subsequently imaged using the
Cytation 5 imaging system (Biotek, Winooski, USA).

Apoptosis assay by annexin V/PI staining

The SW-480 cells were seeded at 1.0 x 10° cells per well.
After 24 hours, cells were treated with compounds,
including Cet, EMNPs, EMNP-PEG, and EMNP-PEG-Cet,
all at their IC, concentrations. The cells were then analyzed
using an annexin V kit, following the guidelines provided
by the manufacturer. Flow cytometry was used to analyze
the cells, with a BD FACSCalibur™ instrument (Becton
Dickinson, Franklin Lakes, NJ, USA) being employed for
this purpose.

ROS detection by DCFH-DA assay

To assess the production of ROS, a fluorescent probe,
27" dichlorodihydrofluorescein diacetate (DCFH-DA)
was employed. DCFH-DA undergoes hydrolysis via
intracellular esterase, forming DCFH. This assay evaluates
treatment effects on ROS levels, providing insights into
their efficacy against oxidative stress in cancer cells. ROS
quantification relies on DCFH-DA transforming into DCEF,
serving as a ROS presence indicator.” Briefly, the SW-480
cells were initially seeded at a density of 1.5 x 10° cells/well
in 6-well plates and cultivated for 24 hours. Subsequently,
the cells underwent treatment with IC, dose of free Cet,
EMNP-PEG, and EMNP-PEG-Cet, for 24 hours. Then, the
cells were incubated with 400 pL of medium containing
DCFH-DA (5 uM) at 37 °C for 30 minutes. After that,
the live imaging system Cytation 5 (Biotek, Winooski,
USA) was employed to measure the fluorescence intensity,
indicative of ROS production, supplemented by flow
cytometry analysis.

Oxidative stress gene expression assay
Briefly, SW-480 cells were cultured at a density of 1 x 10°

cells/well in 6-well plates and incubated for 24 hours.
Subsequently, the cells were treated with the IC, dose
of free Cet, EMNP-PEG, and EMNP-PEG-Cet for an
additional 24 hours. Total cellular RNA was then extracted
from the treated SW-480 cells using the TRIZOL method,
and cDNA was synthesized using the Takara Primescript
RT reagent kit, following the kit’s instructions. The qRT-
PCR analysis was performed utilizing the Maxima SYBR
Green/ROX qPCR master mix and the Bio-Rad iQ5
system (BioRad Laboratories Inc., Hercules, USA). Specific
primers for Nrf2 and Keapl genes were designed using
the NCBI primer design online software and validated
through the NCBI primer BLAST tool. To standardize the
cycle threshold (CT) values, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) served as the housekeeping
gene.

Statistical analysis

The data were presented as mean values * standard
deviation (SD), and statistical significance was considered
at P < 0.05. The evaluation was conducted using analysis of
variance (ANOVA) and Student’s t-test. Statistical analysis
was performed using SPSS Version 18.0 software.

Results

Characterization of EMNPs-PEG-Cet nanoconjugate

A series of three main steps were conducted to fabricate
the engineered EMNP-PEG-Cet. Initially, EMNPs were
synthesized using the alkaline co-precipitation method.
Next, the EMNPs were modified with HS-PEG-COOH.
Finally, the conjugation of Cet to EMNPs-PEG was
accomplished using EDC/NHS under carefully controlled
conditions. The FTIR spectrum (Figure 1) of the EMNPs
exhibited a prominent absorption band at 569 cm,
attributable to the stretching of the Fe-O bond. Meanwhile,
in the FTIR spectrum of SMNPs, a broad peak observed
at 1000-1100 cm™ indicated the presence of Si-O-Si and
Si-O-H stretching vibrations. Furthermore, Figure 1
revealed a characteristic peak at 1615 cm™, attributable
to the stretching of the COOH group in the PEG coating.
Additionally, the bending vibrations of the aliphatic
-CH2- and O-H groups are observed at 2912 cm™ and
3200-3450, respectively, in the PEG coating. Moreover,
the DLS method was employed to ascertain the mean
particle size of the different synthesized components. The
DLS analysis revealed sizes of approximately 43 nm for
EMNPs (PDI=0.421), 51 nm for EMNP-PEG (PDI=0.239),
and 67 nm for EMNP-PEG-Cet (PDI=0.537) (Figure 2A).
Zeta potential measurements were conducted to evaluate
the surface potential of the samples. The results indicated
an initial negative charge of approximately -18.1 mV on
the surface of unconjugated EMNPs. Coating with PEG
and Cet resulted in zeta potential enhancements to -13.6
mV and -8.3 mV, respectively, affirming the success of the
conjugation process. A typical SEM analysis of EMNP-
PEG-Cet exposed a spherical morphology characterized
by a smaller dimension of roughly 45 nm, aligning closely
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Figure 1. Fourier transform infrared spectroscopy (FTIR) analysis results. (A) EMNP, (B) SMNPs, (C) EMNP-PEG, (D) EMNP-PEG-Cet.
EMNP: EMNP: epoxy-activated/silica-coated magnetic nanoparticles; SMNPs: silica-coated magnetic nanoparticles; PEG: polyethylene
glycol; Cet: Cetuximab.
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Figure 2. EMNP-PEG-Cet nanoconjugate physicochemical characterization. (A) Dynamic light scattering (DLS) measurement of EMNP-
PEG-Cet. (B) Morphological analysis of EMNP-PEG-Cet by Scanning electron microscope (SEM). (C) Activity assay of the EMNP-PEG-
Cet by Western blot. PDI: Polydispersity index; EMNP: epoxy-activated/silica-coated magnetic nanoparticles; PEG: Polyethylene glycol;
Cet: Cetuximab.
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with the DLS findings (Figure 2B). We assessed the activity
of EMNP-PEG-Cet through Western blotting. These
results conclusively demonstrated the complete binding
activity of EMNP-PEG-Cet, confirming its functional
binding activity against EGFR (Figure 2C). Additionally, a
BCA kit assay was utilized to evaluate the yield of enzyme
conjugation, estimated at approximately 81%.

Cytotoxic evaluation of EMNP-PEG-Cet

The cytotoxic effects of different concentrations of free Cet,
EMNPs, EMNP-PEG, and EMNP-PEG-Cet were evaluated
on SW-480 cells at 24, 48, and 72-hour intervals using
MTT assays. The results indicated that treatment with
EMNPs and EMNP-PEG at concentrations ranging from
10-200 pug/mL did not cause a significant reduction in cell
viability compared to the untreated control group across
all time points (P > 0.05) (Figure 3A, B, and C). However,
the exposure of SW-480 cells to various concentrations
of Cet and EMNP-PEG-Cet (10-200 pg/mL) resulted in
a significant reduction of cell viability. The IC_| values for
Cet-treated SW-480 cells were 173, 140, and 136 ug/mL
after 24, 48 and 72 hours, respectively. The IC_ values for
EMNP-PEG-Cet treated cells were determined as 132, 93,
and 58 pug/mL in the same intervals, respectively (Figure
3D).

DAPI staining assay

We conducted DAPI staining to examine the impact of
free Cet, EMNP-PEG, and EMNP-PEG-Cet on chromatin
condensation and DNA fragmentation in SW-480 cells. Our
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findings showed that the EMNP-PEG-Cet treatment had a
more significant impact on the shape of cell nuclei than
the other treatments (Figure 4). These results confirmed
that EMNP-PEG-Cet has a higher apoptotic effect, leading
to increased levels of chromatin condensation and DNA
fragmentation.

Cell apoptosis analysis by Annexin V

The apoptosis assay results (Figure 5) revealed a significant
induction of both early (11.09%) and late (19.11%)
apoptosis in the treated SW-480 cells by the EMPN-PEG-
Cet nanostructure (Figure 5E). In contrast, the apoptosis
rate in cells treated with free Cet was only 2.74% for
early apoptosis and 7.14% for late apoptosis (Figure 5D).
Similarly, cells treated with EMNPs-PEG displayed an
apoptosis rate of approximately 1.2% for early apoptosis
and 2.98% for late apoptosis (Figure 5C).

ROS production assay

In the present study, we investigated the impact of EMNP-
PEG, EMNP-PEG-Cet, and free Cet on intracellular ROS
production, employing the DCHF-DA assay through
cell imaging and flow cytometry methods. Our findings
revealed that the fluorescence intensity was significantly
higher in cells treated with EMNP-PEG-Cet than those
treated with EMNP-PEG or free Cet, as demonstrated in
Figure 6.

ROS-related gene expression
Real-time PCR analysis showed that the expression levels

48h
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Figure 3. Cell viability assessment of the engineered EMNP-PEG-Cet nanoconjugate on SW-480 CRC cells. (A, B, and C) Cell viability
assay of cells treated with EMNPs, EMNP-PEG, free Cet, and EMNP-PEG-Cet at various concentrations (10, 25, 50, 75, 100, and 200
pg/mL) and time points (24, 48, and 72 h). (D) Comparative IC, values of Cet and EMNP-PEG-Cet nanoconjugate in SW-480 cells after
24, 48, and 78 h incubation. The data shown represent means + SD from three independent experiments. EMNP: epoxy-activated/sili-
ca-coated magnetic nanoparticles; PEG: Polyethylene glycol; Cet: Cetuximab; UT: Untreated control cells. Indicates significant difference

in comparison to control group (*p < 0.05 and **p < 0.01).
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Figure 4. Assessing nucleus morphological changes in treated SW-480 cells through DAPI staining. (A) Untreated cells, (B) cells treated
with EMNPs-PEG, (C) cells treated with free Cet, and (D) cells treated with EMNP-PEG-Cet. EMNP: epoxy-activated/silica-coated mag-
netic nanoparticles; PEG: Polyethylene glycol; Cet: Cetuximab. Red arrow: Chromatin condensation.
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Figure 5. Evaluating apoptosis in SW-480 CRC cells treated with engineered EMNP-PEG-Cet nanoconjugate by annexin V-FITC/PI. (A)
Untreated cells, (B) cells treated with EMNPs, (C) cells treated with EMNP-PEG, (D) cells treated with Cet, (E) cells treated with EMNP-
PEG-Cet, and (F) the early and late apoptosis rate of cells after 24 h treatment with EMNP, EMNP-PEG, free Cet, and EMNP-PEG-Cet.
EMNP: epoxy-activated/silica-coated magnetic nanoparticles; Cet: Cetuximab; PEG: Polyethylene glycol; UT: Untreated control cells.
Indicates the significant difference compared to the control group (*p < 0.05 and **p < 0.01).
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Figure 6. Assessing ROS production in SW-480 cells using DCHF-DA fluorescent dye. (A) Untreated cells, (B) cells treated with EMNP-
PEG, (C) cells treated with free Cet, and (D) cells treated with EMNP-PEG-Cet. (E) Flow cytometry analysis of ROS generation in cells
treated with IC_, of EMNPs-PEG, free Cet, and EMNP-PEG-Cet. (F) The rate of DCF intensity in the treated cells. DCHF-DA: 2,7 dichlo-
rodihydrofluorescein diacetate; EMNP: epoxy-activated/silica-coated magnetic nanoparticles; PEG: Polyethylene glycol; Cet: Cetuximab;

UT: Untreated control cells.

of Nrf2 significantly decreased in SW-480 cells treated with
EMNP-PEG-Cet (p < 0.001). Conversely, the expression
of the Keapl gene significantly increased compared to
untreated control cells. The use of free Cet led to an
increase in Keapl expression (p < 0.05), accompanied by
a significant decrease in Nrf2 expression (p < 0.05). In the
presence of EMNP-PEG, the expression of Keapl showed
a slight change, while decreases were observed in Nrf2
expression (p < 0.05) compared to untreated control cells.

Discussion

ROS play a dual role in cancer cell metabolism, serving as
signals for cell proliferation at low to moderate levels and
triggering cell death at high levels.*® Recently, therapeutic
strategies targeting ROS production have emerged to
disruptthe ROS adaptation of cancer cells. These approaches
hold significant promise for cancer therapy by increasing
ROS levels, inducing oxidative stress, and initiating ROS-

dependent apoptosis. It has been emphasized that mAbs
exploitelevated ROSlevels to efficiently induce cell demise. '
Furthermore, preclinical studies have demonstrated the
selective efficacy of ROS enhancers, particularly in CRC
cells, surpassing the oxidative stress toxicity threshold. In
this context, the combination of targeted nanoconjugates
with ROS-mediated therapy shows promise for enhancing
cancer treatment while minimizing harm to healthy cells.*
In the current study, we investigated the potential of
EMNP-PEG-Cet nanoconjugate to induce ROS-dependent
apoptosis in SW-480 CRC cells. Characterization of the
nanoformulated EMNP-PEG-Cet revealed an increase in
particle size from 43 to 67 nm, accompanied by a shift in
surface charge from -18.1 mV to -8.3 mV. Importantly,
a clear correlation was established between the size
of nanocarriers, their zeta potential, and their ability
to interact with and penetrate cancer cells.”” The SEM
image of EMNP-PEG-Cet displayed a spherical shape,
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Figure 7. Expression analysis of ROS-related genes in the treated
SW-480 cells by EMPN-PEG-cet via real-time PCR. (A) Kaep1,
and (B) Nrf2 expression ratios in the treated cells with EMNPs-
PEG, free Cet, and EMNP-PEG-Cet. GAPDH was used as a
housekeeping gene. Ct values were normalized using the Pfaffl
method, and the results are presented as the mean values of in-
dependent triplicates (mean + SD). EMNP: epoxy-activated/sili-
ca-coated magnetic nanoparticles; Cet: Cetuximab; PEG: Polyeth-
ylene glycol; UT: Untreated control cells. Indicates the significant
difference compared to the control group (*p < 0.05, **p <0.01 and
***p < 0.001).

corroborating the DLS results with a relatively smaller size.
The slight variance between the DLS and SEM findings
can be attributed to several factors. Firstly, SEM analyses
involve dried NPs, whereas DLS analysis employs solvated
NPs, leading to variations in observed sizes. Secondly, SEM
analyses provide number-average diameter measurements,
whereas DLS examinations yield intensity-weighted
diameter measurements (hydrodynamic diameter).*
The loading of Cet on NPs was approximately 81%. In
Figure 3, EMNP-PEG-Cet displayed increased toxicity
in a concentration- and time-dependent manner, with
decreasing IC,_ values over time. However, under the same
conditions, EMNPs and EMPNs-PEG did not exhibit
significant inhibitory effects on SW-480 cells. Mu et al.*
demonstrated that both EGFR mAb-SPIONSs (with a size
of 161.5 nm) and SPIONSs (with a size of 71.4 nm) had no
significant impact on the viability of human liver normal
HL-7702 cells and human endothelial ECV 304 cells.
Apoptosis is closely linked to changes in chromatin
condensation and nuclear morphology. Upon exposure
to EMNP-PEG-Cet and free Cet, detectable alterations
were observed in the nuclei of SW-480 cells (Figure 4).
Annexin V/PI staining was employed to assess cellular
apoptosis, a sensitive method capable of detecting both

early and late stages of apoptosis.”’” As shown in Figure
5E, the apoptosis assessment revealed that approximately
31% of cells treated with EMNP-PEG-Cet exhibited
FITC/PI-positive features, indicating the translocation
of cell surface phosphatidylserine, which compromises
membrane integrity. In contrast, Cet-treated cells showed
a lower apoptosis rate of about 10%, possibly due to the
inherent KRAS-mutant resistance observed in SW-480
cells. Similar findings were reported by Tseng et al.,"
demonstrating a significant increase in apoptosis in EGFR-
overexpressing cell lines, such as epidermal carcinoma
A431 cells and 32D/EGER cells, after 24 hours of exposure
to Cet-PEG-dexSPIONs compared to Cet treatment alone.
However, their nanocomplex had different attributes
from our formulation, particularly in composition. Their
construct consisted of superparamagnetic NPs enveloped
with dextran and conjugated to Cet (referred to as Cet-
PEG-dexSPIONSs), utilizing PEG as a bridging agent.
Importantly, their nanoparticle configuration exhibited a
size of approximately 91 nm with a zeta potential of -21.9
mV, distinctly more negative than the dextran-coated
SPIONSs with a zeta potential of -7.31 mV, thus establishing
a clear distinction between their nanostructure and that
utilized in the current study.

Numerous studies have highlighted elevated levels
of ROS in cancer tissues compared to their normal
cell counterparts.”” ROS generation is often linked to
the activation of pro-tumorigenic signaling pathways,
promoting cell survival, proliferation, and inducing DNA
damage and genetic instability.* Conversely, heightened
ROS levels have shown the potential to trigger anti-
tumorigenic signaling pathways, leading to tumor cell
death through oxidative stress mechanisms. Notably,
tumor cells possess adaptive mechanisms to cope with
elevated ROS levels by upregulating antioxidant proteins,
thus mitigating oxidative stress and preserving pro-
tumorigenic signaling, which ultimately contributes to
resistance against apoptosis.”” Therefore, strategically
targeting ROS holds promise as a therapeutic approach
for cancer treatment, especially considering the distinct
redox imbalance observed in cancer cells compared to
normal cells.>® In this study, the DCFH-DA hydrolysis
assay revealed a significant increase in DCF fluorescence
intensity in cells treated with EMNP-PEG-Cet compared
to those treated with EMNP-PEG and free Cet (Figure 6).
Cancer cells tend to maintain slightly elevated ROS levels
compared to normal cells.* Furthermore, the observed
effect of MNPs acting as redox catalysts amplifies lipid
peroxidation and enhances ROS production.” However, a
comprehensive understanding of this mechanism requires
further exploration through extended studies. The pivotal
role of Nrf2 in various cellular pathways has made this
gene as a viable and promising target in CRC treatment.
Numerous studies have been conducted to inhibit the Nrf2
antioxidant pathway, highlighting its significance in cancer
therapy.*** Intervening with the upstream regulators or
downstream effectors of Nrf2 signaling holds potential
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for significant anticancer effects.*® In this context, our
study showed the therapeutic efficacy of a modified mAb,
which mediates the downmodulation of the Nrf2 signaling
pathway in the SW-480 cell line. Analysis of Nrf2-Kaepl
gene expression revealed a noteworthy decrease in Nrf2
expression and a simultaneous increase in KeapI expression
in cells treated with EMNP-PEG-Cet compared to those
treated with free Cet alone. This underscores the promising
therapeutic potential of targeting the Nrf2 pathway for
CRC treatment. Similar outcomes have been observed
with combined exposure to Cet and RAS-selective lethal
3 (RSL3) in the KRAS-mutant CRC cell line.® Our finding
suggests that the EMNP-PEG-Cet nanobiosystem not
only inhibits the Nrf2-Keapl antioxidant pathway but also
significantly increases the toxic accumulation of ROS,
culminating in a profound induction of apoptosis in the
treated SW-480 cells.

Opverall, combining EMNPs and Cet could enhance the
antitumor activity of mAbs by triggering ROS-mediated
apoptosis in resistant cancer cells. The synergistic
interaction between EMNPs and Cet leads to a significant
increase in ROS production, suggesting that intracellular
ROS formation plays a pivotal role in the cytotoxic
effects exerted by EMNP-PEG-Cet on SW-480 cells.
This mechanism likely involves DNA damage and other
harmful effects, disrupting intracellular homeostasis and
ultimately leading to cell toxicity and apoptosis. These
findings propose a promising strategy to overcome the
inherent resistance of KRAS-mutant cells to Cet by
stimulating ROS production and suppressing the Nrf2-
dependent antioxidant response in cancer cells using the
newly developed EMNP-PEG-Cet nanoconjugate.

However, it is important to acknowledge potential
limitations that could hinder the clinical translation
of ROS-mediated interventions. The efficacy of such
interventions during prolonged systemic administration
may be compromised due to challenges related to
biodegradability and biocompatibility. Additionally, a
thorough understanding of the complex interplay between
ROS-mediated nanoconjugates, their pharmacokinetics,
and their impact on human physiology is essential for their
eventual integration into clinical therapeutic protocols.

Conclusion

In conclusion, while EGFR-targeted therapies like Cet
initially showed promise, the emergence of drug resistance
mechanisms in cancer cells has prompted the exploration
of alternative approaches. The intricate role of ROS in
cancer cell metabolism has garnered significant attention,
as ROS serve as dual regulators influencing both cell
proliferation and cell death induction. This multifaceted
role has spurred the development of innovative strategies
aimed at manipulating ROS to enhance cancer treatment.
Our study presents a unique approach by employing smart
nanoconjugates, specifically integrating PEGylated EMNPs
with Cet. This engineered nanobiosystem demonstrates
strategic synergy capable of initiating ROS-dependent

apoptosis within KRAS-mutant SW-480 cells. In summary,
this engineered nanobiosystem holds promise as an
effective treatment strategy with theranostic properties,
capable of overcoming or mitigating resistance in KRAS
mutant CRC cells.
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