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Abstract

Background: Oral squamous cell carcinoma (OSCC) treatment represents a great
challenge, since platinum-based therapeutic agents have deleterious effects on nor-
mal cells and tissues. Employing gold nanoparticles (AuNps) as carriers for cisplatin
have proved effective in reducing cisplatin doses. Green synthesis of AuNps from eco-
friendly agents like chitosan improves the AuNps'biocompatibility and cytotoxicity.
Thus, we synthesized a novel agent of cisplatin coupled to gold chitosan nanoparticles
(Cis/AuCh nanocomposite) and examined its effect in addition to the effect of chi-
tosan-reduced gold nanoparticles (AuCh Nps) on (HNO97) OSCC cell line and normal
oral epithelial cells (OEQ).

Results: Ultraviolet-visible spectroscopic analysis, transmission electron microscope,
X-ray diffraction, and Fourier transform infrared spectroscopy confirmed the suc-
cessful synthesis of AuCh Nps and Cis/AuCh nanocomposite. The cytotoxicity assay
showed that the IC50 doses of AuCh Nps and Cis/AuCh nanocomposite after 48 h
were 12.5 pg/ml, and 6.2 ug/ml, respectively, on the HNO97 cell line. On the other
hand, the IC50 doses were 40 pug/ml and 44.5 ug/ml on OEC, respectively. After treating
both cell lines with the HNO97-IC50 doses, Cis/AuCh nanocomposite-treated HNO97
cell line revealed a significant rise in Caspase 3 immunohistochemical apoptotic index,
besides a significant elevation in pro-apoptotic proteins and reduction in Bcl-2 com-
pared to cisplatin. Conversely, opposite results were detected in AuCh Nps and Cis/
AuCh nanocomposite-treated OEC. Flow cytometry results revealed S and G2/M

shifts in HNO97 and OEC with more shift in the cisplatin-treated group than AuCh

Nps and Cis/AuCh nanocomposite-treated groups in both cell lines. The expressions
of the reactive oxygen species (ROS) markers; malondialdehyde and nitric oxide were
the highest in Cis/AuCh nanocomposite-treated HNO97, while the reduced glu-
tathione expression was the lowest. However, AuCh Nps and Cis/AuCh nanocompos-
ite-treated groups did not display any significant changes in ROS markers expression
from the untreated group in the OEC.

Conclusions: AuCh NPs can be considered a good alternative way of cisplatin
transportation for OSCC treatment. Cis/AuCh nanocomposite stimulates apoptosis,
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cell cycle arrest, and ROS production in oral cancer cells with less undesired effects
on normal oral epithelial cells.

Keywords: Oral squamous cell carcinoma, Oral epithelial cells, Cisplatin, Gold
nanoparticles, Chitosan, Apoptosis, Cell cycle, Reactive oxygen species

Background

Oral cavity cancer is one of the most frequent head and neck malignancies, rank-
ing 16th globally, where more than 90% of them are oral squamous cell carcinoma
(OSCC). OSCC represents the most aggressive epithelial malignant neoplasm (Cham-
oli et al. 2021). Patients are treated with different therapies depending on the type and
stage of cancer, either traditional treatment, such as surgery, radiation, and chemo-
therapy or novel therapies like immunotherapy (Zhang and Chen 2018), targeted
therapy (Troy and Baudino 2015), gene therapy (Das et al. 2015), and photothermal
therapy (Faid et al. 2022; Ramadan and El-Tayeb 2023).

Cis-diamminedichloroplatinum II (Cisplatin) is one of the platinum-based chemo-
therapeutic drugs, used for solid cancer treatment (Ho et al. 2016). Cisplatin binds
and damages DNA, thus, blocks the production of mRNA, and multiple proteins, and
activates several pathways that induce necrosis or apoptosis (Dasari and Tchounwou
2014). Meanwhile, cisplatin shows several drawbacks because of the drug’s related
cancer relapse, adverse effects, and resistance (Rocha et al. 2018; Skowron et al. 2018).
In addition, many toxicities arise from cisplatin treatment (Dasari and Tchounwou
2014; Oun et al. 2018). To minimize the adverse effects and resistance of cisplatin,
combination therapies are adopted and have proven to be more effective in cancer
therapy (Ghosh 2019; Faid and Ramadan. 2024).

Nanotechnology has acquired a substantial interest, where nanoparticles have been
recognized for their potential usefulness in biomedical applications (Gulati et al.
2021; Hashem et al. 2022; Faid et al. 2024; Ramadan et al. 2024a). The nanotechno-
logical approaches were employed to improve the bioavailability of large molecular
weight agents (Javed et al. 2020), increase the permeability to biological barriers, and
improve drug transportation (Cheng et al. 2021a).

Loading chemotherapeutic drugs on nanoparticles is a confirmed effective method
to protect cancer patients from drug toxicity (Cheng et al. 2021a). Polymeric nano-
particles, nanoemulsions, lipid-based nanoparticles, carbon-based nanoparticles,
quantum dots, monoclonal antibodies, extracellular vesicles, and metallic nanopar-
ticles are the most commonly manufactured nanoparticles for drug delivery (Alm-
essiere et al. 2021; Ansari et al. 2021; Cheng et al. 2021a; Jafari-Gharabaghlou et al.
2023).

Various studies were conducted to confirm the efficacy of loading nanoparticles with
anticancer cytotoxic agents in different cell lines (Khan et al. 2020; Pourgholi et al. 2021;
Alagheband et al. 2022). The studies usually focus on the effect of these nanoparticles on
the critical pathways of carcinogenesis controlling cell death, proliferation, cell cycle, and
reactive oxygen species (ROS) production (Khan et al. 2018; Pourgholi et al. 2021; Has-
sani et al. 2022; Jafari-Gharabaghlou et al. 2023; Zhang et al. 2023) or specific mutated
genes that affect carcinogenesis in different cancer types (Alagheband et al. 2022; Kho-
shravan Azar et al. 2022).
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Gold nanoparticles (AuNps) are one of the most generally utilized nanoparticles in
biomedical applications because of their unique characteristics of size, shape, opti-
cal properties, biocompatibility, and low cytotoxicity (Bansal et al. 2020; Nejati et al.
2022; Hamdy et al. 2024). In addition, their efficacious target specificity, and enhanced
rate of cellular uptake render them an excellent option for cell death induction in var-
ious cancer cell lines (Gonzdlez-Ballesteros et al. 2017; Martinez-Torres et al. 2018).

They can be synthesized by biological methods, using microorganisms, enzymes,
and/or biodegradable polymers derived from plants or animals. These biological
methods have been proposed to be environmentally friendly approaches. They substi-
tute the chemical and physical ways, providing an opportunity to be used in biomedi-
cal fields safely (Mohanpuria et al. 2008; Bagci et al. 2015). The effect of nanoparticles
on cancerous and healthy cells is determined by the reducing agent. Chitosan is
obtained from chitin polymer deacetylation that is present naturally in the prawns
and crustaceans shells (Li et al. 2022).

There are several applications for chitosan. Drug delivery has taken advantage of
chitosan’s positive charge, which permits non-covalent interactions with biologi-
cal tissues and might help to overcome the shortcomings of current chemotherapy.
Furthermore, chitosan has the potential to accumulate at the tumor site, trigger M1
macrophage polarization, and change the tumor microenvironment from immuno-
suppressive to immunosupportive, all of which might have an anticancer impact and
increase the effectiveness of cancer immunotherapy. Finally, but just as potentially,
chitosan itself may prevent the proliferation of tumor cells, angiogenesis generated by
tumors, and tumor metastasis. As a result, chitosan and its derivatives may work very
well in the domain of cancer treatment (Ding and Guo 2022).

Using chitosan as a reducing and capping agent with AuNps, forming chitosan-
reduced gold nanoparticles (AuCh Nps), can decrease their aggregation, stabilizing
them as well as raise their biocompatibility, biodegradability, and cytotoxicity to can-
cerous cells (Collado-Gonzdlez et al. 2015; Gulati et al. 2021; Ramadan et al. 2024b).

Gold nanoparticles became one of the promising drug delivery vehicles for platinum
chemotherapeutic agents (Chen et al. 2017). Using AuNps for transporting cisplatin,
reduces its dose with the same effect as the free drug, thus decreasing its undesired
adverse effects (Gonzélez-Lépez et al. 2020). Furthermore, the preferences of apply-
ing AuNps as a drug nanocarrier are the release of drugs in a consistent regulatory
way, drug targeting selectivity, enhanced cellular uptake of platinum-based agents,
ability to sensitize the cells to chemotherapeutic drugs, and resistance to degradation
by enzymes (Ma et al. 2015; Wroéblewska et al. 2022).

Although past research has fundamentally focused on the synthesis of AuCh Nps
demonstrating their anticancer properties and biocompatibility, the role of these nan-
oparticles as chemotherapeutic carriers and their anticancer effect on various malig-
nancies have not been fully addressed in the literature. Thus, in this study, cisplatin
was loaded on AuCh Nps, forming a newly synthesized Cis/AuCh nanocomposite in
an attempt to investigate the anticancer effect and mechanism of action of this nano-
composite for the first time on OSCC cell line and detect its possible safety on normal
oral epithelial cells (OEC).
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Consequently, the present study aimed to examine the antitumor effect of AuCh
Nps and Cis/AuCh nanocomposite, regarding cytotoxicity, apoptosis, cell cycle regu-
lation, and ROS status on OSCC and OEC cell lines, in addition to comparing their
effects to that of cisplatin.

Materials and methods

Chemicals and reagents

Cisplatin was obtained from MYLAN Company, France. Acetic acid and the aqueous
solution of HAuCl4 were obtained from Sigma Aldrich Chemical Co., St. Louis, Mo,
USA. Dulbecco’s Modified Eagle Medium (DMEM) medium, Penicillin Streptomycin
(Pen Strep), and Trypsin were purchased from Gibco Life Technologies, USA. Heat-
inactivated fetal bovine serum (HFBS) was obtained from Invitrogen Co., Waltham,
MA, USA. Sulforhodamine B (SRB) (Catalog No. ab235935) and the primary antibody
Anti-Caspase 3, rabbit recombinant monoclonal antibody for immunohistochemi-
cal (IHC) staining (Catalog No. ab184787) were supplied from abcam, Cambridge, UK.
Biotinylated goat anti-rabbit antibody and streptavidin-peroxidase were purchased from
Thermo Fisher Scientific, Waltham, Massachusetts, USA, and Horseradish peroxidase
(HRP) ADVANCETM/HRP was obtained from Dako, Carpinteria, CA, USA. Diamin-
obenzidine Tetrahydrochloride (DAB) chromogen was supplied from Sigma, St. Louis,
MO, USA. Enzyme-linked immunosorbent assay (ELISA) kits for Caspase 3 (Catalog
No. SEA626Hu), Bax (Catalog No. SEB343Mu), Bcl-2 (Catalog No. SEA778Ra), P53
(Catalog No. SEHO09Hu), and Caspase 8 (Catalog No. MBS452285) were attained from
cloud Clone Corp, (USA). Malondialdehyde (MDA) Assay Kit (Catalog No. MAKO085),
and Ellman’s reagent [5,5-dithiobis-(2-nitrobenzoic acid)] for Glutathione (GSH) meas-
urement were purchased from Sigma Aldrich St. Louis, MO, USA.

Preparation of AuCh Nps and Cis/AuCh nanocomposite

For AuCh Nps preparation, 1 gm of medium molecular weight chitosan was dissolved
in 100 ml of 1% acetic acid boiled on a hot plate. Then 10 uL of 1.25x 10~* M concen-
trated aqueous solution of HAuCl, was added to 10 ml of chitosan solution. Next,
the mixture was heated for 15 min at 100 °C while stirring constantly to create a red
color (Faid et al. 2023). Subsequently, Cis/AuCh nanocomposite was formed by coat-
ing AuCh Nps with cisplatin. 1 ml of cisplatin (1 mg/ml) was mixed with 1 ml of the
synthesized AuNps dropwise and sonicated for 20 min.

Characterization of AuCh Nps and Cis/AuCh nanocomposite

Ultraviolet-visible (UV-Vis) spectroscopic analysis

A double beam spectrophotometer (PG instrument, T80%, UK) was used to detect
the absorption spectra of the formed samples. 2 ml of the prepared solutions were
obtained by diluting 200 pl of the solution with distilled water, followed by a transfer
to a 1 cm UV-quartz cell. The absorption spectra were recorded within the proper
scan range (200 nm to 800 nm).
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Transmission electron microscope (TEM) measurements

The morphology of the prepared solutions was obtained using TEM at the Nanotech-
nology and Advanced Material Central Lab. (NAMCL), Agriculture Research Center
(ARC), Giza, Egypt. Company name: FEI, Netherlands. Model: Tecnai G20, Super twin,
double tilt and Applied voltage: 200 kV, Magnification Range: up to 1,000,000 X and Gun
type: LaB6 Gun. A monolayer was produced by adding drops of a very dilute solution on
an amorphous carbon-coated copper grid which was left to evaporate at room tempera-
ture, then imaged by TEM.

Dynamic light scattering (DLS) analysis and zeta potential

The particle size and surface charges of Auch Nps and Cis/AuCh nanocomposite
were inspected by DLS with Zeta sizer 300 HAS (Malvern Instruments, Malvern, UK)
depending on photon correlation spectroscopy. After 60s of analysis, the average zeta
potential was determined. Nanoparticulate dispersion zeta potential was obtained with-
out dilution.

Fourier transform infrared spectroscopy (FT-IR) analysis

Measurements of the FT-IR were conducted using a (4100 Jasco-Japan, FT-IR spectrom-
eter). The samples of Auch Nps and Cis/AuCh nanocomposite were freeze-dried by a
lyophilizer, powdered, and diluted with potassium bromide (KBr). Then the IR spectra

were measured in the range of 500-4500 cm ™.

X-ray diffraction (XRD) analysis

Phase analysis was detected with the XRD technique (X’pert PRO, PAN analytical,
Almelo, the Netherlands) in the scanning mode conducted at 40 kV and a current of 30
mA with Cu K radiation (=1.54 A) and High Score Plus software. The standard Interna-
tional Center for Diffraction Data (ICDD) library was the reference for comparing the
diffraction intensities. The source of data about the synthesized nanomaterial crystal
structure was the Powder Diffraction File (PDF-4) database.

Cell culture and cell lines

Tongue squamous cell carcinoma (HNO97) and OEC cell lines were obtained from the
National Cancer Institute, Cairo University, (Giza, Egypt). The cell lines were maintained
in a DMEM medium containing 10% HFBS and 1% Pen Strep. The cell lines were kept in
a 5% CO, incubator at 37 °C and a humidified atmosphere. After reaching 80% cell con-
fluency, trypsinization was done and cells were subcultured.

Sulphorhodamine-B (SRB) and IC50 calculation

The cytotoxic effect of cisplatin, AuCh Nps, and Cis/AuCh nanocomposite was detected
by SRB assay (Vichai and Kirtikara 2006; Sharaky et al. 2020). The 5n passage of cells was
used for this test. Briefly, the cells were seeded in a 96-well cell culture plate (cells density
3% 10 cells/well) in a 100 pl complete growth medium and maintained in the incubator
at 37 °C for 24 h. Each test included a blank well containing a complete medium without
cells and serial concentrations, of each drug, added individually. The plates were placed
in the incubator for 48 h, then, examined by the inverted microscope and transferred to
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a sterile work area for SRB assay. For each concentration, three wells were used. After
48 h, the cells were fixed with 20% trichloroacetic acid, and stained with 0.4% SRB dye.
The optical density (O.D.) of each well was measured by a spectrophotometer at 570 nm
using an ELISA microplate reader (TECAN sunrise ", Germany). The percentage of alive
cells was calculated by the following equation:

(O.D.) mean of treated cells y
(O.D.) mean of control untreated cells

% Cell Viability = 100

Then the IC50 (concentration that produces 50% of cell growth inhibition) value for
each drug on both cell lines was calculated using dose—response curve-fitting models
(Graph Pad Prizm software, version 8).

The doses selected for the subsequent tests on both cell lines were the HNO97-1C50
doses for 48 h of cisplatin, AuCh Nps, and Cis/AuCh nanocomposite, in addition to
untreated cells as negative control.

Detection of the cellular morphological changes

The cells were fixed in 50% ethanol and a cell pellet was obtained by centrifugation. After
removal of the fixative, the cell pellet was dehydrated in 3 mL acetone. Melted paraffin
was then applied on the dry warmed cell pellet and left to solidify and microscopic slides
were obtained and stained with Hematoxylin and Eosin (H & E) (Krogerus and Anders-
son 1988; Bressenot et al. 2009). Six photos from each group were taken with the digital
camera (Canon EOS 650D) mounted on the light microscope (BX60, Olympus, Japan)
with magnification (1000X Oil immersion). The images were used for the determination
of cellular and nuclear morphological changes.

Active Caspase 3 immunohistochemical (IHC) staining and determination of apoptotic index
(Al)

Five pm thick sections from paraffin blocks of each group were deparaffinized. For heat-
induced epitope retrieval, the sections were incubated at 120 °C for 10 min in 0.01 M
sodium citrate solution (pH 6), followed by a 2 h cool down. The primary antibody anti-
Caspase 3, rabbit recombinant monoclonal antibody with dilution 1:1000, was applied
for 16 h at 4 °C. The sections were twice washed with phosphate-buffered saline with
Tween 20 (PBS-T) (0.1IMPBS, pH 7.4 and 0.1%Tween 20) over 10 min, then incubated
at room temperature for an hour with biotinylated goat anti-rabbit antibody at dilution
1:200.

After two PBS-T washes (for 10 min each time), the activity of endogenous peroxidase
was blocked by incubating the sections in a 6% hydrogen peroxide solution for 10 min.
The slides were washed twice in PBS-T (5 min each), followed by incubation at room
temperature for an hour in streptavidin-peroxidase at dilution 1:150. After two PBS-T
washes, the sections were immersed in ADVANCETM/HRP and (DAB) chromogen for
the visualization of antigen—antibody complexes. Finally, counterstaining was performed
using half-diluted Harris hematoxylin (Bressenot et al. 2009).

Seven fields comprising at least 1000 cells from each group were captured with the
digital camera (Canon EOS 650D) mounted on the microscope (BX60, Olympus, Japan)
with magnification (1000X Oil immersion) and were used to detect the apoptotic index
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(AI) of each group. Al represented the percentage of the counted caspase 3 labeled cells
relative to the total number of cells in each field (Bressenot et al. 2009).

Determination of apoptotic markers by ELISA

The expressions of P53, Caspase 3, Caspase 8, Bax, and Bcl-2 in each cell line were evalu-
ated with ELISA. HNO97 and OEC cell lines were applied to the plates at a density of
2% 10°. Both cell lines were treated with the HNO97-IC50 doses. After incubation for
48 h, cells were collected by centrifugation at 1800g for 5 min, the culture media was dis-
carded and the cells were twice washed with phosphate-buffered saline (PBS). Next the
pellets were lysed in 50 pl cold lysis buffer and the lysate was centrifugated at 12,000g for
1 min at 4 °C, and then the supernatant was collected (Reen 1994).

Bradford method was used to detect the protein levels of the markers (Kielkopf and
Bauer 2020). According to the manufacturer’s protocol; 100 ul of the Detection Reagent
A was added to each well containing 100 ul of the standard or sample and incubated
for 1 h at 37 °C. The solution was then aspirated and washed for 1-2 min with 350 pl
of 1 X Wash Solution. 100 pl of Detection Reagent B working solution was subsequently
added to each well and the wells were incubated for 30 min at 37 °C, then the aspiration
and wash were repeated. 90 pl of the Substrate Solution was added to each well, and
incubated for 20 min at 37 °C. 50 ul of the Stop Solution was then added and the solution
turned yellow. Finally, in a microplate reader (Biotech, Inc., USA), the color of each sam-
ple was recorded at 450 nm and the standard curve was plotted to calculate the protein
concentration.

Flow cytometry cell cycle analysis

For cell cycle analysis, the IC50 doses of cancer cells were applied to the cells at a con-
centration of 300 uM for 48 h. The cells were then fixed in 70% ethanol, washed with
PBS, and stained with PBS containing 20 pg/ml RNase A and 50 pug/ml propidium iodide
(PI) for 3 h at room temperature. Around 10,000 cells were analyzed by CyAn ADP flow
cytometer (Beckman Coulter, Brea, CA, USA) and FCS Express 5 (De Novo Software,
Glendale, CA, USA). This experiment was performed two times for symmetric results
(Mullen 2004).

Measurements of ROS markers
Malondialdehyde (MDA) measurement
Following the manufacturer’s instructions, the MDA content was determined in the cell
culture lysate to detect the lipid peroxidation products, using MDA Assay Kit. In this
assay, MDA combines with thiobarbituric acid (TBA) to form an adduct. Briefly, cells
were homogenized in 300 pl of the MDA lysis buffer on ice. The samples were centri-
fuged at 13,000g for 10 min and 200 pl of the supernatant was placed into a microcen-
trifuge tube. 600 pl of the TBA solution was added to each of the standard and sample
vials. The vials were then incubated at 95 °C for 60 min then cooled to room temperature
in an ice bath for 10 min. 200 pl from each standard and sample reaction mixture was
pipetted into a 96-well plate.

The absorbance was determined by the spectrophotometer (Spectronic, Milton
Roy Co.) at 532 nm. After calculating the MDA concentration using dose—response
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curve-fitting models (GraphPad, Prizm8 software incorporated), the amount of MDA in
each sample was obtained from the standard curve (Tsikas 2017).

Nitric oxide (NO) measurement

Nitric oxide content was detected in the culture media of cells by adapting the Miranda
et al. method (Miranda et al. 2001). A mixture of 250 ml culture media and 0.5 ml cold
absolute ethanol was left for 48 h at 4 °C to reach complete protein precipitation fol-
lowed by 13,000 rpm centrifugation for 1 h using a cooling centrifuge. In a 96-well
microplate, a serial dilution of 100 ml nitrate standard solution was performed in dupli-
cate. Rapidly, 100 ml of vanadium chloride was added to each well followed by 50 ml
sulphanilamide and 50 ml n-(1-naphthyl) ethylene diamine in 2 N hydrochloric acid and
the mixture was incubated for 30 min. Using an ELISA microplate reader (TECAN Sun-
rise ', Germany), the absorbance at 540 nm was measured and the level of total nitrite/

nitrate was revealed and determined using the standard curve.

Reduced glutathione (GSH) measurement

Ellman’s method was employed to detect the reduced glutathione content (Ellman 1959).
HNO97 and OEC cells were harvested and protein precipitation was done with trichlo-
roacetic acid. The Ellman’s reagent [5,5-dithiobis-(2-nitrobenzoic acid)] was added to
the supernatant. After the determination of the absorbance at 405 nm using a spectro-
photometer (Spectronic, Milton Roy Co.), GSH content was calculated from a stand-
ard calibration curve and dose-response curve models (GraphPad, Prizm8 software,
incorporated).

Statistical analysis

Data were coded and entered using the Graph pad prism 8.0.1 (244) and summarized
using mean and standard deviation. Data was double-checked for normality using nor-
mality plots and Shapiro Wilk test and proved not to deviate from normal distribution.
Comparisons were done using analysis of variance (ANOVA) with multiple comparisons
(Tukey) post hoc test. P values less than 0.05 were considered statistically significant.

Results

Characterization of AuCh Nps and Cis/AuCh nanocomposite

Ultraviolet-visible (UV-Vis) spectroscopy

The efficiency of cisplatin loading into AuCh Nps conjugates was determined by UV-Vis
spectroscopy. The formation of AuCh Nps was exhibited by a peak at a wavelength of
520 nm. Upon the addition of cisplatin, a broadening and red shift in the peak from a
wavelength of 520 nm to 530 nm was observed. The plasmon absorption displayed a red
shift as the nanoparticle size increased when the different moieties were added (Fig. 1).

Transmission electron microscope (TEM) measurements

The TEM images of AuCh Nps and Cis/AuCh nanocomposite had a spherical shape with
uniform size distribution. TEM images of cisplatin loaded on AuCh Nps revealed that
the nanocomposite was regularly spherical in shape and had a smooth surface with an
increase in the particle size from 12+2 nm to 16 +2 nm as indicated by the red shifting
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in the plasmon absorption band that shifted toward a longer wavelength. Here the plas-
mon coupling obviously appeared with linearly arranged coupled particles confirming
the nanocomposite formation (Fig. 2).

Dynamic light scattering (DLS) analysis and zeta potential

For proper study of the hydrodynamic diameter and surface charge of the synthesized
colloidal AuCh Nps and Cis/AuCh nanocomposite, DLS and zeta potential measure-
ments were performed. Cisplatin-loaded AuCh Nps revealed a high zeta potential along
with small uniform particles. AuCh Nps and Cis/AuCh nanocomposite hydrodynamic
sizes were 101.3 and 146.2 nm, respectively (Fig. 3), with zeta potentials of 36.6 and
39.3 mV (Fig. 4).

Fourier transform infrared spectroscopy (FT-IR) analysis

An FT-IR analysis was employed to confirm the interactions between AuCh Nps and cis-
platin. The chemical interactions resulting from mixing two or more components would
trigger a change or shift in the characteristic peaks. From FT-IR analysis of cisplatin
solution, the main characteristic peaks appeared at 3434.6 cm™! besides stretching vibra-
tion in the range from 577.57 to 624.19 cm™', and peaks at 1425.14 and 1630.52 cm™.
As shown in (Fig. 5), AuCh Nps exhibited characteristic peaks at 3427.85 cm™, and
upon loading cisplatin, the peak showed a slight red shift to 3030.74 cm™. A peak at
1568.81 cm™! was also detected. In addition, bands at 1413 cm™ and 1258 cm™ were
observed. In the case of Cis/AuCh nanocomposite, there was an intensity reduction
of all bands and NH which broadened and minimally shifted to lower wavelengths at
3430 cm™. Cis/AuCh nanocomposite exhibited a blue shift of the O—H in-plane bend-
ing from 1425 to 1414 cm™.

X-ray diffraction (XRD) analysis

The crystalline property of nanoparticles and nanocomposites is one of the crucial
elements affecting their mechanical characteristics. Sharp peaks were obvious at
20=27, 30.1, 36.7, 44.1, 48.5 and 57 degrees. The 112, 220, and 116 diffraction line
characteristics of chalcopyrite structure were also observed (Fig. 6A). The XRD
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Prinl Mag: 105000x @ 211 mm

Fig.2 TEM images of (A) AuCh Nps and (B) Cis/AuCh nanocomposite (magnification 100 nm)

pattern of AuCh Nps showed characteristic diffraction peaks at 37.97°, 44.18°, 64.62°,
and 77.45°, corresponding to (111), (200), (220), and (311) (Fig. 6B). The characteristic
peaks of AuCh Nps were observed to shift and at very low intensity. The Cis/AuCh
nanocomposite sample showed sharp peaks at 20 =19.92°,27°, 30.1°,36.7°, 44.1°, 48.5°
and 57° corresponding to the Cis/AuCh (Fig. 6C).

Assessment of cytotoxicity

The results of the SRB cytotoxicity assay revealed that the IC50 doses after 48 h treat-
ment with cisplatin, AuCh Nps, and Cis/AuCh nanocomposite on OSCC (HNO97)
cell line were (11.5 pg/ml, 12.5 pg/ml, 6.2 pug/ml, respectively) (Fig. 7A) and on nor-
mal OEC cell line were (20 pg/ml, 40 pg/ml and 44.5 pg/ml, respectively) (Fig. 7B).
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Fig. 3 Particle size of (A) AuCh Nps and (B) Cis/AuCh nanocomposite

Microscopic morphological changes

Microscopic examination revealed that the control untreated HNO97 and OEC cells
were viable and confluent. The cells incubated with the HNO97-IC50 doses of cisplatin,
AuCh Nps, and Cis/AuCh nanocomposite lost their adhesion and showed apoptotic cel-
lular changes of cellular and nuclear shrinkage, membrane blebbing, peripheral chroma-
tin condensation, chromatin fragmentation, and apoptotic bodies. AuCh Nps and Cis/
AuCh nanocomposite-treated OEC groups revealed more confluent attached areas and
less obvious apoptotic cells (Fig. 8).

Caspase 3 immunohistochemical results and apoptotic index (Al)

After incubation with the 48 h-HNO97-1C50 doses, Caspase 3-immunopositive cells
revealed cytoplasmic staining besides nuclear staining in some cells. Many immu-
nostained apoptotic bodies were also detected (Fig. 9). The Caspase 3-Al showed a sta-
tistically significant increase in all treated groups in comparison to the untreated control
(P=0.001) in the HNO97 cell line, where the Cis/AuCh nanocomposite-treated group
presented the highest value. On the other hand, regarding OEC cell line, only the cis-
platin-treated group revealed a statistically significant increase in Al from the control
(P=0.001) (Fig. 10).
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Enzyme-linked immunosorbent assay (ELISA) measurements of apoptotic proteins levels

Regarding the HNO97 cell line, the protein levels of the pro-apoptotic markers increased
significantly in all treated groups compared to the control untreated one, while the anti-
apoptotic marker (Bcl-2) decreased significantly. The Cis/AuCh nanocomposite-treated
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cells presented a significant rise in the level of the pro-apoptotic markers; P53, Cas-
pase 3, Caspase 8, and Bax, besides a significant drop of Bcl-2 level compared to cis-
platin (P=0.0016, 0.0427, 0.0161,<0.0001, and 0.0096, respectively) and AuCh Nps
(P=0.0001, 0.0011, 0.0001,<0.0001, and 0.0003, respectively) treated cells. In addition,
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the AuCh Nps group presented a significantly lower level of the pro-apoptotic markers
and a higher level of Bcl-2 in comparison to the cells treated with cisplatin (Fig. 11).

On the other hand, there was an increase in the pro-apoptotic markers and a reduc-
tion in the protein level of Bcl-2 in all treated groups relevant to the untreated control
in the OEC cell line; however, this effect was insignificant as regards P53, Caspase
3, and Caspase 8 in Cis/AuCh nanocomposite treated cells. The levels of P53, Cas-
pase 3, Caspase 8 and Bax were lower in AuCh Nps (P=0.0028, 0.0016, 0.0614, and
0.0385, respectively) and Cis/AuCh nanocomposite (P=0.0011, 0.0008, 0.029, and
0.1273, respectively) treated cells in comparison to the cisplatin-treated group, while
the level of Bcl-2 was higher in AuCh Nps (P=0.0862), and Cis/AuCh nanocomposite
(P=0.0357) than cisplatin. No significant difference in the levels of all protein mark-
ers was detected between AuCh Nps and Cis/AuCh nanocomposite-treated groups in
OEC (Fig. 12).

Cell cycle analysis by flow cytometry

Analysis of the cell cycle by flow cytometry of the HNO97 cell line showed that most
of the untreated cells were in GO/G1 phase (78.595%), with S phase (18.835%) and
G2/M phase (2.745%). After treatment with the IC50, most of the cisplatin-treated
cells shifted to the S phase (70.165%) with an increase in the mean percentage of
cells in the G2/M phase to (4.765%). In the AuCh Nps group, the S phase population
increased to (33.57%), while the G2/M phase decreased to (0.34%). Cis/AuCh nano-
composite showed S phase shift to (35.765%) (Fig. 13).

Regarding the OEC cell line, the cisplatin-treated group revealed the most shifts from
the control. The cells shifted from the GO/G1 phase to the S phase (58.455%) and G2/M
(14%). AuCh NPs and Cis/AuCh nanocomposite showed S phase cell shift to 48.325%
and 46.115%, respectively, and G2/M shift to 4.89% and 7.78%, respectively (Fig. 14).
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Fig. 8 Photomicrographs showing morphological apoptotic changes of HNO97 and OEC treated groups. A,
E Control untreated groups. B, F Cisplatin-treated groups, (C, G) Auch Nps-treated groups, (D, H) Cis/AuCh
nanocomposite-treated groups. The numbers indicate examples of the morphological features of the stained
cells as follows: 1: confluent viable cells, 2: apoptotic shrunken cells with a shrunken nucleus, 3: peripheral
chromatin condensation, 4: membrane blebbing, 5: fragmentation of chromatin, 6: apoptotic bodies (H & E,
1000X, Oil)



Ahmed et al. Cancer Nanotechnology (2025) 16:4 Page 16 of 29

Fig. 9 Photomicrographs showing positive immuoreactivity of the apoptotic cells in HNO97 and OEC
groups. A, E Control untreated groups. B, F Cisplatin-treated groups, (C, G) Auch Nps-treated groups, (D, H)
Cis/AuCh nanocomposite-treated groups. The numbers indicate the location of the immuno-reaction as
follows: 1: Cytoplasmic, 2: Nuclear, 3: Apoptotic bodies (anti-Caspase 3, 1000X, Oil)

Evaluation of reactive oxygen species (ROS)

All HNO97 treated groups revealed a statistically significant increase in the expres-
sion of MDA and NO from the control untreated cells and a significant reduction in
GSH. The highest MDA and NO, and the lowest GSH expressions were detected in the
Cis/AuCh nanocomposite (P=0.006,<0.001, and 0.001, respectively) (Fig. 15A-C).



Ahmed et al. Cancer Nanotechnology (2025) 16:4 Page 17 of 29

A
80 HNO97
abc
§ 60
% a
.:__c.?'
o
g 40+ ab
<
©
]
S 20
(]
0 —
Untreated Cis AuCh Nps  Cis/AuCh nanocomposite

40— OEC

30

20+

10

Caspase3-Apoptotic Index

0

Untreated Cis AuCh Nps Cis/AuCh nanocomposite

Fig. 10 Bar charts representing the effect of Cis (Cisplatin), AuCh Nps, Cis/AuCh nanocomposite on Caspase
3-apoptotic index (Al) in (A) HNO97 and (B) OEC cell lines."a"indicates the significance compared to
untreated group, “b"to Cis and “c”to Auch Nps (p <0.05)

Conversely, only the cisplatin-treated group in the OEC cell line showed a statistically
significant rise in MDA and NO and a reduction in GSH (Fig. 15D-F).

Discussion

Cisplatin is the primary chemotherapeutic agent for OSCC treatment. However, this
anticancer effect is associated with high multisystem toxicity (Cheng et al. 2021b).
Thus, it is inevitable to seek alternatives with fewer side effects.

In this study, UV-Vis spectroscopy results of the synthesized nanoparticles revealed
that AuCh Nps formation by a peak at a wavelength of 520 nm indicates a successful
functionalization with cisplatin, while the broadening and red shift in the peak from a
wavelength of 520 nm to 530 nm after addition of cisplatin denotes a successful con-
jugation of cisplatin to AuCh Nps (Khamaikawin and Locharoenrat 2023).

Regarding the zeta potential, our results revealed that AuCh Nps and Cis/AuCh
nanocomposite possessed a high potential and a small size of their particles. The
high zeta potential is associated with a large repulsive force between the nanoparti-
cles and consequently high stability. Moreover, the charge density of the particles sig-
nificantly affects their adherence with the negatively charged cancer cell membrane,
thus influencing the stability and drug release. Accordingly, it was recommended to
use positively charged nanoparticles as carriers for drug delivery. The electrostatic
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repulsions usually inhibit the aggregation of the charged particles with an ideal zeta
potential > 30 mV (Ramadan et al. 2022; Faid et al. 2023; Mohamad et al. 2023; Alex-
eree et al. 2024).

From the FT-IR analysis of cisplatin solution, the main peak appeared at
3434.6 cm™' was due to —NH stretching and the stretching vibration in the range
from 577.57 cm™ to 624.19 cm™! was due to Pt-O-Pt linkage (Shaaban et al. 2022;
Ramadan et al. 2024a). Peaks at 1425.14 and 1630.52 cm™! corresponded to HNH
asymmetric and symmetric bending, respectively.

AuCh Nps exhibited characteristic peaks at 3427.85 cm™! which were attributed
to hydrogen-bonded O-H stretching vibration bands of N-H stretching from pri-
mary amine and type II amide which were overlapped in the same region upon load-
ing cisplatin. This peak showed a slight red shift to 3030.74 cm™" (Faid et al. 2023,
2024). The peak at 1568.81 cm™ corresponded to C-O stretching along with N-H
deformation mode (Regiel-Futyra et al. 2015). The band at 1413 cm™! was attributed
to bending vibration of OH group, while the band at 1258cm™ corresponded to the
amide III vibration mode due to the combination of N-H deformation and C-N
stretching (Faid et al. 2023, 2024). The blue shift of the O-H in-plane bending from
1425 to 1414 cm™! of Cis/AuCh nanocomposite could be due to loading cisplatin on
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AuCh Nps. The slight change in the partial peaks indicates the formation of bonding
between cisplatin and AuCh Nps.

XRD is the method usually used to determine the crystallinity, phase behavior, and
lattice constants. The sharp peaks that appeared at 26=27, 30.1, 36.7, 44.1, 48.5, and
57 degrees, were due to the platinum in the cisplatin. The three diffraction peaks
at the 20 values of 27, 44.1, and 57 were associated with the (112), (220), and (116)
reflections of the chalcopyrite cisplatin, respectively (Jayasuriya and Darr 2013).
Regarding AuCh Nps, Bragg’s reflection is in good agreement with the face-centered
cubic (FCC) structure of AuCh Nps (JCPDS card no: 04—0784). In addition, the most
prominent diffraction peak at 22.8° confirmed the crystalline structure of chitosan
(Dananjaya et al. 2017). Our XRD results of AuCh Nps agree with the previous find-
ings of Kanwal et al. (2019), Saravanakumar et al. (2020), and Salah et al. (2023).

The characteristic peaks of AuCh Nps were observed to shift at a very low intensity
as they were loaded and covered with cisplatin (Pucelik et al. 2022). This overlapping
between the peaks indicates the loading and formation of a new crystalline nature of
the Cis/AuCh nanocomposite. The sharp peaks at 26=19.92°,27°, 30.1°,36.7°, 44.1°,
48.5° and 57° of Cis/AuCh nanocomposite sample corresponded to the Cis/AuCh.
Thus, these results verify the successful loading of cisplatin into AuCh Nps.
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Our study revealed that conjugating cisplatin with AuCh Nps reduced the IC50
dose after 48 h from 11.5 pg/ml to 6.2 pg/ml. In addition, AuCh Nps alone were cyto-
toxic to the HNO97 cell line with IC50 of 12.5 pug/ml. These findings are parallel with
Dhar et al. (2009), Brown et al. (2010), and Ganji et al. (2021), who found that bind-
ing platinum-based chemotherapeutic drugs to AuNps was more effective and more
cytotoxic than their free state on several cancer cell lines. In addition, niosomes con-
taining a chemotherapeutic drug and AuNps coated with chitosan revealed a signifi-
cant cytotoxic effect on breast cancer cells (Zenjanab et al. 2024). On the other hand,
the cytotoxic effect of Cis/AuCh nanocomposite on the OEC cell line was much lesser
than that of cisplatin with IC50 of 44.5 pg/ml. Thus, for proper exploration of the
antitumor effect and safety of the study therapeutic agents, the IC50 doses of HNO97
cell line were chosen for detecting the changes in cytological morphology, apoptotic
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index, apoptotic protein levels, cell cycle, and ROS markers in both HNO97 and OEC
cell lines.

Besides the obvious apoptotic microscopic features observed on applying the 48 h—
IC50 doses of AuCh Nps and Cis/AuCh nanocomposite on HNO97 cells, Caspase 3
immunohistochemical staining revealed positive cytoplasmic and nuclear staining in the
apoptotic cells besides some morphologically appearing healthy cells which was also the
case in all study groups. This was attributed to the ability of the Caspase 3 marker to
detect apoptosis in the very early stage. Staining of the nucleus could be explained by
the nuclear translocation of the protein (Bressenot et al. 2009). Al results presented a
significant rise in the number of apoptotic cells compared to the control, on contrary to
OEC which did not show any significant difference with the untreated group. Moreover,
ELISA results of HNO97 cell line displayed a significant increase in the protein levels, of
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the pro-apoptotic markers of the intrinsic pathway Bax and caspase 3, along with a sig-
nificant decrease in the level of anti-apoptotic Bcl-2 protein.

Similar to our results, Bandyopadhyay et al. (2021) detected nuclear fragmentation
of breast cancer cells after exposure to 1/3 IC50 of chitosan-functionalized AuNps. In
addition, it was reported that niosomes formed by chitosan coated chemotherapeutic
agents and AuNps remarkably increased the apoptotic rate of breast cancer cells after
48 h (Zenjanab et al. 2024). Furthermore, AuCh Nps proved to be effective in inducing
the intrinsic pathway of apoptosis in HeLa cells, a finding detected by caspase 3 activa-
tion (Martinez-Torres et al.2018). Another study on breast cancer showed a rise in Bax/
Bcl-2 ratio, forming mitochondrial membrane pores, and activation of the initiator and
executioner caspases (Bandyopadhyay et al.2021). Caspase 8, the enzyme responsible for
the extrinsic apoptotic pathway was found elevated in all treated groups. Although Ban-
dyopadhyay et al. (2021) did not detect any effect of AuCh Nps on the extrinsic path-
way of apoptosis in breast cancer cells, previous studies reported that both chitosan and
AuNps were effective in inducing Caspase 8 in cancer cell lines (Takimoto et al. 2004;
Choi et al.2012; Doghish et al. 2022). P53 “cell cycle checkpoint and tumor suppressor
protein” was elevated in our study following Selim and Hendi (2012), who observed an
increase in P53 fold change after treating the MCF-7 cell line with AuNps.
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Cell viability inhibition can be related to the induction of cell cycle arrest. Our study
detected cell cycle arrest at the S phase by AuCh Nps and Cis/AuCh nanocomposite
on the HNO97 cell line. Although similar arrest at the S phase and mild G2/M were
detected in the OEC cell line, the effect of AuCh Nps and Cis/AuCh nanocomposite on
normal cell lines was much milder than that of cisplatin. The S phase is the stage before
cell division during which DNA synthesis takes place, while G2/M is the checkpoint
before mitosis progression, thus blockage of some cells at these phases prevents them
from entering mitotic cell division (Kubo et al. 2003; Luk et al. 2005). P53 can sustain S
and G2 arrest followed by activating apoptosis-related genes (Agarwal et al. 1998; Luk
et al. 2005). P53-mediated G2 arrest may be achieved through the induction of p21 and
14-3-30, the G2/M progression inhibitors, while S phase arrest could be p21 independ-
ent (Hermeking et al.1997; Agarwal et al. 1998; Bunz et al. 1998; Luk et al. 2005). Previ-
ously, AuNPs were said to arrest breast cancer cells at the G2/M phase (Abdel-Ghany
et al. 2020), while Choi et al. (2012) detected the arrest in the sub-G1 phase in lung ade-
nocarcinoma cells. In addition, chitosan efficiently arrested the cell cycle at the G1 and S
phases when applied to Ca9-22 oral cancer cells (Wimardhani et al. 2014).

It was demonstrated earlier that AuCh Nps and other AuNps were able to induce can-
cer cell death by ROS production (Chompoosor et al. 2010; Boyles et al. 2015; Martinez-
Torres et al.2018). Our results revealed high MDA and NO and low GSH expressions in
HNO97 cells treated with AuCh Nps and Cis/AuCh nanocomposite. ROS production by
nanoparticles can cause mitochondrial alterations leading to apoptosis (Liu et al. 2013).
Lipid peroxidation and excessive MDA production indicate ROS tissue damage (Gawel
et al. 2004). NO can cause damage to DNA and P53 activation leading to upregulation of
the extrinsic apoptotic pathway (Kannappan et al. 2010), or upregulation of Bax stimu-
lating the intrinsic apoptotic pathway (Park et al. 2013). Moreover, the exhaustion of the
GSH antioxidant capacity of cells by high ROS release finally leads to apoptosis (Li et al.
2021). Conversely, the used doses did not cause a noticeable rise in ROS markers in the
OEC cell line. This is in accordance with Lorenzo-Anota et al. (2021), who detected low
ROS production and low cell death in non-cancer cells.

A significant increase in Caspase 3-Al, besides the upregulation of the intrinsic and
extrinsic pro-apoptotic proteins, and downregulation of Bcl-2 in the HNO97 cell line
by the Cis/AuCh nanocomposite compared to the cisplatin-treated group were obvi-
ous in this study. However, these apoptotic effects were significantly lower than the
cisplatin-treated group in the OEC cell line. Apoptosis induction, cell cycle arrest, and
ROS production are well-established mechanisms by which cisplatin acts effectively to
destroy oral cancer cells (Sancho-Martinez et al. 2012; Cheng et al. 2021b). Although
Cis/AuCh nanocomposite caused cell cycle arrest at the S phase in HNO97 cells, the
cisplatin-treated group caused a more significant shift in the cell cycle. This indicates
that the superiority of the apoptotic effect of Cis/AuCh nanocomposite on HNO97 cells
was at the first place due to more ROS production rather than more cell cycle changes.
The conjugation of cisplatin with AuCh Nps gave an additive benefit in eradicating oral
cancer cells by adding pro-apoptotic and ROS-producing properties of both gold and
chitosan. In addition, using chitosan as a reducing and capping agent increases the
muco-adhesion properties of the particles to the cell membrane and enhances more dif-
fusion of cisplatin (Gulati et al. 2021).



Ahmed et al. Cancer Nanotechnology (2025) 16:4 Page 24 of 29

The safety of the newly formulated Cis/AuCh nanocomposite on OEC, is said to be
related to the lower cisplatin amount used and the cancer cell selectivity of AuCh Nps
regarding ROS production (Lorenzo-Anota et al. 2021). In addition, Martinez-Torres
et al. (2019) supposed that AuCh Nps activate different mechanisms for selective cyto-
toxicity against cancer cells without affecting the normal ones. Furthermore, chitosan
and chitosan-based chemotherapeutic drug delivery systems were reported to have an
affinity for Mucinl receptors which are overexpressed on cancerous cells providing a
preferential drug delivery and more intracellular and extracellular accumulation to can-
cer cells over normal cells (Wiranowska et al. 2020).

This work paves the way for further studies to detect the effect of Cis/AuCh nanocom-
posite in different oral cancer cell lines and normal cell lines. In addition, it is inevita-
ble to further explore the effect of the nanocomposite on different OSCC carcinogenic
pathways. Animal studies and clinical trials will be the next step to unveil the interac-
tion of Cis/AuCh nanocomposite with tumor microenvironment and explore their effect
on metastatic models. Previously, it was found that the gold nano-delivery system acts
its anticancer role by reprogramming the tumor microenvironment (Saha et al. 2016).
Designing a proper clinical trial study will be the next challenge to examine any immune
reaction against the nanocomposite.

AuNps were proven excellent carriers of the chemotherapeutic drugs in targeted drug
delivery system (Nejati et al. 2022). Especially those capped and reduced by chitosan
have higher stability, more selectivity to cancer cells, and increased safety on normal
cells, removing the fear of long-term retention of AuNps in the body (Gulati et al. 2021).
Moreover, the size of our prepared Cis/AuCh nanocomposite is considered optimal for
penetrating tumor tissue and capillaries (Kenchegowda et al. 2021). Thus, it is predicted
to greatly enhance the biodistribution of cisplatin and reduce its systemic toxicity in
OSCC patients.

Conclusion

Cis/AuCh nanocomposite represents a promising therapeutic agent for the treatment of
OSCC. It proved effective in inducing apoptosis, cell cycle arrest, and ROS production in
HNO97 cell line while being safer than cisplatin on normal OEC cell line.

Abbreviations

0scC Oral squamous cell carcinoma

ROS Reactive oxygen species

AuNps Gold nanoparticles

AuCh Nps Chitosan-reduced gold nanoparticles
Cis/AuCh nanocomposite  Cisplatin-loaded chitosan gold nanoparticles
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TEM Transmission electron microscope

DLS Dynamic light scattering
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XRD X-ray diffraction
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H&E Hematoxylin and eosin

PBS Phosphate-buffered saline

HC Immunohistochemical

PBS-T Phosphate-buffered saline with Tween 20
HRP Horseradish peroxidase

DAB Diaminobenzidine

Al Apoptotic index

Pl Propidium iodide

TBA Thiobarbituric acid

NO Nitric oxide
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