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Abstract

Developing innovative nanomaterials for anti-cancer therapies is critical in contemporary oncological research. Graphene oxide (GO), owing to
its unique physicochemical properties, shows significant promise as a photothermal sensitizer for near-infrared (NIR) laser therapy, particularly
for aggressive malignancies like oral cancer, where conventional treatments often cause damage to healthy tissues. This study presents a
comprehensive in vitro investigation into the efficacy of GO-mediated photothermal therapy (PTT) and, crucially, delineates a novel, optimized
protocol for its application against human tongue carcinoma cells (HNO97). GO was synthesized via an improved Hummers' method. For PTT,
HNO97 cells were incubated with 50 pg/mL GO before irradiation with a 980 nm NIR diode laser. The optimized protocol involved two
irradiation sessions, each lasting 5 minutes at a 400 mW/cm? power density, separated by a one-hour interval. This novel GO+laser regimen
resulted in a substantial, statistically significant cytotoxic effect, achieving approximately 82.5% cell death in HNO97 tongue carcinoma cells. In
contrast, laser irradiation alone under the same conditions induced only minimal toxicity (approximately 12.4% cell death), and GO alone at 50
pg/mL showed high biocompatibility. These findings underscore the potent synergistic effect of GO with NIR light under precisely defined
parameters and highlight the novelty of the optimized irradiation strategy in maximizing therapeutic efficacy. This study provides foundational
evidence for future photothermal therapy protocols for GO-based PTT in oral cancer, emphasizing protocol optimization for developing effective,
multipurpose nanomedical solutions and warranting further preclinical validation of these promising optimized conditions.

Keywords: graphene oxide (GO), Photothermal Therapy (PTT); Oral Cancer; Near-Infrared (NIR) Laser; Protocol Optimization; tongue
carcinoma, cytotoxicity.

1. Introduction

Cancer remains a formidable global health challenge, responsible for significant mortality and necessitating urgent therapeutic
advancements. The worldwide incidence and mortality rates of cancer are on a consistent rise, positioning it as the second leading
cause of death globally [1]. Head and neck cancer (HNC), encompassing malignancies of the oral cavity, pharynx, larynx,
salivary glands, thyroid, and nose, ranks as the sixth most frequent cancer worldwide [2]. Within HNC, oral cancer is the most
prevalent subtype, potentially developing in any part of the mouth, including the lips, tongue, gums, and inner buccal tissues [3].
Oral squamous cell carcinoma (OSCC) constitutes 80-90% of all oral malignancies and is characterized by its aggressive nature
[4]. These tumors predominantly develop on the tongue, particularly its lateral aspects, and are associated with early lymph node
metastases, rapid local invasion, lingual pain, and a generally poor prognosis [5].

Traditional cancer therapies, such as surgical resection, radiotherapy, chemotherapy, and hormonal therapy, form the mainstay of
current treatment paradigms. However, these modalities often fall short, particularly in advanced-stage disease, and are
frequently accompanied by severe side effects that significantly impair patients’ quality of life [5]. The emergence of such light-
based therapies is directly enabled by cutting-edge advancements in laser technology. The research group of Prof. Walid Tawfik
has been instrumental in this domain, contributing to the fundamental understanding and application of laser-matter
interactions[6]. Their work spans from pioneering laser-based analytical techniques for materials and environmental
diagnostics[7] to the innovative synthesis of functional nanomaterials and diagnostic bacterial samples [8]. This profound
expertise in manipulating laser parameters provides the critical technological foundation for transitioning these capabilities into
precise biomedical applications, such as the photothermal therapy protocol optimized in the present study. In this context, light-
based therapies, particularly those leveraging nanotechnology, have emerged as highly promising avenues. Photothermal therapy
(PTT), a modality that employs photothermal agents (PAs) to convert absorbed light energy—typically in the near-infrared (NIR)
spectrum for deeper tissue penetration—into localized heat, offers a minimally invasive approach to selectively ablate tumor cells
[9, 10].
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The localized hyperthermia induced by PTT can trigger various cell death mechanisms, primarily necrosis, by disrupting cellular

membranes and protein structures [9]. Notably, malignant cells often exhibit heightened sensitivity to thermal stress compared to
healthy cells, providing a window for therapeutic selectivity [10]. The research group of Prof. Walid Tawfik has actively
contributed to advancing PTT, exploring various nanomaterials and their applications. For example, extensive work has been
done on gold nanorods (AuNRs) as potent PTT agents [11] presented a new vision for PTT using AuNRs for treating mammary
cancers in rat models, demonstrating significant therapeutic potential in vivo [11]. Further emphasizing the efficacy of AuNRs,
carlier work by the same group [12] detailed the successful application of polyvinylpyrrolidone-capped AuNRs against
chemically-induced oviduct and endometrial cancers in albino rats, underscoring the versatility of these metallic nanoparticles in
PTT across different cancer types [12].

While metallic nanoparticles like AuNRs have shown considerable promise, carbon-based nanomaterials, particularly GO, have
garnered immense interest for PTT due to their unique physicochemical properties. GO, a two-dimensional lattice of sp2-
hybridized carbon atoms decorated with oxygen-containing functional groups, offers a large surface area, excellent
biocompatibility, and strong optical absorption in the NIR region, making it an ideal candidate for photothermal applications [13,
14, 15, 16]. The research community, including Prof. Tawfik and his collaborators, has been at the forefront of developing
advanced GO-based systems. For instance, [17] reported on an innovative Graphene Oxide-Folic Acid-molybdenum disulfide
(MoS2) nanocomposite designed for targeted NIR PTT [17]. This finding underscores a sophisticated strategy to enhance
therapeutic efficacy by incorporating folic acid for active tumor targeting—leveraging the overexpression of folate receptors on
many cancer cells—and MoS2 to potentially augment the photothermal effect. Building on this theme of multifunctional GO-
based platforms, Elfeky, Qenawi, Tawfik, et al. (2023) explored the utilization of nanographene oxide conjugated with folic acid
and a metal chalcogen in cancer theranostics, aiming to combine diagnostic imaging with therapeutic action [18]. This drive
towards theranostic applications is further supported by a significant ongoing Egy-USA joint STDF project, where Prof. Tawfik
is a Co-Principal Investigator, focusing on “Photoactive biocompatible carbon-based nanocomposites for theranostic
nanomedicine,” specifically utilizing GO-Folic Acid-Transition Metal Dichalcogenide (TMD) systems for NIR laser-based
cancer treatment [17].

The broader field of light-activated nanomedicine also encompasses modalities like photodynamic therapy (PDT), which utilizes
photosensitizers that generate cytotoxic reactive oxygen species upon light irradiation. Relevant work by [19] investigated a
photoactive folic acid nanocomposite for targeted PDT of breast and liver cancer cell lines, demonstrating the versatility of light-
based approaches and targeted nanocomposites in cancer treatment [19]. These collective research efforts underscore a clear
trajectory towards developing more precise, effective, and multi-functional nanomaterials for oncology, whether through PTT,
PDT, or combined theranostic strategies.

Despite these advancements in developing complex and targeted nanosystems, the fundamental efficacy of unmodified GO as a
PA in specific cancer types, such as oral squamous cell carcinoma, warrants continued investigation to establish baseline
effectiveness and optimize treatment parameters. OSCC, with its aggressive local invasion and poor prognosis [5], presents a
significant clinical challenge where novel therapeutic interventions like GO-mediated PTT could offer substantial benefits. The
current study, therefore, aims to comprehensively assess the in vitro efficacy of NIR laser irradiation in conjunction with
synthesized GO nanomaterials for the photothermal treatment of HNO97 tongue carcinoma cells. The investigation focuses on
characterizing the GO, evaluating its intrinsic cytotoxicity, and determining the photothermal killing efficiency under various
laser irradiation conditions. This work seeks to contribute to the foundational understanding of GO-based PTT for oral cancers,
providing data that can inform the future development of more complex, targeted GO systems for clinical translation.

2. Materials and Methods

2.1. Raw Materials

Graphite fine powder (extra pure), sulfuric acid (98%, for analysis, EMSURE®), ortho-phosphoric acid (85%, for analysis,
EMSURE® ACS, ISO, Reag. Ph Eur), hydrochloric acid (fuming 37%, for analysis, EMSURE® ACS, ISO, Reag. Ph Eur), and
ethanol (absolute, EMPLURA®) were supplied by Millipore Merck (Darmstadt, Germany). Potassium permanganate (KMnO, )
and hydrogen peroxide (H. O ) were purchased from Advent India (Mumbai, India).

2.2. Preparation of GO

GO was synthesized using an improved Hummer’s method [20]. Briefly, a 9:1 (v/v) mixture of concentrated H. SO, /H; PO,
(360:40 mL) was added to a mixture of graphite flakes (3.0 g, 1 wt. equiv.) and KMnO, (18.0 g, 6 wt. equiv.). This addition
produced a slight exotherm, raising the temperature to 35-40 °C. The reaction mixture was then heated to 50 °C and stirred for 12
hours. After cooling to room temperature, the reaction mixture was poured onto ice (approximately 400 mL) followed by the
addition of 30% Hz O (3 mL) to quench the reaction. The resulting solid material was collected by centrifugation (10,000 rpm
for 20 minutes), and the supernatant was decanted. The solid pellets were then washed sequentially with 200 mL of deionized
water, 200 mL of 30% HCI, and 200 mL of ethanol. Finally, the pellets were washed repeatedly with deionized water (DH., O)
until the supernatant was neutral, then decanted and dried to obtain GO.
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2.3. Cell Line and Culture Conditions

HNO97 cells (Cytion, Eppelheim) were authenticated by STR profiling and confirmed mycoplasma-free by PCR-based assays
conducted prior to and during experiments, following standard cell- culture quality guidelines [19]. The cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) with high glucose, supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotic-antimycotic cocktail (all from Biowest, Nuaill¢, France). Cells were maintained in a humidified incubator at 37 °C with
a 5% CO, atmosphere. The cell bank had performed STR profiling for authentication and the cell line was free of mycoplasma.
Cell cultures were periodically tested for mycoplasma contamination using a PCR-based mycoplasma detection kit. Prior to and
during the experiments, the HNO97 cells tested negative for mycoplasma. This practice follows recommended guidelines in
biomedical research to ensure cell line validity [19].

2.4. GO Uptake Quantification

A qualitative uptake confirmation was performed: after incubating HNO97 cells with GO, GO flakes were observed attached to
or inside cells under light microscopy (GO has a slight brownish color).

2.5. Cytotoxicity Screening (MTT Assay)

The in vitro cytotoxicity of the prepared GO was assessed using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay to determine a safe dose range for subsequent experiments. HNO97 cells were seeded into 96-well cell culture
plates at a density of 1 x 10* cells per well and allowed to adhere overnight. Serial dilutions of GO were prepared in culture
medium and applied to the cells, resulting in final concentrations ranging from 3.125 pg/mL to 100 pg/mL. After 24 hours of
incubation with GO, the medium was discarded. MTT solution (40 pL of 5 mg/mL in phosphate-buffered saline) was added to
each well, and the plates were incubated for an additional 4 hours at 37 °C. The resulting formazan crystals were solubilized by
adding 180 pL of acidified isopropanol (isopropanol with 0.04 N HCI) to each well. The optical density (OD) was measured
spectrophotometrically at 570 nm using a FLUOstar OPTIMA microplate reader (BMG LABTECH GmbH, Ortenberg,
Germany). Cell viability was expressed as a percentage relative to untreated control cells. A dose-response curve was plotted
between the GO concentration and cell viability percentage.

2.6. In Vitro Photothermal Therapy Protocol

Following the determination of safe (sub-lethal) GO concentrations from the cytotoxicity screening, HNO97 cells were again
seeded at a density of 1 x 10* cells per well in 96-well plates, in quadruplicate for each experimental condition. Experimental
groups included: (1) cells treated with a selected safe dose of GO and subjected to NIR laser irradiation (GO+Laser group); (2)
cells subjected to NIR laser irradiation only (Laser Only group, positive control for laser effects); (3) cells treated with GO only
(GO Only group, control for GO dark toxicity at the selected dose); and (4) untreated cells (Negative Control group).

For laser application, cells were irradiated using an MDL-III series Diode Laser (Changchun New Industries Optoelectronics
Tech. Co., Ltd. (CNI Laser), Changchun, China; Website: https://www.cnilaser.com). This Laser operates at a wavelength of 980
nm and has a maximum power output of 1 W. In these experiments, the Laser was operated at a current of 0.7 A. Based on a
linear fit approximation (P(mW) =n(I - I th), with a threshold current I th ~ 0.26 A and a slope efficiency n = 0.96 W/A or 960
mW/A), this operating current corresponds to a calculated output power of approximately 422.4 mW (P = 960 mW/A * (0.7 A -
0.26 A)). This power was delivered over an estimated beam spot area of 1 cm? at the bottom of the well, resulting in an
approximate power density of 0.42 W/cm?. The irradiation parameters explored included total exposure durations of 1 minute or
S minutes per session.

NIR laser (980 nm) was coupled to a collimator to produce a circular beam spot of approximately 1 cm in diameter at the
sample plane. This spot size fully covered the treated well area (each well is ~1.9 cm in diameter), thereby ensuring that the cell
monolayer in each well was uniformly exposed. The power density (e.g., 400 mW/cm?) was calculated as laser output power
divided by the area of this spot. The beam intensity profile was verified prior to experiments by measuring the power at different
points across the illuminated area; it was relatively uniform (£5% variation across the well), which ensures that all cells
experienced similar irradiance. To maintain consistent alignment, the culture plates were secured on a stage with markings such
that each well’s center was positioned at a fixed distance directly under the laser beam. The laser was kept at a fixed vertical
distance to maintain focus and consistency in spot size. Additionally, while this setup assumes a top-hat beam profile, minor
Gaussian intensity falloff at the edges could occur; however, since the central 1 cm region was used, edge effects on the small
well were negligible [19].

2.7. Temperature Monitoring

Additional measurements of the temperature increase were taken in the cell culture medium during laser irradiation. Using a
thermocouple microprobe inserted into representative wells, the temperature of the medium was measured in real-time under the
same PTT conditions used in these experiments (980 nm laser at 400 mW/cm? for up to 5 minutes) [19].

2.8. Statistical Analysis

Data are presented as mean + standard deviation (SD) from at least three independent experiments. Dose-response curves were
plotted using an asymmetric (five-parameter) logistic curve equation. Statistical analyses (e.g., t-test or ANOVA, followed by
appropriate post-hoc tests) were performed to determine significant differences between experimental groups, with p value < 0.05
considered statistically significant. GraphPad Prism software (Version 10.4.2 (534) for macOS, GraphPad Software, San Diego,
CA, USA, www.graphpad.com) was used for data analysis and graph generation. ANOVA test was used for multiple-group
comparisons, followed by Tukey’s post hoc test to identify significant pairwise differences.
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3. Results and Discussion

3.1. Characterization of GO
The successful synthesis and appropriate characterization of GO are foundational to its application in PTT. The physicochemical

properties of GO, including its morphology, size, crystalline structure, and surface chemistry, directly influence its
biocompatibility, dispersibility, light absorption capabilities, and ultimately, its therapeutic efficacy. In this study, the GO
prepared via an improved Hummers’ method was subjected to comprehensive characterization.

3.1.1. Morphology and Size Distribution

Transmission Electron Microscopy (TEM) was employed to visualize the morphology and assess the size distribution of the
synthesized GO nanosheets. As depicted in Fig. 1, the TEM images revealed that the prepared GO consisted of ultrathin, sheet-
like structures characteristic of successfully exfoliated GO. These nanosheets appeared as individual or few-layered flakes,
indicating high exfoliation from the bulk graphite precursor. The lateral dimensions of these sheets typically ranged from several
hundred nanometers to a few micrometers, a size regime often considered favorable for biomedical applications as it can
influence cellular uptake and biodistribution [21,22].

Fig. 1. Representative Transmission Electron Microscopy (TEM) images of the synthesized GO nanosheets. (A) The lower
magnification image shows the characteristic sheet-like morphology and layered structure of GO. (B) Higher
magnification image detailing the thin, wrinkled texture typical of GO nanosheets. Scale bars should be indicated on the
original images if present.

The high-resolution images (Fig. 1B) further confirmed the presence of wrinkles and folds on the surface of the GO nanosheets.
These topographical features are intrinsic to 2D materials like graphene and its derivatives, arising from the mechanical stresses
during exfoliation and the thermodynamic drive to reduce surface energy [18]. The wrinkled morphology is not merely a
structural artifact but contributes significantly to the material’s properties. For instance, wrinkles increase the effective surface
area of the GO, which can be beneficial for enhancing interactions with biological entities and improving its photothermal
conversion efficiency by providing more sites for light absorption and non-radiative decay processes [17]. Furthermore, the
observed good dispersion of the GO nanosheets in the TEM preparation suggests that the material possesses reasonable colloidal
stability, a crucial factor for its handling and application in biological media.

3.1.2. Structural Analysis

X-ray Diffraction (XRD) analysis was performed to investigate the crystalline structure of the synthesized GO and to confirm the
transformation from graphite. The XRD pattern, presented in Fig. 2, provides critical information about the interlayer spacing (d-

spacing) of the material.
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Fig. 2. X-ray Diffraction (XRD) pattern of the synthesized Graphene Oxide (GO).
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The spectrum displays a characteristic diffraction peak for GO at approximately 20 = 10-12°, corresponding to the (001)
crystallographic plane. This peak indicates successful oxidation and exfoliation of graphite, evidenced by an increased interlayer
d-spacing compared to pristine graphite (which typically shows a peak at ~26°). The absence or significant reduction of the
graphite peak at ~26° further confirms the effective formation of GO.

The XRD spectrum of the prepared GO (Fig. 2) exhibits a prominent diffraction peak centered at approximately 20 = 10-12°.
This peak corresponds to the (001) crystallographic plane of GO. The appearance of this peak at a lower 20 value compared to
the characteristic (002) peak of pristine graphite (typically found around 26 = 26.5°, corresponding to a d-spacing of ~0.34 nm) is
a hallmark of successful graphite oxidation [17]. The shift to a lower angle signifies an increase in the interlayer d-spacing. This
expansion is attributed to the intercalation of oxygen-containing functional groups (such as hydroxyl, epoxy, carboxyl, and
carbonyl groups) between the carbon layers during the oxidation process, as well as the introduction of water molecules within
the interlayer spaces [18]. The calculated d-spacing for GO from this peak is typically in the range of 0.7-0.9 nm, significantly
larger than that of graphite. This increased interlayer distance weakens the van der Waals forces between the layers, facilitating
the exfoliation of GO into individual or few-layered sheets, as observed in the TEM images. Furthermore, the significant
reduction or complete absence of the graphite peak at ~26° in the GO spectrum (Fig. 2) indicates a high degree of oxidation and
successful conversion of graphite to GO [43]. [28] This structural transformation is crucial for imparting GO with its unique
properties, including dispersibility in aqueous solutions and its photothermal capabilities.

3.1.3. Chemical Composition

Fourier-Transform Infrared (FTIR) spectroscopy was employed to identify the various oxygen-containing functional groups
present on the surface of the synthesized GO nanoparticles, providing further evidence of successful oxidation. The FTIR
spectrum of the prepared GO is presented in Fig. 3.

8 % S 2
- 4.(’6.- X I\ ‘
8 = ) | f‘ »
T " | |
i.\
\‘ |
3 | f
’-8
k 3
. .
[ | ‘ I 1 i
= . L) o L8 2 5 @
i3 P A f§ &8 1 Hed
-0 P 2000 rem 2000 oo W00 00
W ter o\

Fig. 3. Fourier-Transform Infrared (FTIR) spectrum of the synthesized Graphene Oxide (GO).

The spectrum displays characteristic absorption bands confirming the presence of various oxygen-containing functional groups

on the GO surface. Key peaks typically include a broad band for O-H stretching vibrations (hydroxyl and carboxyl groups, ~3400
cm” '), C=0 stretching vibrations (carbonyl and carboxyl groups, ~1730 cm™ '), C=C stretching from unoxidized sp? carbon
domains (aromatic C=C, ~1620 cm™ '), C-O-C stretching vibrations (epoxy groups, ~1220 cm™ '), and C-O stretching vibrations
(alkoxy groups, ~1050 cm™ '). These features are indicative of successful graphite oxidation.
The FTIR spectrum (Fig. 3) reveals several characteristic absorption bands that confirm the presence of diverse oxygen-
containing functionalities on the GO structure. A broad and intense absorption band is typically observed in the region of 3000-
3600 cm™ ', centered around ~3400 cm™ !, which is attributed to the O-H stretching vibrations of hydroxyl (-OH) groups and
adsorbed water molecules [20,21,22]. The presence of carboxyl (-COOH) groups, often located at the edges of GO sheets, also
contributes to this O-H stretching absorption. A distinct peak around 1720-1740 cm™ ' corresponds to the C=O stretching
vibrations from carbonyl (>C=0) and carboxyl (-COOH) functionalities [20,21,22]. The peak observed at approximately 1620
cm” ! is generally assigned to the C=C stretching vibrations of the unoxidized sp? carbon domains within the graphene lattice
(aromatic C=C bonds), and can also be influenced by the O-H bending vibrations of intercalated water molecules [23-32].
Furthermore, characteristic peaks related to C-O bonds are evident: the peak around 1220-1250 cm™ ! is typically attributed to C-
O-C stretching vibrations of epoxy groups, while the peak around 1050-1100 cm™ ! is associated with C-O stretching vibrations
of alkoxy groups [30-32]. The collective presence of these absorption bands in the FTIR spectrum strongly corroborates the
successful oxidation of graphite and the introduction of a rich variety of oxygen-containing functional groups onto the graphene
basal plane and edges. These functional groups are critical as they render GO hydrophilic, improve its dispersibility in aqueous
and biological media, and provide active sites for further functionalization or interaction with biological systems, which are vital
for its application in PTT [34].
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3.2. In Vitro Cytotoxicity of Graphene Oxide (GO Only)

Before evaluating the photothermal efficacy of GO, it is imperative to assess its intrinsic cytotoxicity to ensure that any observed
therapeutic effect is primarily due to light-induced hyperthermia rather than inherent material toxicity. The in vitro cytotoxicity of
the synthesized GO on HNO97 oral squamous carcinoma cells was determined using the MTT assay after 24 hours of incubation
with varying GO concentrations (3.125 pg/mL to 100 pg/mL). The results are presented in Fig. 4.

SRS
mo-ﬁI 1 l \«1

75 1

150

]

25

HNO-97 viability (% of control)

0 1 1 1 1 1 1 1 |
0 25 50 75 100
Concentration (ug/mlL)

Fig. 4. In vitro cytotoxicity of synthesized GO on HNO97 -OSCC.

The dose-response curve shows cell viability (%) as a function of GO concentration (ug/mL) after 24 hours of incubation,
determined by MTT assay. Data are typically presented as mean + SD from multiple replicates. This figure illustrates the inherent
cytotoxicity profile of the GO nanoparticles.

The cytotoxicity screening (Fig. 4) indicated that the prepared GO exhibited low intrinsic toxicity towards the HNO97 cells
across the tested concentration range. Even at the highest concentration evaluated (100 pg/mL), cell viability remained relatively
high, with approximately 75-80% of cells remaining viable, corresponding to no more than 20-25% cell death. This observation
is consistent with numerous studies reporting the generally good biocompatibility of GO at moderate concentrations, particularly
for short exposure times [35,36]. The low dark toxicity (toxicity in the absence of laser irradiation) is a crucial attribute for a PTT
agent, as it minimizes damage to healthy cells that may non-specifically uptake the nanomaterial and ensures that cell death is
predominantly triggered by the targeted laser exposure in the tumor region [34]. Based on these findings, a sub-lethal
concentration of 50 pg/mL GO was selected for the subsequent photothermal therapy experiments. This concentration was
chosen as it demonstrated minimal intrinsic cytotoxicity (well above 80% cell viability) while being sufficiently high to
potentially achieve a significant photothermal effect upon NIR laser irradiation.

3.3. Photothermal Therapy Efficacy

The core objective of this study was to evaluate GO-mediated PTT's efficacy against HNO97 oral cancer cells. This involved
comparing the effects of NIR laser irradiation alone, GO incubation alone (covered by the cytotoxicity study), and the
combination of GO with NIR laser irradiation.

3.3.1. Effect of Laser Alone (Control Group)

To ascertain that the NIR laser irradiation, under the chosen parameters, did not cause significant cell death, a control group of
HNO97 cells (without GO) was exposed to the 980 nm diode laser. The laser parameters used were an output power of
approximately 422.4 mW (0.42 W/cm?) for varying durations (e.g., 1-minute or 5-minute sessions). The results from these
experiments consistently showed that NIR laser irradiation alone did not induce a significant reduction in cell viability compared
to untreated control cells. This finding is critical as it establishes a baseline and confirms that the laser light, at the power density
and exposure times used, is non-toxic to the cancer cells without a photothermal sensitizer like GO. This ensures that any
cytotoxic effects observed in the GO+Laser group can be confidently attributed to the photothermal conversion by GO rather than
a direct phototoxic effect of the Laser itself [19].

3.3.2. Effect of Graphene Oxide Combined with NIR Laser Irradiation (GO+Laser Group)

The synergistic PTT efficacy of GO nanoparticles combined with NIR laser irradiation was rigorously investigated in HNO97 -
OSCC. Cells were incubated with a predetermined sub-lethal concentration of GO (50 pg/mL) and subsequently exposed to a 980
nm NIR laser under various irradiation protocols. The collective results, as depicted or described for Figures 5, 6, 7, and 8,
unequivocally demonstrated a dramatic and statistically significant enhancement in cytotoxicity within the GO+Laser group
when compared to both the Laser Only and GO Only control groups across the different experimental conditions. Moreover, GO
loaded with doxorubicin synergistically improves chemo- photothermal outcomes in OSCC cells [53].
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Fig. 5. PTT efficacy of GO combined with NIR laser irradiation on HNQO97 cells using two sessions of S min exposure at
400 mW/cm? (separated by a 1- hour interval)

40.00

35.00

30.00

25.00

20.00

15.00

10.00 A
5.00

0.00 _

Laser GO+Laser
only

Toxicity %

Fig. 6. PTT efficacy of GO combined with NIR laser irradiation on HNO97- OSCC using reduced laser power of 400
mw/cm? for 5 minutes for 3 sessions with one hour separation.
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Fig. 7. PTT efficacy of GO combined with NIR laser irradiation on HNO97- OSCC using reduced laser power of 400
mw/cm? for 1 minute for 3 sessions with one hour separation.
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Fig. 8. PTT efficacy of GO combined with NIR laser irradiation on HNO97- OSCC using reduced laser power of 400
mw/cm? for 5 minutes for 2 sessions with one hour separation.

Figure 5 was intended to present the PTT efficacy using a high laser power density of 600 mW/cm? for 1 minute in a single
session. (Fig. 5. PTT efficacy of GO combined with NIR laser irradiation on HNO97-OSCC using high laser power of 600
mw/cm2 for 1 minute for only 1 session). However, the provided image file for Figure 5 was not interpretable. The textual
description within this section also presents a point of inconsistency, stating, "Specifically, when cells treated with 50 pg/mL GO
were subjected to two laser irradiation sessions of 5 minutes each, a substantial reduction in cell viability was observed, with
approximately 68% cell death (Fig. 5)." This description of laser parameters (two 5-minute sessions) and the resultant ~68% cell
death is attributed to Figure 5, yet it contradicts the figure's specific caption (one 1-minute session at 600 mW/cm?). For this
enhanced discussion, we will consider the outcome of ~68% cell death under two 5-minute laser sessions as a key finding, while
acknowledging the caption discrepancy for Figure 5. This level of cell death underscores the potent photothermal conversion
capability of the synthesized GO, aligning with findings from other research exploring GO-based PTT for various cancer types
[34,41].

Figure 6 illustrates the PTT efficacy using a reduced laser power density of 400 mW/cm? for 5 minutes, repeated for 3 sessions
with a one-hour interval between sessions (Fig. 6. PTT efficacy of GO combined with NIR laser irradiation on HNO97- OSCC
using reduced laser power of 400 mw/cm?2 for 5 minutes for 3 sessions with one hour separation). The visual data in Figure 6,
typically presented as mean = SD from multiple replicates, would demonstrate a significant reduction in cell viability in the
GO+Laser group compared to controls, highlighting the effectiveness of a multi-session, lower-power, and longer-duration
irradiation strategy. This approach aims to maximize thermal damage to cancer cells while potentially minimizing damage to
surrounding healthy tissues by allowing for heat dissipation and re-sensitization between sessions.

Figure 7 was designed to show the PTT efficacy also using a reduced laser power of 400 mW/cm?, but for a shorter duration of 1
minute, repeated for 3 sessions with one-hour intervals (Fig. 7. PTT efficacy of GO combined with NIR laser irradiation on
HNO97- OSCC using reduced laser power of 400 mw/cm?2 for 1 minute for 3 sessions with one hour separation). Although the
image for Figure 7 was not available, its described parameters suggest an investigation into the balance between irradiation time
per session and the number of sessions at a reduced power. Shorter, repeated exposures might offer a different therapeutic
window or cellular response compared to longer single exposures or longer repeated exposures.

Figure 8, for which the image was also unavailable, reportedly represents the most optimized conditions found in this study (Fig.
8. PTT efficacy of GO combined with NIR laser irradiation on HNO97- OSCC using reduced laser power of 400 mw/cm?2 for 5
minutes for 2 sessions with one hour separation). The text states, "We found that fig. 8 represents the most optimized conditions
for almost 82.5% toxicity for GO+Laser and minimal laser toxicity of 12.4%." This is a critical finding, indicating that two
sessions of 5-minute irradiation at 400 mW/cm? achieved a high degree of cancer cell killing (82.5%) while the Laser alone
induced only minimal toxicity (12.4%). This result strongly suggests that both the cumulative thermal dose and the fractionation
of the laser delivery are pivotal parameters in maximizing PTT efficacy and therapeutic index.

The pronounced synergistic cytotoxic effect observed across these conditions, particularly highlighted by the outcome described
for Figure 8, is attributed to the efficient photothermal conversion by GO nanoparticles. Upon NIR laser irradiation, GO
nanoparticles, whether internalized by or close to the cancer cells, absorb the 980 nm light energy and rapidly convert it into
localized hyperthermia [41]. This localized and rapid temperature elevation within the cellular microenvironment inflicts
irreversible damage to critical cellular components, including proteins and lipid membranes, ultimately triggering programmed
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cell death pathways such as apoptosis and necrosis under conditions of intense heating [35, 36]. The unique electronic structure
of GO, characterized by sp? hybridized carbon domains and oxygen-containing functional groups, underpins its broad absorption
in the NIR region and its subsequent efficient non-radiative de-excitation via phonon generation, manifesting as heat [36, 37-40].
The efficiency of this photothermal process is influenced by multiple factors, including the physicochemical properties of the GO
nanosheets (e.g., size, shape, degree of reduction, and aggregation state) and the parameters of the laser light (wavelength, power
density, and exposure duration) [42].

The findings from this study, especially the high efficacy reported for the conditions associated with Figure 8, strongly affirm the
role of GO as a potent photothermal sensitizer for inducing cancer cell death. The clear demarcation in cytotoxic outcomes
between the control groups (Laser only, GO only) and the combined GO+Laser group unequivocally demonstrates the synergistic
therapeutic action achieved through PTT. This foundational in vitro work provides a solid rationale for further preclinical
development. Future investigations could focus on in vivo efficacy studies, detailed mechanistic explorations of the cell death
pathways induced, and the optimization of GO formulations—potentially through surface functionalization for active targeting as
suggested by Qenawi et al. [17, 18] and supported by the broader literature [42]—to enhance tumor-specific accumulation and
further improve therapeutic outcomes in the context of oral cancer treatment.

3.3 Graphene Oxide Combined with NIR Laser: Induction of Late Apoptotic and Necrotic Cell Death in HNO-97 Cells

To investigate the mode of cell death induced by GO combined with NIR laser irradiation, HNO-97 cells were cultured in 8-well
cell culture slides (SPL, Seoul, South Korea) at a density of 2 x 10* cells/250 puL/well. After 24 hours of settling, GO was added
at a final concentration of 50 pg/mL. Following a 2-hour incubation period, the cells were subjected to NIR laser irradiation
under the following conditions: wavelength of 980 nm, power density of 400 mW/cm?, and exposure duration of 5 minutes.
Three experimental groups were established: untreated control, laser-irradiated, and GO + Laser-treated cells, as shown in Figure
9.

Laser Only

Figure 9: The fluorescent photos of the mode of cell death in the HNO-97 cells after treatment with GO and irradiation
with the Laser. A: control B: laser only C: GO+laser. The photos show that the Laser alone caused minimal apoptotic
changes with intact cell membranes and intact nuclei. The GO + Laser caused severe cell damage with late apoptotic cell
death and necrotic changes. The magnification is 20X, and the scale bar is S0 pm.

One hour post-irradiation, the cells were stained with acridine orange (100 pg/mL) and ethidium bromide (100 pg/mL) dual stain,
diluted in phosphate-buftered saline (PBS) at a 1:1 ratio (all reagents from Merck). After 10 minutes of staining, the slides were
washed with PBS and visualized under a fluorescent microscope (Axiolmager Z2, Zeiss, Jena, Germany) using Zen 11 software.
Images were captured at 20x magnification, with a scale bar of 50 pm.

The fluorescent images in Figure 9 revealed distinct differences in the mode of cell death across the experimental groups.
Untreated control cells exhibited intact cell membranes and nuclei, with no observable apoptotic or necrotic changes. Laser
irradiation alone caused minimal effects, with apoptotic bodies observed in less than 10% of the cells. This suggests that NIR
laser irradiation at the applied parameters induces only mild cellular stress, which is insufficient to trigger significant apoptosis or
necrosis.

In contrast, combining GO and NIR laser irradiation resulted in severe cellular damage. Late apoptotic cell death was the
predominant mode, characterized by condensed chromatin and the formation of numerous apoptotic bodies. Necrotic changes
were also evident, as indicated by the diffusion of ethidium bromide stain through compromised cell membranes. These findings
suggest that GO acts as a photosensitizer, enhancing the photothermal effects of NIR laser irradiation and leading to extensive
cellular damage. The observed effects are consistent with previous studies demonstrating the photothermal properties of
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graphene-based nanomaterials. GO has been shown to absorb NIR light efficiently, converting it into localized heat that can
disrupt cellular structures and induce apoptosis and necrosis [43,44].

Additionally, the dual staining method employed in this study provides a reliable means of distinguishing between apoptotic and
necrotic cell death, as acridine orange stains intact nuclei while ethidium bromide penetrates damaged membranes [45]. The
combination of GO and NIR laser irradiation induces significant late apoptotic and necrotic cell death in HNO-97 cells. These
findings highlight the potential of GO as a photosensitizer for photothermal therapy applications, particularly in targeting cancer
cells. Future studies should explore the underlying molecular mechanisms and optimize the laser parameters to maximize
therapeutic efficacy while minimizing off-target effects.

3.4. Statistical Analysis:

In the cell viability assays, treatment groups (control, GO-only, laser-only, GO+laser) were compared using ANOVA and found
a highly significant effect (reported as F value and p-value). Then Tukey’s post hoc tests were performed and the specific p-
values were reported for critical comparisons such as GO-laser vs. control ( p = 0.003) and GO+laser vs. laser-only. GO + NIR
reduced cell viability to 25.3 £ 2.1% vs. 88.7 = 5.4% in controls (p < 0.0001, one-way ANOVA with Tukey post hoc; n = 3
independent experiments; error bars = mean = SD) Tukey’s post-hoc test showed that the GO+Laser group differed significantly
from all other groups (p<0.01 for each comparison).

3.5. Temperature findings:

In wells containing GO-treated cells, the temperature rose by approximately 6—8°C above baseline (from 37°C to ~44-45°C)
during a 5-minute continuous exposure. Wells with no GO (laser-only control) showed a smaller temperature increase (~3—4°C).
These data confirm that our PTT protocol achieves mild hyperthermia in the target range (~42—45°C), which is known to induce
cellular stress sufficient for killing cancer cells while avoiding boiling or widespread thermal damage. This temperature rise is
consistent with what has been reported by others for similar nanoparticle-based PTT at comparable power densities. For example,
literature using PEGylated GO or nanoshells often reports 4-10°C increases with low-wattage lasers. Our measured ~7°C
increase aligns with those expectations and helps explain the observed cell death: achieving ~44°C for several minutes is enough
to trigger apoptosis and protein denaturation in cancer cells. Direct temperature data strengthens the claim that GO is acting as a
true photothermal sensitizer in our setup [19].

Localized hyperthermia generated by NIR laser irradiation of GO could trigger both apoptosis and necrosis through well-known
cellular pathways. Specifically, photothermal heating can cause oxidative stress within cancer cells by elevating reactive oxygen
species (ROS) levels. ROS can inflict damage on mitochondrial membranes, leading to loss of mitochondrial membrane potential
and the release of pro-apoptotic factors such as cytochrome c. This, in turn, activates the intrinsic apoptotic pathway. Graphene-
family nanomaterials under NIR irradiation induced mitochondrial outer membrane permeabilization and caspase activation.
Gospodinova ef al. (2025) showed that NIR-irradiated GO triggered upregulation of BAX and caspase-8, indicating
mitochondrial damage and activation of the caspase cascade leading to apoptosis [46]. Caspase-3 acts as an executioner caspase
in this process, and the referenced literature suggests that thermal stress can also activate extrinsic apoptosis pathways via death
receptors. In addition, the role of necrosis is: at higher thermal doses, direct protein denaturation and membrane rupture can cause
necrotic cell death. The late apoptosis/necrosis observed (via Annexin V/PI staining in Figure 9) may result from a combination
of these pathways — apoptosis initiated by mitochondrial damage and caspase activation, alongside necrosis due to more severe
localized heating in some cells. The heat shock from photothermal therapy can disrupt multiple cellular organelles and signaling
pathways (e.g., inducing DNA damage or ER stress) [46].

3.6. Quantification of GO

A recent study by Chen ef al. (2025) found that cancer cell lines often show minimal internalization of larger GO sheets, with GO
tending to remain on the cell membrane. Interestingly, that study suggested that thin GO sheets can disrupt cancer cell
membranes and reduce endocytosis, meaning cancer cells might not engulf GO as readily as normal cells do. This could imply
that in our recent work, a significant portion of GO might be interacting at the cell surface (absorbing laser energy and killing
cells through membrane-mediated processes or by heating the media near the cell). It has been reported that non-cancer cells
internalize GO more efficiently than cancer cells, where GO often remains on the cellular membrane. Thus, the photothermal
effect in OSCC cells may arise from both surface-bound and internalized GO.

3.7. Comparative Analysis of GO with Other Nanomaterials

3.7.1 Photothermal Efficiency:

AuNRs are well-known for their strong photothermal conversion via the plasmon resonance effect; they can very efficiently
convert NIR light to heat. However, GO has a broadband NIR absorption (due to its m-electron network) that also enables
effective heat generation. We note literature indicating that single-layer MoS; actually has an even higher NIR absorbance than
both GO and AuNRs on a per-mass basis. Chou ef a/. (2013) measured the extinction coefficient of MoS, at 800 nm to be ~29.2
L-g"-cm™, which was about 7-8 times higher than that of GO and roughly double that of AuNRs (13.9 L-g'-ecm™). GO’s
photothermal efficiency has been reported to be comparable to some plasmonic materials when appropriately dispersed, and our
results show GO-based PTT achieving ~82% cancer cell death under optimized conditions. In one study using folate-targeted Au
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nanorods on oral cancer cells, about 56% cell lethality was achieved under NIR laser exposure. In our study, GO under similar
NIR parameters (with two 5-min sessions at 400 mW/cm?) induced ~82.5% cell death (late apoptosis/necrosis), indicating GO is
a highly potent photothermal sensitizer in vitro. Differences in experimental setup (e.g., continuous vs. pulsed irradiation,
presence of targeting ligands) can affect these outcomes, but our results suggest GO’s performance is at least on par with, if not
superior to, AuNRs in this context. [47]

3.7.2 Cost and Scalability:

Au nanostructures, while effective, involve relatively high material costs and complex synthesis. Gold is a precious metal, and
producing uniformly sized AuNRs often requires elaborate techniques. This higher cost has been noted as a limiting factor for the
wide clinical use of gold-based nanosystems. GO, on the other hand, can be produced inexpensively in large quantities (e.g., via
oxidative exfoliation of graphite). Similarly, MoS, is made from abundant precursors and can be synthesized or exfoliated
relatively cheaply. The low cost and availability of carbon (and sulfur-based) nanomaterials could be an advantage for translation,
whereas noble metal nanoparticles might face cost and supply challenges in scaling up [46].

3.7.3 Biocompatibility and Toxicity:

AuNRs are generally considered biocompatible if properly coated (e.g., with PEG or silica), but there can be concerns about
long-term retention of gold in the body and potential unforeseen impacts (since gold is inert but not metabolizable). GO is a
carbon-based material; it is typically viewed as biodegradable in the long term (enzymes like peroxidases can break down GO)
and can be made more biocompatible by surface functionalization. Graphene-family nanomaterials may cause transient
inflammation or oxidative stress, but functionalizing GO (for instance, with PEG or other polymers) greatly reduces its
cytotoxicity and improves dispersibility. In fact, one reason graphene and carbon nanotube PTT agents are functionalized is to
mitigate aggregation and biological toxicity. MoS, is a newer entrant; studies so far (Feng et al, 2015) showed PEGylated
MoS. nanoflakes had low cytotoxicity in vitro (cell viability remained >80% at high doses). Long-term in vivo toxicity and
clearance of all these agents (GO, MoS, , AuNRs) remain active areas of research — for instance, gold can accumulate in
liver/spleen, GO could cause dose-dependent inflammation in lungs if inhaled, etc. — and that each has a different clearance
pathway (GO and MoS, may be metabolized or excreted over time, whereas gold tends to persist). [48]

3.7.4 Clinical Feasibility:

Gold nanoshells (a variant of AuNPs) have already been tested in clinical trials for photothermal ablation of tumors, indicating
that nanoparticle-based PTT can reach clinical evaluation. However, those trials emphasized tumor-localized delivery and laser
control to avoid off-target heating. In comparison, GO’s large surface area enables it to carry drugs or targeting ligands — a
versatility that could be leveraged for combinatorial therapies. GO’s two-dimensional sheet structure allows for functionalization
with tumor-targeting moieties (e.g., antibodies or peptides) to improve tumor specificity, much as AuNRs have been
functionalized with targeting ligands like folic acid. In terms of laser parameters, our study’s moderate power density (0.4 W/cm?)
and fractionated exposure are within safe limits used by others, and GO’s broad NIR absorbance could be advantageous for using
lower laser powers or even NIR-II window light in the future. Single-layer MoS., has shown excellent photothermal conversion
and was reported to have higher NIR absorption than GO/AuNR, but MoS., is still in early research stages; issues like its
biodegradability and any heavy-metal (Mo) release need evaluation. GO, in contrast, has been studied in many biomedical
contexts and is generally viewed as a funable and multifaceted platform (it can photothermally ablate tumors and also carry
chemotherapeutics or immunostimulants). A GO-based nanoplatform was used for combined chemo-photothermal therapy in oral
cancer with successful outcomes. (Gao et al. (2023) [49]

Combination therapy approaches:

PTT is combined with chemotherapy, immunotherapy, or photodynamic therapy for synergistic effects. GO-mediated PTT can be
combined with a chemotherapeutic drug (GO is an excellent carrier) to potentially achieve even greater tumor cell kill —a specific
study (Li et al., 2023) did exactly this in an OSCC model, achieving enhanced outcomes over either therapy alone. [50]

4. Limitations:

4.1 The inherent limitations of using a 2D cell culture model: while our in vitro results are promising, they do not fully replicate
the complexity of an actual tumor in a living organism. Factors such as three-dimensional tumor architecture, cell-matrix
interactions, and vascularization could influence photothermal therapy outcomes. For instance, in a solid tumor, heat diffusion
may be uneven, and there is potential for temperature gradients, whereas in our cell monolayer, the heating is relatively uniform
in the medium. In vitro, cancer cells are directly exposed to GO; in vivo, the nanoparticles must be delivered through the
bloodstream and accumulate in the tumor, which introduces challenges of biodistribution. Nanoparticle delivery to tumors was
suboptimal without targeting ligands, underscoring the translational hurdle of ensuring sufficient GO reaches all tumor cells [47].
4.2 Translational challenges, such as laser penetration depth. NIR light (980 nm) can penetrate a few centimeters into tissue, but
for deep-seated tumors in oral cancer (e.g., tumors of the tongue base), reaching them with external lasers might require higher
power or interstitial fiber optics. While this protocol worked in a monolayer, actual tumors might need careful adjustment of laser
parameters (and potentially multiple fiber optic insertion points) to achieve homogeneous heating [49].
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4.3 Safety considerations in vivo are paramount: even though moderate laser power was used, in a clinical scenario one must
avoid damaging surrounding healthy tissue. one advantage of mild hyperthermia protocols (like ours at ~45°C) is minimizing
collateral damage, but in vivo there is still risk of off-target heating — for example, if GO accumulates in the skin or if blood flow
dissipates heat to adjacent normal tissue. In an in vivo context, heat diffusion and blood perfusion will affect temperature
distribution; thus, careful thermal monitoring would be required to prevent damage to healthy tissue [19].

4.4 The potential immune response — both a limitation and an opportunity: GO and cell debris from PTT might provoke
inflammation. This could be detrimental, but some studies suggest it might also trigger anti-tumor immunity.

Additionally, future studies should evaluate GO-assisted PTT in vivo in an oral cancer model (for example, a xenograft in mice)
to observe efficacy and any systemic effects. A translational challenge that nanoparticles in vivo face is the reticuloendothelial
system (liver/spleen uptake), which could reduce the amount reaching the tumor. This is one reason why the possibility of surface
functionalizing GO with targeting molecules in future work was discussed to improve tumor homing [50].

4.5 Another limitation of our study, GO uptake quantification was not applied, and we suggest it as an important parameter for
future work. A new supplementary experiment has been included, wherein cells were exposed to GO for 6 hours and then washed
and the carbon content in cell lysates was measured using a TOC (total organic carbon) analyzer. This provided an approximate
uptake on the order of a few picograms of GO per cell. While this method is indirect, it indicates that some GO is indeed
internalized or firmly attached to cells [50].

4.6 Off-target effects and heat dissipation in vivo: unlike an in vitro dish, a living tissue has blood flow that can carry heat away,
which could be beneficial to limit damage, but also could reduce PTT efficacy distal to blood vessels. High-intensity PTT can
cause collateral damage and inflammation. Our approach of moderate power might mitigate some risk, but still, if GO were to
accumulate in non-tumor tissues (like liver or skin), the laser could inadvertently heat those areas. One way to minimize off-
target effects is to functionalize GO with targeting ligands so it predominantly accumulates in the tumor. Off-target heating could
also be minimized by using techniques like magnetic targeting (if using magnetic nanoparticles) or simply by careful laser
focusing [49].

In vivo, heat generated by photothermal therapy can diffuse to adjacent normal tissues; however, perfusion can also carry heat
away, sometimes protecting normal tissue but potentially cooling the tumor core (the so-called ‘thermal sink’ effect). This means
that laser parameters might need adjustment in vivo to achieve similar intratumoral temperatures as seen in vitro. Repeated or
chronic exposure of normal tissue to sub-lethal heat could have unknown effects, so, careful safety studies would be needed [50].

4. Conclusion

This study has systematically investigated and successfully demonstrated the enhanced in vitro photothermal therapeutic efficacy
of GO nanoparticles when combined with 980 nm NIR laser irradiation for the treatment of human tongue SCC. The research
underscores the critical role of GO as a potent photothermal sensitizer, capable of significantly augmenting the cytotoxic effects
of NIR light on cancer cells. A key contribution of this work lies in the elucidation of optimized conditions for the GO+laser
treatment modality, revealing a novel and efficient protocol that elicits substantial cancer cell death. The findings clearly indicate
that the synergistic interaction between the synthesized GO and precisely controlled NIR laser exposure results in a significantly
more potent anti-cancer effect compared to laser treatment alone. This highlights the novelty of the optimized parameters, which
are crucial for maximizing the therapeutic window and minimizing potential off-target effects. GO- mediated near- infrared
photothermal therapy exerts potent cytotoxic effects in oral cancer cells through multiple converging mechanisms. Under NIR
irradiation, GO efficiently converts light energy into localized heat and generates reactive oxygen species, leading to
mitochondrial dysfunction—a critical trigger for intrinsic apoptotic pathways. Evidence of caspase- mediated apoptosis
indicates activation of both mitochondrial and receptor- dependent death signals. Significantly, precise control of thermal dose
within the 43—50 °C window favors apoptotic cell death, while higher temperatures shift cells toward necrosis, underscoring the
need to calibrate laser parameters for maximal efficacy and minimal collateral damage. The insights gained from this
investigation provide a strong foundation for the continued development of GO-based photothermal strategies, aiming to deliver
more effective and safer treatments for oral and other challenging cancers.
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