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Abstract

Introduction: Breast cancer represents a significant | g
global health challenge, underscoring the need |sapreneorce
for innovative therapeutic strategies. This study | < =
explores the therapeutic potential of etoposide &
(ETO)-loaded graphene oxide (GO) nanogels to | - V ;
enhance the efficacy of breast cancer treatments. ::H"SO <5 \ ‘.
Methods: ETO-GO nanogels were synthesized | =~ <® * il

and characterized wusing field-emission [l EIO'WTOTEI\\A _
scanning electron microscopy (FE-SEM), | E \@0 / — i
transmission electron microscopy (TEM), X-ray 0\!’_ &g% ﬁ e—
diffraction (XRD), energy-dispersive X-ray [foresids rowcrometry | GRTPCR DA Staining
spectroscopy (EDS), and Fourier-transform

infrared spectroscopy (FT-IR). Cytotoxicity was

evaluated through MTT assays on MCF-7 breast cancer cells and normal HUVEC cells. Apoptosis
induction was assessed using DAPI staining, flow cytometry, and quantitative reverse transcription
polymerase chain reaction (QRT-PCR) to analyze changes in gene expression.

Results: Characterization confirmed the formation of uniform, spherical nanogels with high ETO
encapsulation efficiency. EDS and FT-IR analyses validated the successful loading of the drug onto
the GO matrix. Cytotoxicity assays revealed a dose-dependent response, with significantly stronger
effects observed in MCF-7 cells (20% viability at 100 ug/mL) than HUVEC cells (40% viability at the
same concentration), indicating selective cytotoxicity. Apoptosis was verified through DAPI staining,
which showed characteristics of nuclear fragmentation, and flow cytometry, identifying 15.35% of the
treated cells as apoptotic. qRT-PCR analysis demonstrated an upregulation of pro-apoptotic genes
(CASP3, CASP8, CASP9, BAX, PTEN) by as much as 8.3-fold, alongside a marked downregulation of
the anti-apoptotic gene Bcl-2, confirming the potent induction of apoptosis by the nanogels.
Conclusion: ETO-GO nanogels show promising potential for targeted breast cancer therapy,
providing enhanced drug delivery and selective cytotoxicity. These findings warrant further in
vivo studies to validate their clinical applicability.
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Introduction

Breast cancer remains one of the most common cancers
worldwide, significantly contributing to morbidity and
mortality rates.! Despite advancements in diagnostic
techniques and treatment options, challenges such
as tumor recurrence and resistance to conventional
therapies continue to be significant.> These challenges are
further complicated by the presence of breast cancer stem
cells, which exhibit stem-like characteristics that drive
tumor heterogeneity, contribute to therapy resistance,
and ultimately lead to disease recurrence.**

In recent years, nanotechnology has emerged as a
transformative approach to improve the effectiveness
of cancer therapies. Nanoparticles, with their unique
physicochemical properties, offer several advantages,
including targeted drug delivery, reduced off-target
effects, and enhanced therapeutic outcomes.”'* Among
these nanoparticles, graphene oxide (GO) has garnered
attention for its high surface area, biocompatibility,
and ability to interact with biomolecules. GO-based
nanomaterials show considerable promise in areas such
as drug delivery, bioimaging, and cancer theranostics,
particularly in encapsulating poorly soluble drugs while
preserving their efficacy.”*

Etoposide (ETO), a topoisomerase II inhibitor, is
commonly used to induce apoptosis in rapidly dividing
cancer cells. While it is effective in treating malignancies
like lung and testicular cancers, its clinical effectiveness
in breast cancer is constrained by poor solubility, low
bioavailability, and systemic toxicity.">"® This innovative
approach combines the beneficial properties of GO with
the cytotoxic effects of ETO, proposing a significant
advancement in breast cancer treatment. A key
innovation of our work is the selective cytotoxicity of the
nanogels toward cancer cells as opposed to normal cells,
which could reduce adverse effects and improve patient
outcomes. This study further contributes to the growing
body of evidence supporting the use of GO-based
nanomaterials in oncology.

We present a novel synthesis of ETO-loaded GO
nanogels, aimed at overcoming the limitations of
traditional ETO delivery methods. By integrating ETO
with GO, we seek to enhance drug stability, cellular uptake,
and tumor-specific targeting.'”'>'®"” The significance
of this research lies in its approach to combining the
beneficial properties of GO with the cytotoxic capabilities
of ETO, potentially offering a new, effective strategy for
breast cancer treatment. This study not only highlights
the selective cytotoxicity of these nanogels toward cancer
cells over normal cells, which is crucial for minimizing
side effects and improving patient outcomes but also
contributes to the growing body of evidence supporting
the application of GO-based nanomaterials in cancer
therapy.'®'®

In this research, we synthesize and characterize ETO-

GO nanogels and evaluate their anticancer efficacy
against MCF-7 breast cancer cells. Our findings offer
crucial insights into the potential of GO as a drug carrier,
enhancing the therapeutic performance of established
agents like ETO.

Materials and Methods

Synthesis of graphene oxide

GO was prepared using the method of Marcano et al”
In a typical synthesis, 1.5 g of high-purity graphite flakes
were dispersed in 30 mL of concentrated sulfuric acid
(H,SO,) under constant stirring for 45 minutes at room
temperature using a magnetic stirrer. After this, 3.5 g of
potassium permanganate (KMnO,) was slowly added
to the reaction flask stored in an ice bath to prevent an
excessive exothermic reaction. Subsequently, after the
entire amount of KMnO, had been added, 75 mL of
deionized water was dropwise added for 15 minutes.
The reaction was allowed to proceed for 20 minutes,
followed by the quick addition of 150 mL of deionized
water. Oxidation was carried out by adding 40 mL of the
30% (w/w) hydrogen peroxide solution dropwise, which
again turned to a bright yellow color, further depicting the
formation of GO. After oxidation, the suspension was left
to stand for 36 hours. The GO obtained was collected by
centrifugation three times for 15 minutes each at 10,000
rpm. The obtained material was washed three times with
deionized water to a neutral pH. Finally, the GO was
dried in a vacuum oven at 60°C for 24 h to collect the fine
powdery product.

Formation of CS/GO hydrogel

The CS/GO composite hydrogel is created by dissolving
chitosan in a 2.5% v/v aqueous acetic acid solution for 2
hours. Simultaneously, a 3 mg/mL GO solution in water
is created. The GO dispersion is then combined with the
chitosan solution, keeping the GO: CS ratio at 1:1.7. To
facilitate polymeric cross-linking, 0.5 mL of ammonium
persulfate in water is added to the CS/GO mixture. This
combination can create a hydrogel at room temperature,
creating a chitosan and GO composite.”

Drug loading and entrapment in the CS/GO hydrogel

A 2.5% (w/v) ETO solution was carefully added to the
previously synthesized hydrogel precursor combination.
Magnetic stirring equipment was used to ease the
integration process, with continuous agitation maintained
for 20 minutes to guarantee that all components were
thoroughly dispersed.

To encourage the creation of a stable three-dimensional
network, a dilute glyoxal solution (0.025% v/v) was used as
a cross-linking agent. This inclusion resulted in forming
a consistent ETO-infused CS/GO hydrogel matrix. The
cross-linking mechanism principally included the creation
of covalent connections between the amino groups found
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on the chitosan polymer chain. Furthermore, the amino
groups interacted with the oxygen-containing functional
groups on the GO sheets, reinforcing the hydrogel

structure.'®

Characterization of the synthesized nanocarrier

The surface characteristics of the nanogels were
further characterized on a high-resolution Zeiss Sigma
300 Field Emission Scanning Electron Microscope
(FESEM) operating at an accelerating voltage of 15 kV.
A Hitachi HT7700 Transmission Electron Microscope
(TEM) operating at 80 kV was used for size, shape, and
internal structure analysis. The nanogel samples were
ultrasonicated in ultra-pure water, and the resultant
dispersions were then deposited on carbon-filmed copper
grids. Microstructures of the nanoparticles were imaged
up to a magnification of 200,000x under an Olympus
Veleta 2K x 2K CCD camera. Elemental composition was
determined using energy-dispersive x-ray spectroscopy
(EDS) under an Oxford Instruments X-MaxN 80
detector. The molecular structure was analyzed using
Fourier Transform Infrared (FTIR) spectroscopy with
a Bruker Vertex 70 spectrometer. Freeze-dried samples
were examined using the ATR technique within the 4000-
600 cm™ range. For additional measurements, 1 mg of
the sample was mixed with potassium bromide (KBr) and
pressed into pellets. Raman spectra were acquired using
a Bruker Vertex 70 spectrometer to assess the structural
characteristics and chemical modifications of the GO, CS/
GO hydrogel, and ETO-GO complex nanogels. Samples
were analyzed under ambient conditions using a 532
nm laser as the excitation source. Spectra were recorded
over a range of 1000-2000 cm™ with a resolution of 4
cm™'. The D band and G band intensities were analyzed
to determine the ID/IG ratio, providing insights into
the degree of disorder and functionalization within
the graphene-based materials. X-ray diffraction (XRD)
was conducted using Cu Ka radiation with a Rigaku
MiniFlex 600 diffractometer to investigate the crystalline
properties. Diffraction patterns were recorded from 5° to
80° (20) at each stage of component addition to confirm
the successful complexation of the model drug within the
hydrogel matrix. The XRD data for the nanogels' structural
characteristics were analyzed using PDXL software.'®

Anti-proliferative assay

The mitochondrial succinate dehydrogenase enzyme
reduces the metabolic substrate 3-(4,5-dimethyl-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT), forming
formazan crystals. MTT was implemented in a cellular
metabolic assay to evaluate the viability of breast cancer
(MCEF-7) and normal cell lines (HUVEC) after treatment
with ETO-GO complex nanogels formulation. ETO-GO
complex nanogels were synthesized with a fixed ETO-to-
GO ratio. Various concentrations of this single nanogel

formulation (0.5, 0.75, 1.0, 5, and 10 pug/mL) were then
incubated with cells inoculated at a density of 1x 10* per
well for 24, 48, and 72 hours. The media was discarded
following the treatment, and the cells were incubated
with MTT (5 mg/mL in PBS) for 4 hours in a CO,
incubator. The absorbance was measured at 570 nm using
a Microplate Reader, and the resulting formazan crystals
were solubilized in DMSO.*' The mean + standard error
of the mean (SEM) was used to calculate and express the
percentage of cell viability.*

Assessment of apoptosis by DAPI

Apoptosis was identified by the presence of fragmented
DNA in cells. After treatment of HeLa, SiHa, and C33A
cells (2 x 10° cells) with ETO-GO complex nanogels for 24
h, fixed and stained with DAPI followed by investigation
via a confocal laser scanning microscope (CLSM) as
described elsewhere.”

Apoptosis/necrosis detection

The evaluation of apoptosis and necrosis in the MCE-
7 cell line was conducted using a flow cytometry-based
annexin-V and propidium iodide (PI) staining assay.
Following treatment (24 hours), cells were washed with
PBS and incubated with a staining buffer containing
annexin-V-FITC for 30 minutes in the dark. The resulting
stained cells were then analyzed using a flow cytometer.
Specifically, FITC-annexin V-positive and PI-negative
cells were identified as indicative of early apoptosis,
while FITC-annexin V-positive and PI-positive cells
represented late apoptosis.'?

Gene expression analyses using quantitative real-time
PCR (qRT-PCR)

Levels of gene expression were assessed using quantitative
real-time PCR (qRT-PCR). Following treatment with
IC50 concentration of ETO-GO complex nanogels,
total RNA was isolated from 60x10* cells using a
commercial RNA extraction kit (Parstous, Mashhad,
Iran), following manufacturer's guidelines. A NanoDrop
spectrophotometer (NanoDrop 1000, USA) quantified
the isolated RNA. Using a cDNA synthesis kit (Parstous,
Mashhad, Iran), 1500 ng of RNA was reverse transcribed
to complementary DNA (cDNA). The generated cDNA
was mixed with SYBR Green (Ampliqon, Denmark) and
gene-specific primers for CASP3, CASP9, CASP8, Bax,
Bcl-2, PTEN, and AKT1, and (Pishgaman Co, Tehran,
Iran).  Glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) provided a housekeeping gene for a Roche
real-time thermal cycler used in amplification operations.
The 2(-Delta Delta C(T)) method (224¢) allows one to
measure relative gene expression levels.

Statistical analysis
Data are presented as mean+SD (n=3). Statistical
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significance was determined using Student’s t-test (two
groups) or ANOVA with post-hoc tests (multiple groups)
in GraphPad Prism 6.07 (P<0.05).

Results
Transmission electron microscopy analysis
The TEM analysis (Fig. 1) reveals distinct morphological
features of the synthesized nanostructures. The graphene
oxide (GO) sheets exhibit a thin, layered, and sheet-
like structure with a high aspect ratio, providing an
extensive surface area for drug loading. The ETO
molecules appear uniformly distributed across the GO
layers, either intercalated within or adsorbed onto the
sheets, demonstrating efficient encapsulation. The GO-
Chitosan nanogel (Fig. 1b) shows a more compact and
interconnected structure, indicating successful hydrogel
formation. In the ETO-GO complex nanogels (Fig. 1c),
the integration of ETO is evident, with the nanogels
displaying a well-defined lattice structure at their edges,
suggesting minimal defects and high-quality synthesis.
The nanoscale dimensions of the GO sheets,
approximately 100 nm in width, are preserved in the final
nanogel formulation. This size range is advantageous
for cellular uptake and drug delivery applications.
Furthermore, the uniform distribution of ETO within the
GO matrix underscores the potential of this system for
efficient drug delivery. Overall, TEM analysis confirms the
successful fabrication of ETO-GO complex nanogels with
desirable structural attributes for biomedical applications.

X-ray diffraction analysis

The X-ray diffraction (XRD) analysis (Fig. 2) provides
valuable insights into the structural and crystalline
properties of the synthesized ETO-GO complex
nanogels. The XRD pattern of pristine GO exhibits
a sharp diffraction peak at approximately 20=10.2°,
corresponding to the (001) plane, characteristic of well-
oxidized graphene oxide. Upon formation of the ETO-
GO complex nanogels, this peak shifts to a lower angle

(~20=9.5°), indicating an increase in the interlayer
spacing of GO due to the intercalation of ETO molecules
within the GO layers.

Additionally, the XRD pattern of the nanogels reveals
new diffraction peaks corresponding to the crystalline
nature of ETO, confirming its successful incorporation
into the GO matrix. The reduction in the intensity of the
GO peak and the appearance of broader peaks suggest
partial disruption of GO's regular stacking, likely due to
interactions between ETO and functional groups on the
GO surface. These structural changes highlight effective
drug loading and strong interactions between ETO and
GO.

Overall, XRD analysis confirms that integrating ETO
into the GO framework results in a composite material
with modified crystalline characteristics, supporting its
potential application in drug delivery systems.

Fourier transform infrared (FT-IR) analysis

The FT-IR spectra (Fig. 3) provide evidence for the
successful synthesis and functionalization of the ETO-
GO nanogels. The spectrum of pristine GO shows
characteristic peaks at 3420 cm™ (O-H stretching), 1720
cm ™ (C=0 stretching of carboxylic groups), 1625 cm™
(C=C stretching of the sp? carbon framework), and 1050
cm™' (C-O stretching of epoxy groups). These peaks
confirm the presence of oxygen-containing functional
groups on the GO surface.

Significant changes are observed in the FT-IR spectrum
upon loading ETO into the GO matrix. The intensity
of the O-H stretching peak at 3420 cm™ decreases,
indicating hydrogen bonding interactions between ETO
and GO. A new peak appears at approximately 2925 cm™,
corresponding to C-H stretching vibrations from ETO,
confirming its integration into the nanogel structure.
Additionally, a shift in the C=0 stretching peak from
1720 cm™ to a lower wavenumber (~1705 cm™) suggests
strong interactions between the carbonyl groups of ETO
and the functional groups on GO.

Fig. 1. TEM images of graphene oxide (a), graphene oxide-chitosan nanogel (b) and etoposide-graphene oxide complex nanogels (c). The TEM image
illustrates the layered, sheet-like structures of GO with etoposide molecules intercalated or adsorbed on the layers. This morphology suggests a high aspect

ratio, which could facilitate effective drug loading and cellular uptake.
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Fig. 2. XRD analysis of graphene oxide (a), graphene oxide-chitosan
nanogel (b) and etoposide-graphene oxide complex nanogels (c). The
XRD pattern shows characteristic peaks that indicate the effective
incorporation of etoposide into the GO matrix, with shifts in peak positions
suggesting new structural characteristics of the composite material.
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Fig. 3. FT-IR spectra of chitosan nanogel (a), graphene oxide (b),
graphene oxide-chitosan nanogel (c), etoposide-graphene oxide
complex nanogels (d) and etoposide (e). The spectra display absorption
bands confirming GO and etoposide's presence, with notable peaks
for O-H, C=0, C=C, and C-H stretching vibrations, indicating strong
intermolecular interactions and successful complexation.

The FT-IR spectrum of the final ETO-GO nanogel also
shows a broadening of peaks in the region of 1000-1250
cm™, attributed to overlapping C-O and C-N stretching
vibrations, further supporting successful drugloading and
cross-linking within the hydrogel matrix. These spectral
changes collectively confirm the effective incorporation
of ETO into the GO framework and forming a stable
nanogel system suitable for drug delivery applications.

Raman spectra

The Raman spectra (Fig. 4) provide critical information
about the structural and chemical modifications in
the ETO-GO nanogels. The spectrum of pristine GO
exhibits two prominent peaks: the D band at ~1350 cm™,
corresponding to the breathing mode of sp* carbon atoms
associated with defects and disorder, and the G band at

D band G band

"'/\ @)

AU
| /N (©)

Intensity (a.u)
(

1 1
1000 1500 2000
Raman shift (cm™)

Fig. 4. Raman spectra of graphene oxide (a), graphene oxide-chitosan
nanogel (b) and etoposide-graphene oxide complex nanogels (c). The
shifts in D, G and 2D bands and the change in intensity ratio of D/G in
GO-CS spectra confirmed successful carboxylation on GO.

~1580 cm™, attributed to the in-plane vibration of sp?
carbon atoms in the graphene lattice. The intensity ratio
of these bands (ID/IGID/IG) for GO is approximately
0.85, indicating moderate defects.

Upon incorporation of ETO into the GO matrix,
notable changes are observed in the Raman spectrum.
The ID/IGID/IG ratio increases to ~1.05 in the ETO-GO
nanogels, suggesting an increase in structural disorder
due to functionalization and drug loading. This increase
is likely caused by interactions between ETO molecules
and the oxygen-containing functional groups on GO,
disrupting the graphene lattice.

Additionally, a slight shift in the G band to a lower
wavenumber (~1575 cm™) is observed, indicative of
charge transfer interactions between ETO and GO. These
spectral changes confirm the successful functionalization
and integration of ETO into the GO framework. The
Raman analysis thus validates the structural modifications
necessary for forming stable nanogels with enhanced drug
delivery potential.

EDS analysis

The EDS analysis of the ETO-GO complex nanogels
reveals a distinctive elemental composition that enhances
the understanding of their structure and chemical
properties. The main elements identified include carbon
(C), nitrogen (N), oxygen (O), sulfur (S), and manganese
(Mn) (Fig. 5). The two predominant elements, carbon and
oxygen, align with the expected composition of graphene
oxideand ETO, which arerich in these elements. Nitrogen,
comprising approximately 7.05% by weight, supports the
incorporation of ETO, as it contains nitrogenous groups.
The sulfur content, measured at 11.53%, suggests the
presence of sulfate groups or other sulfur-containing
residues from the synthesis process. Manganese, found
in a small amount (4.47%), likely originates from residual
catalytic materials or impurities introduced during the
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Fig. 5. The energy dispersive x-ray spectroscopy (EDS) spectrum of etoposide-graphene oxide complex nanogels. The spectrum reveals the elemental
composition with prominent peaks for carbon (C), nitrogen (N), oxygen (O), sulfur (S), and manganese (Mn), confirming the successful incorporation of
etoposide into the GO matrix. The presence of nitrogen (7.05% by weight) and sulfur (11.53%) corroborates the chemical integration of etoposide, while

manganese (4.47%) might be from residual synthesis materials.

preparation of the nanogels.

The automatic identification also confirmed these
results: the high-probability detections were nitrogen and
oxygen, both 100% and sulfur significant. Relatively minor
amounts of trace elements, such as Na, P, and Cl, are also
probably present as impurities or minor components of
the synthesis medium. The spectra of EDS point out peaks
corresponding to each element found. Measurements for
the significant elements are reliable because of the high
confidence intervals. The presence of elemental markers
N and S in all the samples confirms the loading of ETO on
the GO matrix and the successful synthesis of the nanogel.
This detailed elemental analysis is necessary as a first step
to understanding any complex ETO-GO nanogel, which
would be essential for further studies on the nature of
structure, chemical, and biological properties.

Field emission scanning electron microscopy (FE-SEM)
analysis

The morphology of the ETO-GO complex nanogels was
determined from the results of the FE-SEM (Fig. 6). The
FE-SEM images revealed that the nanogels were uniformly
distributed and exhibited a spheroidal shape. The
nanogels' size mainly ranged between 100 and 200 nm,
indicating a consistent synthesis process. The surface of
the nanogels displayed a fine wrinkled texture, likely due
to the presence of graphene oxide. This wrinkling could
be significant, increasing the surface area and potentially
enhancing drug loading capacity.

The good separation of the ETO-GO nanogels
suggests that electrostatic interactions and stabilization
mechanisms effectively prevented aggregation. Their size
distribution, shape, and surface morphology make these
nanogels promising for targeted drug delivery.

SEM MAG: 500 x. - MIRA3 TESCAN

WD: 15.73 mm

Date(midiy): 01/16/21 | View field: 289 ym

Fig. 6. Field emission scanning electron microscopy (FE-SEM) images
of etoposide-graphene oxide complex nanogels. This image displays the
nanogels' spheroidal morphology with sizes ranging from 100 to 200 nm.
The surface shows a wrinkled texture, indicative of the graphene oxide
component, potentially increasing the surface area for enhanced drug
loading.

| SEMHV:15.0 kV
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Anti-proliferative assay

The cytotoxic effects of ETO, ETO/GO complex, and GO
alone were evaluated on HUVEC and MCEF-7 cell lines
using the MTT assay (Fig. S1, Supplementary file 1). In
HUVEC cells, ETO treatment caused a dose-dependent
reduction in cell viability, with 32.50% viability at 10 pg,
35.53% at 5 pg, and 46.46% at 1 pg, while the ETO/GO
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complex resulted in 33.70% at 10 ug and 37.29% at 5 ug. In
contrast, GO alone had minimal cytotoxicity, maintaining
high cell viability (>90%) across all concentrations. In
MCEF-7 cells, ETO treatment also reduced cell viability
in a dose-dependent manner, with 38.63% viability at 10
ug, 41.02% at 5 pg, and 51.09% at 1 ug, while the ETO/
GO complex led to 32.24% at 10 ug and 38.46% at 5 pg.
GO alone showed negligible effects on MCEF-7 cells, with
viability >90% at all concentrations. The IC50 for ETO in
HUVEC cells was approximately 2.5 pg, while for MCF-7
cells, it was around 1.0 pg, indicating a more pronounced
cytotoxicity of ETO in cancerous cells. Statistical analysis
confirmed significant differences in viability across
treatments for both cell lines (P<0.05).

Assessment of apoptosis by DAPI

Confocal laser scanning microscopy (CLSM) with DAPI
staining, which highlights cell nuclei, was used to study
the effects of nanoparticles on cancer cells. The DAPI-
stained images (Fig. 7) reveal significant changes in
nuclear morphology in both cells treated with ETO-
loaded nanoparticles and cells treated with the ETO drug
alone. Specifically, ETO-loaded NPs have more fractured
nuclei than the ETO-treated group. In addition, the

Tretment by Nanoparticle
loaded epitoside

Tretment by epitoside drug only

nuclei appear to be contracted and fractured, indicating
apoptosis or cell death. The chromatin distribution has
changed, resulting in a more compact and heterogeneous
organization with uneven chromatin condensation. In
contrast, the control group's DAPI staining images show
a conventional nuclear morphology, with discrete nuclei
and a normal chromatin distribution. As a result, the
nuclei appear to remain intact and free of any significant
changes.

Apoptosis/necrosis detection

The flow cytometry analysis demonstrated that 15.35%
of the cells in the group treated with ETO-loaded
nanoparticles were apoptotic (Fig. 8). Subsequent
assessments revealed that 13.39% of cells were in the early
apoptosis phase, while 1.96% were in the late apoptosis
phase. In contrast, the control group exhibited a normal
distribution of cells with a typical cell cycle profile and
only approximately 0.03% apoptotic cells.

Gene expression analyses using quantitative real-time
PCR (qRT-PCR)

The effects of ETO-loaded nanoparticles (NPs) and
ETO drugs alone on several genes involved in apoptosis

Control (without any drug treatment)

Fig. 7. DAPI staining of MCF-7 cells treated with etoposide-graphene oxide (ETO/GO) manogels. Images reveal changes in nuclear morphology indicative
of apoptosis, with treated cells showing fragmented and compacted nuclei compared to the control group's normal nuclear appearance.
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Fig. 8. Flow cytometry analysis of MCF-7 cells treated with etoposide-graphene oxide (ETO/GO) Nanogels. This analysis shows a significant percentage
of cells (15.35%) undergoing apoptosis, with 13.39% in early apoptosis and 1.96% in late apoptosis, demonstrating the nanogels' effectiveness in inducing

programmed cell death.
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and cell survival were evaluated using qRT-PCR gene
expression studies. The findings indicate that the ETO-
loaded nanoparticles had a more substantial impact
on the expression of genes involved in apoptosis
than the use of the ETO drug alone. The ETO-loaded
nanoparticles specifically enhanced the expression of
CASP3, CASP8, and CASP9 by 7.3-fold, 3.7-fold, and
2.1-fold, respectively, while the ETO medication alone
increased their expression by 3.3-fold, 2.3-fold, and
1.5-fold, respectively (Fig. S2). In addition, the ETO-
loaded nanoparticles caused a considerable 8.3-fold rise
in the expression of PTEN and a 4.0-fold increase in the
expression of BAX. On the other hand, the ETO drug
alone had a lesser impact on these genes. Conversely,
the anti-apoptotic gene Bcl2 expression level was more
significantly reduced in the group treated with ETO-
loaded NPs compared to the group treated with ETO
alone. Interestingly, the expression level of the AKT gene,
an oncogenic marker involved in cell survival pathways,
was higher in cells treated with ETO-loaded nanoparticles
than those treated with free ETO. This observation might
initially seem counterintuitive in the context of our
apoptotic results. However, the activation of AKT could
indicate a compensatory survival response by some cancer
cells to the stress induced by ETO. This suggests that
while our nanogel system effectively induces apoptosis
through upregulating pro-apoptotic genes, there might be
concurrent activation of survival pathways in a subset of
cells. This finding underscores the complexity of cellular
responses to chemotherapy and highlights potential areas
for further investigation, such as exploring synergistic
therapies that could suppress AKT alongside our current
treatment to maximize efficacy. The findings indicate that
the ETO-loaded nanoparticles have a more tremendous
potential to induce apoptosis and suppress cell survival
pathways than the standalone ETO medication.

Discussion
The efficacy of conventional anticancer therapies
remains hindered by the suboptimal bioactivity and
toxicity profiles of small-molecule chemotherapeutics,
often compromised by multidrug resistance.*** Despite
the introduction of nanomedicines such as DOXil and
Abraxane®, these formulations' structural limitations and
passive release mechanisms have yet to address the issue
of low bioactivity.*” Our study tackles this challenge by
cross-linking graphene oxide with biodegradable chitosan
via carboxylate groups to create GO-hybridized nanogels
(CG). The nanogels presented an adequate loading
capacity for a cationic anticancer drug (ETO) with good
colloidal stability (data not shown), indicating their
potential in combinative anticancer therapy application.
The nanogels successfully encapsulated the
anticancer drug ETO, likely through a combination
of hydrogen bonding, hydrophobic interactions,

and possibly electrostatic interactions with the GO
and chitosan components of the nanogel matrix, which
contain carboxylate groups and n—m stacking interactions
with GO.*** The ETO encapsulation efficiency of CGE
nano gels is relatively higher than that of conventional
inorganic nanoparticles, such as mesoporous silica
nanoparticles, which often show low drug loading
capacity (about 50%).”** Moreover, incorporating GO
(graphene oxide) into chitosan nanogels cross-linked
with ammonium persulfate can enhance their stability
and efficacy in anticancer drug delivery.'”? ETO's primary
phenolic group (pKa ~ 9-10) remains protonated in
acidic environments, while other oxygen-containing
groups may undergo partial protonation. Nevertheless,
these modifications do not substantially enhance the
hydrophilicity of ETO in acidic environments.”> Other
factors are the primary drivers of the release of ETO
from nanogels in more acidic environments, such as
those found in specific cellular compartments or tumor
microenvironments.*® These factors include altered
electrostatic interactions between the drug and the
nanogel components, increased enlargement of the
nanogel matrix as a result of pH changes, and changes
in nanogel structure. The prospective outcome of these
pH-responsive modifications in the nanogel system is an
increase in drug release in acidic environments rather than
alterations in the protonation state of ETO.*** Therefore,
the possible pH-sensitive drug release behavior is expected
to increase the ETO drug's anti-tumor bioactivity while
minimizing its side effects.

EDS analysis confirmed the presence of key elements
like carbon, nitrogen, oxygen, sulfur, and manganese,
which align with the expected composition of graphene
oxide and ETO. The nitrogen and sulfur peaks, in
particular, corroborate the successful loading of ETO, as
these elements are inherent to its molecular structure. This
spectral data provides a foundational understanding of
the chemical composition of the nanogels, supporting the
interaction and encapsulation mechanisms proposed.*
These findings align with recent studies where EDS has
been used to validate drug loading in GO-based systems
to confirm drug encapsulation in chitosan/agarose/GO
nanohydrogels.'®

FE-SEM images revealed that the nanogels are uniformly
distributed, spheroidal, and exhibit a size range of 100-200
nm. The surface morphology, characterized by a wrinkled
texture, suggests an increased surface area beneficial for
enhanced drugloading. These observations are critical for
understanding the potential of these nanogels for targeted
drug delivery, emphasizing their physical suitability for
biological applications.'”® Comparatively, the morphology
observed here aligns with findings by Sabzevari et al,
who noted similar uniform distribution and size in
their GO-chitosan composites, which were beneficial
for drug delivery applications.? Moreover, transmission
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electron microscopy (TEM) analysis further confirmed
the layered, sheet-like structure of GO with ETO
molecules intercalated or adsorbed onto the layers. This
detailed visualization supports the concept of efficient
drug encapsulation within the GO matrix, showcasing
the nanoscale interactions that facilitate drug delivery.”
This is similar to the findings of Gholami et al, who used
comparable GO structures to improve drug delivery in
a way that the unique structure of GO can be effectively
utilized for drug loading."

XRD analysis indicated a shift in peak positions and
intensities compared to pure GO and ETO, suggesting
a new composite material with an altered crystalline
structure. This confirms the integration of ETO into
the GO matrix, affecting its interlayer spacing and
lattice parameters, which is essential for understanding
drug-nanocarrier interaction and stability.”> These
changes parallel those observed by Guliyeva et al, who
demonstrated that the inclusion of drugs into GO systems
leads to significant structural modifications, enhancing
drug delivery properties.”

FT-IR spectroscopy revealed characteristic absorption
bands corresponding to GO and ETO functional groups,
indicating successful synthesis and interaction. The
presence of peaks associated with C=0, C=C, and C-H
bonds confirms the encapsulation of ETO within the GO
framework, suggesting strong intermolecular interactions
and supporting the drug's integration into the nanogel
matrix for controlled release.”® This is consistent with
the FT-IR results from Gholami et al, who used FT-IR to
confirm drug loading in GO-based systems, emphasizing
the role of functional groups in drug-nanocarrier
interactions.!' In this context, our characterization data
confirms the successful synthesis and encapsulation of
ETO within the GO nanogel framework and aligns with
recent advancements in the field. This comprehensive
analysis highlights how these nanogels can be tailored
for enhanced drug delivery in cancer therapy, showing
promising potential in stability, drugloading, and targeted
release. These findings resonate with current research,
providing a solid foundation for further exploration into
optimizing these nanocarriers for clinical applications.

We successfully synthesized CG nanogels and evaluated
their cytotoxic effects on MCEF-7 breast cancer cells and
normal HUVEC cells using the MTT assay. The results
demonstrated promising selective cytotoxicity towards
cancerous MCEF-7 cells compared to normal HUVEC
cells. This selectivity is crucial for cancer therapies, as it
suggests the ability to target cancer cells while minimizing
damage to healthy cells. The observed dose-dependent
cytotoxic effects in both cell lines align with findings from
recent studies using graphene oxide-based nanocarriers.
For instance, Yaghoubi et al'’ found that graphene oxide
with improved cytocompatibility for stimuli-responsive
co-delivery of curcumin and doxorubicin significantly

inhibited cell proliferation in cancer cells while showing
reduced toxicity to normal cells. The current results
expand upon this by demonstrating differential effects on
cancerous versus normal cells, a critical consideration for
therapeutic applications. The higher cytotoxicity observed
in MCF-7 cells (20% viability at 100 pg/mL) compared to
HUVEC cells (40% viability at 100 pg/mL) at the highest
concentration tested is particularly noteworthy.

This selective effect on cancer cells is consistent with
other recent research. For example, Qiao et al used folate-
loaded PVA-based nanogels to co-deliver docetaxel and
an IDOL1 inhibitor, demonstrating enhanced cytotoxicity
towards cancer cells.** These findings highlight the
potential of graphene oxide as a nanocarrier, which has
shown promise due to its high surface area and ability
to carry both hydrophilic and hydrophobic substances.
Moreover, the observed cytocompatibility at lower
concentrations, particularly for HUVEC cells, suggests
that careful dosing could minimize side effects in clinical
applications. This aligns with research by Mustafa et
al, who demonstrated that functionalized chitosan
nanogels loaded with thiocolchicoside and lauric acid had
significant anticancer potential against oral cancer while
protecting normal cells, emphasizing the importance of
nanocarrier design in balancing efficacy and safety in
drug delivery systems.”

Recent literature further supports these findings.
Taheriazam et al explored graphene oxide
nanoarchitectures in cancer biology, noting their
capacity to modulate autophagy and apoptosis, which is
directly relevant to our observed cytotoxicity patterns.*
Their work underlines how the structural and chemical
properties of GO can be tailored to induce specific cellular
responses in cancer cells, akin to the selective apoptosis
induction we observed with our nanogels. Additionally,
Herdiana et al reviewed chitosan-based nano-smart drug
delivery systems in breast cancer therapy, highlighting
the versatility of chitosan in stabilizing and enhancing the
therapeutic profiles of various drugs,”” which is directly
applicable to the context of our ETO-loaded nanogels.
Therefore, these results disclosed the evolving landscape
of nanomedicine by providing evidence of how graphene
oxide-based nanogels can be effectively used for targeted
cancer therapy, emphasizing selectivity and reduced
toxicity to normal cells. These insights, supported by recent
literature, underscore the potential for further developing
these nanocarriers towards clinical applications, where
safety, efficacy, and specificity are paramount.

This study successfully synthesized CG nanogels and
evaluated their cytotoxic effects on MCF-7 breast cancer
cells and normal HUVEC cells using the MTT assay. The
results revealed a marked selective cytotoxicity towards
MCEF-7 cells, with ETO and the ETO/GO complex
exhibiting higher cytotoxicity in MCF-7 cells (IC50 of
approximately 1.0 pg/mL) compared to HUVEC cells
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(IC50 around 2.5 pg/mL). This selectivity is pivotal for
cancer therapies, indicating the potential for targeting
cancer cells with reduced impact on healthy cells. The
observed dose-dependent cytotoxic effects in both cell
lines are consistent with previous research on graphene
oxide-based nanocarriers. For example, Yaghoubi et al
reported that graphene oxide effectively inhibited cancer
cell proliferation when optimized for cytocompatibility
while showing minimal toxicity to normal cells.'® Our
findings further this narrative by highlighting distinct
cytotoxicity profiles between cancerous and normal
cells, which are essential for therapeutic considerations.
Notably, at concentrations of 10 pg/mL, MCE-7 cells
exhibited a viability of 38.63% with ETO alone and 32.24%
with the ETO/GO complex, contrasting with higher
viabilities in HUVEC cells (32.50% for ETO and 33.70%
for ETO/GO), underscoring the differential impact on
cell types at therapeutically relevant doses.

This selective effect on cancer cells is consistent with
other recent research. For example, Jiang et al developed
folate-loaded, pH-degradable poly(vinyl alcohol) (PVA)-
based nanogels for the co-delivery of docetaxel and the
IDO1 inhibitor NLG919, which demonstrated enhanced
cytotoxicity towards cancer cells by enabling targeted
delivery and promoting immunogenic cell death while
overcoming IDOl-mediated immune suppression.®
These findings highlight the potential of graphene oxide
as a nanocarrier, which has shown promise due to its
high surface area and ability to carry both hydrophilic
and hydrophobic substances. Moreover, the observed
cytocompatibility at lower concentrations, particularly
for HUVEC cells, suggests that careful dosing could
minimize side effects in clinical applications. This
aligns with research by Mustafa et al, who demonstrated
that functionalized chitosan nanogels loaded with
thiocolchicoside and lauric acid had significant anticancer
potential against oral cancer while protecting normal
cells, emphasizing the importance of nanocarrier design
in balancing efficacy and safety in drug delivery systems.*

Furthermore, the increased cytotoxicity at higher drug
concentrations in our work emphasizes the importance
of drug loading and release kinetics in the efficacy
of nanoparticle-based drug delivery systems. This
observation is consistent with the results of Mauri et al,
who pointed out the necessity of controlled release in
nanogel-based drug delivery systems for cancer therapy.”

Recentadvancesinnanocarrier systems further highlight
the potential of graphene oxide-based formulations in
achieving selective cytotoxicity and minimizing off-target
effects. For example, Dabrowski et al demonstrated that
surface modifications on graphene oxide nanocarriers,
such as size adjustments and functionalization, enhance
cellular uptake and reduce systemic toxicity, findings
consistent with this study's observed cytocompatibility in
HUVEC cells and the importance of tailoring nanocarrier

properties for improved biocompatibility and therapeutic
efficacy.”” Additionally, a study by Azadi et al explored the
use of nanogels containing natural bioactive, emphasizing
their ability to trigger selective apoptosis in cancer cells
while sparing healthy cells, a mechanism consistent with
the selective cytotoxicity observed here."!

While our study focused primarily on the combined
effects of ETO and GO in the nanogel formulation, it
is important to consider the potential contributions of
chitosan to the observed cytotoxicity and apoptosis. In
some studies, chitosan, a biocompatible and biodegradable
polysaccharide, has exhibited inherent anticancer
properties.*” Depending on its molecular weight, degree
of deacetylation, and concentration, chitosan has been
shown to induce apoptosis in cancer cells, inhibit cell
proliferation, and enhance drug delivery.** In our nanogel
system, chitosan likely plays multiple roles. First, it acts
as a stabilizing agent, preventing GO sheet aggregation
and facilitating stable nanogels formation. Second, it
may enhance cellular uptake of the nanogels due to their
positive charge, which can promote interactions with the
negatively charged cell membrane.® Finally, it is possible
that chitosan contributes to the observed cytotoxicity
and apoptosis, although further studies would be needed
to confirm this. The concentration of chitosan used in
our study was 2.5%, within the range reported to exhibit
some anticancer activity in other systems.* Therefore,
it is plausible that the observed effects result from the
synergistic action of ETO, GO, and chitosan. Therefore,
these findings suggest that further optimization of
graphene oxide nanogels could achieve even greater
therapeutic indices. Functionalization strategies such as
pH-responsive coatings or ligand-mediated targeting, as
reported by Qiao et al and others, have shown promise
in enhancing drug delivery specificity.'®*'** Notably,
combining graphene oxide with other biodegradable
polymers, as suggested by Mustafa et al, has been shown
to enhance drug release kinetics and improve anticancer
efficacy, supporting the potential scalability of the
synthesized nanogels in clinical settings.*®

The apoptosis generated by the ETO-loaded
nanoparticles was assessed using complementary
approaches like DAPI staining and flow cytometry. These
findings provide important insights into the cytotoxic
mechanisms of drug-loaded nanomaterials. The DAPI
staining images indicated considerable changes in the
nuclear morphology of cells treated with ETO-loaded
nanoparticles, including fragmented, compacted, and
unevenly dispersed chromatin. These morphological
alterations indicate apoptosis and are congruent with the
findings of Alkhatib et al, who observed significant nuclear
condensation, DNA fragmentation, and mitochondrial
membrane potential loss in SK-OV-3 cells treated with
ETO-loaded nanoemulsions containing polyunsaturated
fatty acids, demonstrating enhanced apoptotic effects
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compared to free ETO.*

These results further validate the significance of
nanomaterials in inducing apoptosis in cancer cells. Recent
studies have demonstrated that various nanocarriers,
including chitosan-based nanogels, can effectively
trigger apoptosis in cancer cells. Mustafa et al showed
that chitosan nanogels loaded with thiocolchicoside and
lauric acid induce significant apoptosis in oral cancer
cells, highlighting the role of nanogel composition in
enhancing drug delivery outcomes.* Similarly, Azadi et al
explored nanogels with natural bioactives, demonstrating
their capability to induce selective apoptosis in
melanoma cells while sparing healthy cells, which aligns
with our observations of selective cytotoxicity.” These
studies corroborate our findings of enhanced nuclear
fragmentation and chromatin compaction in DAPI
staining experiments, supporting the concept of apoptosis
promotion through nanomaterial-mediated drug delivery.

Moreover, advances in functionalized graphene oxide-
based systems have shown their capability to modulate
apoptotic pathways. In this regard, Taheriazam et al
reviewed how graphene oxide nanoarchitectures can
modulate both autophagy and apoptosis in cancer
biology, suggesting that the specific functionalization of
GO can lead to tailored cellular responses.*® In addition,
Liu et al highlighted that the integration of graphene oxide
with chemotherapeutic agents like doxorubicin leads to
an upregulation of pro-apoptotic genes, showcasing the
potential of GO-based nanocarriers to enhance apoptosis
in cancer cells.* These findings are in line with the
broader potential of graphene oxide-based nanocarriers
to enhance the apoptotic response in cancer cells, as
demonstrated in several recent works.'?**¢ The observed
apoptotic effects in our study, characterized by nuclear
morphological changes, further support the growing
body of evidence suggesting that graphene oxide-based
nanocarriers can effectively induce cell death through
apoptotic pathways.

Furthermore, the flow cytometry analysis determined
the degree of apoptosis triggered by ETO-loaded
nanoparticles. The results indicated that 15.35% of the
treated cells were apoptotic, with 13.39% in the early
apoptosis phase and 1.96% in the late apoptosis phase.
These findings are consistent with the findings of Giinciim
et al, who found that ETO-loaded alginate-based nanogels
induced more apoptosis in lung cancer cells than free
ETO.*

The flow cytometry analysis determined the degree of
apoptosis triggered by ETO-loaded nanoparticles. The
results indicated that 15.35% of the treated cells were
apoptotic, with 13.39% in the early apoptosis phase
and 1.96% in the late apoptosis phase. These findings
are consistent with the findings of Giincim et al, who
found that ETO-loaded alginate-based nanogels induced
more apoptosis in lung cancer cells than free ETO.* The

observed increase in apoptotic cells following treatment
with ETO-loaded nanoparticles, compared to the control
group, demonstrates that the nanoparticle formulation
effectively delivers the cytotoxic agent to cancer cells,
activating apoptotic pathways. This is consistent with the
dose-dependent cytotoxicity reported in the preceding
section, indicating that ETO-GO combination nanogels
have the potential to be an effective drug delivery
system for cancer treatment.'>” Compared to previous
investigations, the current data show that ETO-loaded
nanoparticles induce apoptosis at comparable or even
higher rates. In this context, He et al found that their
cholesteryl-hyaluronic acid nanogel-celastrol conjugates
significantly increased the accumulation of reactive
oxygen species, induced mitochondrial damage, and
triggered apoptosis in hepatocellular carcinoma cells,
demonstrating the ability of nanogel-based delivery
systems to induce programmed cell death successfully.*®

These findings align with recent advancements in
nanoparticle-based systems. For instance, Azadi et al
demonstrated that nanogels incorporating bioactive
compounds induced apoptosis at rates comparable to
or higher than traditional delivery systems, underlining
the potential of nanocarriers to enhance the therapeutic
efficacy of chemotherapeutic agents.* Similarly, Mustafa
et al reported significant apoptotic activity in oral cancer
cells treated with functionalized chitosan nanogels,
highlighting the critical role of nanoparticle design in
promoting effective cell death.*

Furthermore, functionalized graphene oxide systems,
as described by Bao et al, have shown the ability to
upregulate pro-apoptotic pathways while minimizing off-
target effects selectively.” These contemporary studies
emphasize the importance of nanoparticle formulation in
modulating apoptotic responses and achieving therapeutic
precision, further strengthening the significance of
our findings on apoptotic induction by ETO-loaded
graphene oxide nanogels. The work by Taheriazam et al
also aligns with these observations, where they explored
how graphene oxide nano-architectures can modulate
autophagy and apoptosis in cancer cells, providing a
broad spectrum of how these materials can be tailored for
specific therapeutic outcomes.*

The synthesized drug-loaded nanogel was further
evaluated for its apoptotic potential in cancer cells
using qRT-PCR gene expression analyses. Our study's
findings shed light on the differences between the effects
of ETO-loaded NPs and free ETO on gene expression
related to apoptosis and cell survival. Quantitative
RT-PCR analysis demonstrated that ETO-loaded NPs
dramatically increased the expression of pro-apoptotic
genes (CASP3, CASP8, CASP9, PTEN, BAX) while
decreasing the expression of the anti-apoptotic gene Bcl2
more efficiently than free ETO. These findings imply that
ETO nanoparticle formulations could improve cancer

Biolmpacts. 2025;15:30848 [ 11



Asoudeh-Fard et al

therapy outcomes by more efficiently triggering apoptosis
and reducing cell survival. Our investigation closely aligns
with recent publications on ETO-loaded nanogels that
confirm their more potent anti-apoptotic effects in A375
melanoma cells and KB-1 oral cancer cells, especially at
higher concentrations. *>*

Our findings of elevated caspase expression (CASP3,
CASP8, and CASP9) are particularly significant since
they indicate activation of both extrinsic and intrinsic
apoptotic pathways. This thorough apoptotic response
is not often seen in similar studies, showing the efficacy
of ETO-loaded nanogels. Furthermore, gene expression
alterations (e.g., a 7.3-fold increase in CASP3) appear to
be greater than that reported in comparable studies.’>****
This suggests that ETO-loaded NPs may be more
successful at causing apoptosis than other drug-loaded
nanogel formulations, potentially due to enhanced
drug delivery and intracellular release mediated by the
nanocarrier.

These findings align with recent studies that have
underscored the role of nanoparticle formulations in
modulating apoptotic pathways. Bao et al demonstrated
that functionalized graphene oxide-based nanocarriers
significantly enhanced the expression of pro-apoptotic
genes, such as CASP3, CASP8, and CASP9, while
suppressing anti-apoptoticsignals, providinga mechanism
consistent with the observed mitochondria-dependent
apoptosis and autophagy in cancer cells induced by
nanomaterials like AgNPs.* This work emphasizes
how the physical and chemical properties of GO can be
leveraged to modulate gene expression more effectively
than traditional drug delivery methods. Additionally,
Herdiana et al reviewed chitosan-based nano-smart
drug delivery systems, similar to our approach, and
highlighted their potential in breast cancer therapy due to
their capability to trigger apoptosis through specific gene
regulation.””

Moreover, functionalized nanocarriers, such as those
investigated by Mustafa et al, have shown to be particularly
effective in targeting resistant cancer cell populations by
concurrently triggering extrinsic and intrinsic apoptotic
pathways.*® These findings and the observed 7.3-fold
increase in CASP3 expression in our study suggest that
the ETO-loaded nanogels may have enhanced efficacy
in inducing apoptosis compared to other nanogel
formulations.

Advances in pH-sensitive nanogel systems have also
been associated with improved gene regulation outcomes,
as noted by Qiao et al, where they demonstrated pH-
responsive nanogels for co-delivery of drugs, which
aligns with our study's potential for targeted drug release
in acidic tumor environments.* While not explicitly
investigated here, the integration of graphene oxide
in our system could similarly contribute to the precise
modulation of apoptotic and survival pathways. This is

further supported by the work of Taheriazam et al, who
discussed how graphene oxide nano-architectures can
modulate cellular responses like autophagy and apoptosis,
providing a broader context for our findings.** These
contemporary studies place our findings in a broader
context, highlighting the potential of ETO-loaded
nanoparticles as a superior therapeutic strategy.

Overall, the observed enhanced cytotoxicity and
apoptosis induced by the ETO-GO nanogels can be
attributed,inpart,totheuniquemorphologyandproperties
of the GO component. The wrinkled morphology of the
GO sheets within the nanogels is expected to enhance
drug loading capacity.’****> The increased surface area
and structural irregularities provide more sites for ETO
to interact with and bind to the GO. The presence of GO
also likely enhances cellular uptake of ETO by promoting
endocytosis.*” Furthermore, the interweaving of GO sheets
within the chitosan matrix may create a tortuous diffusion
pathway, leading to a sustained release of ETO from the
nanogels.>"' The relatively small size of the nanogels, as
observed in TEM images, is also advantageous for cellular
uptake, as smaller nanoparticles tend to be more readily
internalized by cells.'*®*>*2 The combination of these
factors — wrinkled GO morphology, high surface area,
controlled drug release, and small particle size-likely
contributes to the enhanced cytotoxicity of the ETO-GO
nanogels observed in our study. In this regard, ETO-
loaded graphene oxide nanogels demonstrate promising
potential for breast cancer therapy by effectively inducing
apoptosis and reducing cell survival, as evidenced by
the observed upregulation of pro-apoptotic genes and
downregulation of anti-apoptotic genes. This approach
may address challengeslike drug resistance and recurrence
by enhancing drug delivery and optimizing therapeutic
efficacy. However, further in-depth investigations,
including preclinical animal studies and ultimately,
clinical trials, are crucial to comprehensively evaluate
the safety and efficacy of these nanogels in vivo and
translate these promising findings into clinically relevant
applications for breast cancer treatment.

Conclusion

This study successfully synthesized and characterized
ETO-loaded GO nanogels, demonstrating their potential
as an innovative therapeutic strategy for breast cancer.
The key findings indicate that these nanogels exhibit
significant cytotoxicity against MCF-7 breast cancer
cells while maintaining minimal toxicity towards normal
HUVEC cells, thus highlighting their selectivity and
promise for targeted therapy. Structural integrity and
successful drug encapsulation were confirmed through
various analytical techniques, including FE-SEM, TEM,
XRD, and FTIR. Functional studies involving flow
cytometry and DAPI staining revealed robust apoptotic
activity, with qRT-PCR analysis further substantiating
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the upregulation of pro-apoptotic genes (CASP3, CASPS,
CASP9, PTEN, BAX) and the suppression of the anti-
apoptotic gene Bcl2, demonstrating the capability of these
nanogels to trigger apoptosis more efficiently than free
ETO.

The significance of this research extends beyond the
immediate findings, contributing to the broader field of
nanomedicine and cancer therapy by leveraging graphene
oxide's unique properties to enhance ETO's therapeutic
efficacy. This integration not only overcomes limitations
associated with free ETOs, such as low bioavailability and
systemic toxicity but also introduces a novel approach
to drug delivery with the potential for reducing side
effects and improving patient outcomes in breast cancer
treatment.

While this study provides substantial insights into
the potential of GO nanogels, further considerations in
research design and application are necessary. The in
vitro nature of the experiments provides a foundational
understanding but lacks the complexity of in vivo models,
which are necessary to confirm therapeutic efficacy and
safety profiles. Challenges such as reproducibility, where
slight variations in synthesis conditions might affect
nanogel properties; sample preparation, which requires
meticulous control to ensure consistency; and the
scalability of the synthesis process for clinical applications,
are areas for ongoing exploration. Ensuring the long-term
stability of the nanogels is another critical aspect of their
practical use.

Future work should focus on optimizing the nanogel
formulation for enhanced drug loading and controlled
release, possibly by integrating targeting ligands to further
improve specificity and efficacy. Extensive in vivo studies,
followed by clinical trials, will be crucial to translate these
promising in vitro results into clinical practice. Such
research could explore the scalability of production, long-
term stability, and the nanogels' behavior in a biological
system to fully evaluate their potential as a next-generation
treatment for breast cancer. By addressing these areas, this
research can pave the way for developing personalized,
effective cancer treatments, potentially revolutionizing
how we approach drug delivery in oncology.
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