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Introduction

Retinoblastoma is one of the most common ocular
cancers in infants and young children (ages 1-3 years),
with characteristic symptoms such as misaligned eyes
(strabismus) and white pupils (leukocoria).”? Depending

efficient approaches among these strategies.
Methods: Sulfur quantum dots (SQDs) and
cerium oxide nanoparticles (CeO,) were
synthesized through simple and eco-friendly
green synthesis method using Arabic gum
and an extract from Okra (Abelmoschus
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esculentus) fruit, respectively. Then, the
nanoparticles were characterized using
UV-Vis, PL, FTIR, XRD, FESEM/TEM, and XPS techniques. The cytotoxicity, Annexin V-FITC
apoptosis assay, and measurement of reactive oxygen species along with cellular uptake, were
evaluated.

Results: The results of characterization confirmed the successful synthesis of SQDs and CeO, with
a crystalline nature and the average size of 4.79 and 27.31 nm, respectively. The findings indicated
that SQDs had no significant inhibitory effect on normal and cancer cells. The cell uptake of SQDs
demonstrated high internalization into Y79 cells with an exited green light color under a fluorescent
microscope. On the other hand, CeO, nanoparticles showed the ability to suppress the growth and
increase early and late apoptosis of Y79 cells at concentrations of 500 pg/mL after 24 h. The level of
reactive oxygen species (ROS) was also increased in Y79 cells after treatment with CeO,.
Conclusion: As the SQDs exhibited green light color and CeO, enhanced apoptosis and ROS
levels, this study suggested SQDs could be a potential bioimaging and labeling agent, while CeO,
may be considered for therapeutic applications in retinoblastoma.

on the stage of retinoblastoma, different treatment options
are available, including photocoagulation, chemotherapy,
cryotherapy, and surgery. Although these methods offer
certain advantages, their clinical application is limited
due to cytotoxicity, potential cataract formation, and
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drug resistance.>* Employing nanotechnology is a highly
effective strategy to mitigate these adverse effects and
enhance therapeutic efficacy. Various categories of
nanomaterials, including nanoparticles, nanoliposomes,
nanopolymers, and nanohydrogels, have been utilized
in cancer treatment and diagnosis. These materials are
particularly valuable due to their small size, high surface-
to-volume ratio, diverse shapes, surface functionalization,
and unique physicochemical properties.*® Quantum
dots (QDs) have been widely studied as imaging
contrast agents and for in vivo cell monitoring. Their
remarkable resistance to photobleaching, exceptional
photoluminescence properties, and ultra-small size
make them highly advantageous for these applications.”®
A dynamic study on QDs-labeled human corneal
endothelial cell injection for imaging corneal endothelial
dysfunctions demonstrated the quantitative aggregation
of cells in both injured and non-injured eyes.” Although
QDs have shown promising potential in ocular imaging,
their substantial toxicity presents significant challenges.
Consequently, metal-free quantum dots have emerged
as viable alternatives to conventional QDs in biomedical
applications. Notable examples include sulfur quantum
dots (SQDs), carbon-based quantum dots,and phosphorus
quantum dots. Among them, SQDs are particularly
preferred due to their proven effectiveness as sensors and
imaging probes, as well as their favorable biodistribution,
antifungal, and antibacterial properties.’*!> Moreover,
metallic nanoparticles have demonstrated considerable
promise in cancer therapy through both active and
passive drug delivery mechanisms. Their ability to
enhance treatment outcomes is further strengthened
by their free radical scavenging activity and ability to
induce apoptosis.'®” Among metallic nanoparticles,
cerium oxide nanoparticles (CeO,) exhibit great potential
for anticancer, anti-inflammatory, and drug delivery
applications.”® Previous studies have shown that CeO,
can protect normal cells at neutral pH through its
antioxidant activity, owing to the presence of Ce®*" and
Ce** oxidation states, which enable it to scavenge free
radicals. However, in tumor environments, CeO, exhibits
pro-oxidant properties, thereby inhibiting cancer cell
growth.””"® Previous studies has also indicated that CeO,
displays selective toxicity against retinoblastoma (Y79)
and normal cells, with cytotoxic effects depending on the
synthesis method.?*? In this study, we aimed to synthesize
SQDs and CeO, for the first time using Arabic gum and
okra (Abelmoschus esculentus) fruit extract, respectively.
Green synthesis using plant-based methods is simple,
non-toxic, and eco-friendly. Additionally, plant extracts
serve as excellent capping agents and reducing agents
by providing various bioactive compounds, including
polyphenols, flavonoids, alkaloids, and organic acids.?*
Furthermore, Arabic gum is rich in hydroxyl groups,
which can effectively stabilize SQDs.*® This study aimed

to synthesize and characterize SQDs and CeO, using
various analytical techniques, explore the potential of
SQDs as imaging probes, and assess the ROS-modulating
effects of CeO, on Y79 cancer cells.

Materials and Methods

Chemicals and reagents

Dimethyl sulfoxide (DMSO), hydrogen peroxide (H,O,,
35%), penicillin/streptomycin, Sublimated sulfur powder
(99%), Arabic gum, phosphate-buffered saline (PBS),
resazurin and NaOH were purchased from Sigma Co
(Burlington, Massachusetts, USA). Moreover, the fetal
bovine serum (FBS) and the high glucose DMEM and
RPMI 1640 were provided from GIBCO (Waltham,
Massachusetts, USA). The Ce(NO,),.6H,0 salt was
acquired from Merck Co (Darmstadt, Germany). The
Abcam (Cambridge, United Kingdom) supplied the
dichloro-dihydro-fluorescein ~ diacetate ~ (DCFDA)/
H2DCFDA-cellular ROS detection assay kit. All reagents
used were of analytical grade and were utilized without
turther purification.

Biosynthesis of CeO,

The green synthesis of CeO, nanoparticles began with
the preparation of the plant extract. For this purpose, 20
g of fresh okra (Abelmoschus esculentus) fruit was washed,
dried, and sliced into small pieces. The sliced okra was
then added to 50 mL of distilled water, and the mixture
was continuously stirred at 60 °C for 2 hours. After this
period, the plant extract was obtained and subsequently
filtered to remove any impurities.

In the next stage, CeO, nanoparticles were synthesized
using the sol-gel method, with okra fruit extract acting
as a capping and stabilizing agent. First, 4.37 g of
Ce(NOs)3-6H,0 was dissolved in 50 mL of distilled water
and stirred for 20 to 30 minutes at room temperature.
Next, 10 mL of plant extract was added dropwise to the
salt solution. The final mixture was stirred in an oil bath at
80 °C for 12 hours, resulting in the formation of a lemon-
colored Ce(OH), gel. This gel was then dried at 110 °C
for 6 hours, followed by calcination at 400 °C for 2 hours,
yielding yellow CeO, powder.***

Biosynthesis of SQDs

SQDs were synthesized using a one-pot hydrothermal
method. Initially, 565 mg of Arabic gum was dispersed
in 15 mL of H,O, (10% v/v) under continuous stirring.
Then, 20 mg of sublimated sulfur powder was added
to the solution at room temperature. The mixture was
homogenized using a sonicator bath for 2 minutes to
ensure uniform dispersion. Next, the suspension was
transferred to a Teflon-lined autoclave and heated to 220
°C for 24 hours, facilitating the hydrothermal reaction
necessary for SQD formation. After the reaction, the
solution was neutralized with 1.0 M NaOH to a pH of
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7.0, and contaminants were removed using a 0.22 pm
microporous filter.””?® For further analysis, the solution
was freeze-dried and stored at 4 °C.

Characterization
To characterize the biosynthesized nanoparticles, several
experimental techniques were employed. The absorbance
band in the range of 200-800 nm was determined
using UV-Vis spectroscopy (Shimadzu, Japan). The
photoluminescence (PL) intensity of SQDs was measured
using a fluorometer (Jasco, FP-6000 series, Germany).
Furthermore, FT-IR spectroscopy (Avatar 370, Thermo
Nicolet, USA) was used to identify the functional groups
present on the surface of the nanoparticles within the
range of 400-4000 cm ™. The crystalline structure of the
biosynthesized SQDs and CeO, was analyzed using X-ray
diffraction (XRD), while the purity, morphology, and
size of the samples were evaluated using field emission
scanning electron microscopy (FESEM) (TESKAN MIRA
3, Czech Republic) and transmission electron microscopy
(TEM) (Zeiss, EM10C, Germany). Additionally, the
elemental composition of the synthesized nanoparticles
was determined using X-ray photoelectron spectroscopy
(XPS) (ESCALab220I-XL, VG Scientific, Canada), a
quantitative technique for surface analysis.

Evaluation of the cytotoxic activity of nanoparticles

The retinoblastoma cell line (Y79) and human foreskin
fibroblast (HFF) cells were purchased from the Pasteur
Institute (Tehran, Iran). These cells were incubated in
RPMI1640andhigh-glucose DMEM media, supplemented
with 10% FBS and 1% penicillin/streptomycin, at 37 °C
until they reached sufficient confluency.

To assess the cytotoxicity of the nanoparticles, Y79 and
HFF cells were seeded in a 96-well plate at a density of
2x10* cells per well and incubated overnight. The next
day, the cells were treated with varying concentrations of
SQDs (0-1000 pg/mL) and CeO, (0-1000 pug/mL) for 24
hours.

Following incubation, 20 uL of resazurin was added to
each well, and the plates were gently shaken before being
incubated for an additional 3 hours. During this period,
living cells converted resazurin into resorufin. The
fluorescence of resorufin was measured using a VICTOR
X5 Multimode Plate Reader (Perkin-Elmer, Waltham,
MA, USA) by exciting the sample at 530 nm and detecting
emission at 590 nm. Each experiment was performed in
triplicate, and the results were reported as mean+ SD.%

Measurement of ROS activity

Following the manufacturer's instructions, the cellular
ROS detection kit was used to determine the ROS levels.
Y79 and HFF cells were seeded in 96-well plates at a
density of 25x 10? cells per well and incubated overnight.
The cells were then washed and stained with 20 pM

H,DCFDA solution for 45 minutes in the dark. After
staining, the cells were rewashed and exposed to 250 ug/
mL and 500 pg/mL of CeO, for 8 hours. The fluorescence
intensity was measured using a VICTOR X5 Multimode
Plate Reader with a filter set (Excitation/Emission:
485/535 nm). A positive control, 150 uM of tert-butyl
hydroperoxide (TBHP), was used for comparison.

Annexin V-FITC assay

The Annexin V-FITC/PI assay was performed to evaluate
the rate of Y79 cell apoptosis and necrosis following
treatment with 500 pg/mL of CeO, and SQDs according
to manufacture instruction (Cayman Chemical,
Michigan, MI, USA). In summary, 10° cells were cultured
in DMEM supplemented with 10% FBS. After a 24-hour
incubation, the cells were treated with 500 pg/mL of
CeO, and SQDs for an additional 24 hours. The treated
cells were then collected and rinsed with incubation
buffer. Subsequently, the cells were stained with Annexin
V-FITC/PI and analyzed using a BD FACSCalibur™ Flow
Cytometer (Becton Dickinson, USA).

Cell uptake of SQDs
The cell uptake experiment was performed using Y79
cell lines. Briefly, 1.5x10° cells were cultured for 24
hours at 37 °C in 12-well plates. SQDs (500 pg/mL) were
then added to each well and incubated for an additional
4 hours. Afterward, the media was centrifuged, and the
supernatant was separated to remove any unattached
SQDs. Finally, the internalization was observed using a
fluorescent microscope (Axiovert 200, Zeiss, Germany).
Furthermore, internalization of SQDs was evaluated
using flow cytometry in both untreated control cells and
Y79 cells treated with SQDs at a concentration of 500 pg/
mL. After treatment of cells for 4 hours, cells were washed
with PBS and 10000 of cells were evaluated using a BD
FACSCalibur™ Flow Cytometer (Becton Dickinson, USA).

Statistical Analysis

The statistical analysis was performed using the
GraphPad Prism software. A P value of<0.05 was
considered significant. Data analysis was conducted using
the Kruskal-Wallis test, one-way ANOVA, and Dunn's
test for pairwise comparisons. Data are presented as
mean * standard deviation (SD).

Results

UV-Vis and PL analyses

UV-Vis analysis was performed to determine the
maximum absorbance band of SQDs and CeQO, in the
200-800 nm range (Fig. 1). According to the figure,
the absorption band at 237.5 nm in the UV-Vis spectra
of SQDs is attributed to the Sg*~ species. Moreover, the
maximum absorbance for CeO, was observed at 305 nm,
which is associated with charge transfer from the 2P (O) to
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4f (Ce) orbitals. The PL emission spectra of SQDs, under nanoparticles were identified using FTIR analysis. The

excitation from 280 to 410 nm, exhibited excitation- findings indicated that the —-OH stretching vibration
dependent emission due to quantum confinement effects of H,O adsorbed on the surface of the nanoparticles
(Fig. 2¢). The highest emission intensity was observed at corresponds to the characteristic bands in the 3300 to
412 nm under an excitation wavelength of 350 nm. 3500 cm™ range. The stretching modes of the C=C,
C-N, and C-O-C groups, associated with other organic
FT-IR analysis molecules, are located approximately in the ranges of
The FT-IR spectra of SQDs and CeO, nanoparticles are 1500 cm™’, 1300 cm ™', and 1100 cm ™, respectively.”
shown in Fig. 2. The surface functional groups of the In addition, the characteristic peak in the FTIR spectrum
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Fig. 1. The UV-Vis spectra of the synthesized SQDs (a), CeO, (b), and the PL spectra of the SQDs (c).
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Fig. 2. FT-IR spectra of the synthesized SQDs and CeO, nanoparticles.
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of SQDs is a band at a low energy, around 617 cm ™', which
is related to the presence of the S-S group. Moreover, the
distinctive band at 551 cm™ in the FTIR spectrum of
CeO, corresponds to the stretching vibration of Ce-O.
These absorption peaks confirm the successful synthesis
of green-synthesized SQDs and CeO, nanoparticles.

XRD pattern

The XRD patterns of SQDs and CeO, nanoparticles
are shown in Fig. 3. The XRD technique can be used to
investigate the crystallographic structure and chemical
composition of materials. According to the XRD diagram
of SQDs, the different index values of (113), (202), (026),
(206), (313), (044), and (317) planes are observed at 20
values of 11°, 21°, 26°, 30°, 33°, 39°, and 45°, respectively.
These results match with JCPDS #01-074-2109.%

In addition, the XRD pattern of CeO, displayed a face-
centered cubic (fcc) crystalline structure without any
impurities. The different index values of (111), (200),
(220), (311), (222), (400), (331), and (420) planes are
represented at 20 values of 28°, 33°, 47°, 56°, 59°, 70°,
76°, and 78°, respectively, which match with JCPDS #00-
034-0394. A high level of purity is indicated by the XRD
pattern, revealing no possible Ce(OH)s/Ce(OH), phases.

FESEM and TEM images
The FESEM images of SQDs and CeO, nanoparticles are
presented in Fig. 4. The morphology and particle-size
analysis (PSA) of the nanoparticles were assessed using
FESEM images. The FESEM image of SQDs revealed
a sphere-like shape with nanoscale diameters, while
CeO, nanoparticles appeared homogeneous and nearly
spherical. Additionally, the PSA of SQDs and CeO,
nanoparticles were approximately 15.05 nm and 27.31
nm, respectively (Fig. 4).%

To obtain a more accurate size of SQDs, a TEM image
was captured. The obtained image indicated that the
spherical morphology of SQDs had a mean size of around

4.79 nm (Fig. 4E). It is worth noting that the size of SQDs
in the FESEM images appears slightly larger than in the
TEM images because FESEM captures images from the
surface in three dimensions.

XPS analysis

The XPS scans of SQDs and CeO, nanoparticles are
presented in Fig. 5. XPS analysis is used to detect surface
elements of nanoparticles. For SQDs, the high-resolution S
2p spectrum shows peaks at 170, 168, and 166 eV, which
indicate that the surface of SQDs contains SO, (2p*?), SO,*
(2p*?), and zero-valent sulfur, which is similar to previous
reports. Additionally, the high-resolution spectrum of
CeO, presented Ce 3d, which corresponds to a relatively
higher abundance of Ce*" and Ce*". The binding energy
peaksat917.2,898.7, 883.2, and 889.6 €V are related to Ce*,
while the peaks at 906.5, 900, and 886 eV are attributed to
Ce* 141 XPS analysis revealed that the synthesized CeO,
had a higher proportion of Ce** than Ce*".

Cytotoxicity evaluation

The antiproliferative effect of the biosynthesized
nanoparticles was evaluated on Y79 and HFF cells.
The resazurin assay, which measures cell viability by
converting resazurin into resorufin, was used in this
study. For SQDs, no significant inhibitory effect was
observed on either Y79 or HFF cells. The results indicate
that SQDs are highly biocompatible, exhibiting minimal
toxicity toward both normal and tumor cells (Fig. 6B).
In contrast, CeO, nanoparticles showed a concentration-
dependent cytotoxic effect. Y79 and HFF cells were treated
with varying concentrations of CeO, (0-1000 pg/mL) for
24 h. As shown in Fig. 6A, CeO; significantly inhibited the
growth of Y79 cells at 500 pg/mL. Moreover, at 500 and
1000 pg/mL, CeO, exerted a notable cytotoxic effect on
Y79 cells compared to the control group. However, CeO,
did not induce any significant toxicity in normal HFF
cells within 24 h (Fig. 6A).
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Fig. 3. XRD patterns of the synthesized SQDs and CeO, nanoparticles.
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Fig. 4. FESEM/ PSA images of synthesized SQDs (A, C), CeO2 (B, D), and TEM/PSA images of SQDs (E, F).
ROS activity of CeO, Subsequently, the cellular uptake efficiency was analyzed

The cellular ROS detection kit was used to assess the
effect of CeO, nanoparticles on reactive oxygen species
(ROS) generation. As shown in Fig. 6C, HFF cells treated
with CeO, exhibited no significant change in ROS
levels compared to the control group. However, in Y79
cells, ROS levels increased significantly at 500 ug/mL
relative to the control. These findings suggest that CeO,
nanoparticles can elevate ROS levels in retinoblastoma
cells while exerting a protective effect in human foreskin
fibroblast cells.

Apoptosis and necrosis of Y79 cells

Apoptosis and necrosis of CeO, and SQD-treated Y79 cells
were analyzed using flow cytometry. The results indicated
a significant increase in the rate of early and late apoptotic
cells following treatment with CeO,, reaching 63.7%,
compared to 1.45% in the control group. In contrast,
SQDs did not induce a notable increase in apoptosis, with
only 2.86% of cells undergoing early or late apoptosis,
compared to 1.45% in the control (Fig. 6D).

Cell uptake of SQDs

Due to their ultra-small size, photoluminescence (PL)
emission, surface functional groups, and biocompatibility,
SQDs hold significant potential for cell imaging, targeted
imaging, and diagnostic applications. To assess their
suitability, the cytotoxicity of SQDs was evaluated against
Y79 and HFF cells, demonstrating very low toxicity.

using fluorescence microscopy. As shown in Fig. 7A,
SQDs emitted a green fluorescence under blue light
excitation and exhibited high penetration into cancer
cells after 4 hours, consistent with previous reports.**
The observed low fluorescence intensity was due to the
limitations of the fluorescence microscope, which only
had two excitation wavelengths, preventing adjustment
to the maximum emission wavelength. Additionally,
we evaluate the amount of cellular uptake using flow
cytometry. As shown in Figs. 7C and 7D, 97.3% of the
cells were positive for SQDs uptake following treatment
with SQDs. These findings suggest that SQDs could be
considered as a promising candidates for bioimaging and
diagnostic applications.

Discussion

Retinoblastoma is a pediatric ocular cancer that affects the
retina, the light-sensitive tissue at the back of the eye. It
is the most common intraocular malignancy in children,
typically developing before the age of five.*® Traditional
treatments, including enucleation, chemotherapy, and
radiotherapy, often lead to significant side effects and may
not always preserve vision.

In this context, nanotechnology offers promising
advancements  in  retinoblastoma  treatment.**
Nanoparticles can be engineered for targeted drug delivery,
improving treatment efficacy while reducing systemic side
effects. This study investigates the potential of SQDs and
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24 h. Both cell types were incubated with varying concentrations of CeO,and SQDs for 24 h. The cell viability was assessed using the resazurin assay. (C)
The effects of CeO, on the reactive oxygen species (ROS) levels of Y79 and HFF cells compared to the control group. Our data demonstrate that CeO,
nanoparticles induced an increase in ROS levels of Y79 cells within 24 h, while there was no significant change in HFF cells. In the positive control sample
treated with tert-butyl hydroperoxide (TBHP) at a concentration of 150 uM, the fluorescence intensity was significantly elevated compared to the control
group. The data are presented as mean +standard deviation (SD) for at least 3 replicates for each experimental point (xp <0:05, *+p <0:01 as compared with
the control). (D) The apoptosis evaluation of 500 pg/mL of CeO,and SQDs nanoparticles on Y79 cells compared to the control group over 24 h. A markedly
higher amount of early and late apoptosis was detected in CeO2 treated Y79 cells vs. control. Q4 to Q1 of the diagram represent live cells, early apoptotic,
late apoptotic, and necrotic cells, respectively. Pl: Propidium iodide.

Biolmpacts. 2025;15:30954

|7



Foroutan et al

(A)

(€

400 F——
Control Untreated - Negative cells
99.4%
300
=
=3
o
O 200 -
100 —
0 L
'0"|‘-"|1"‘|”'|2‘ T T
10 10 10 10 10
FL1-H

(D)

-  ————
500 i g_?g);ﬁealed positive cells
Negative
400 12 229
[=
3 300
O
200
100 4
U T T T T T T T T
1 2
10 10 10 10 10
FL1-H

Fig. 7. The microscopic images of cell uptake of SQDs, (A) (fluorescence microscope) and (B) (Bright-field microscope). The retinoblastoma Y79 cells were
treated with 500 ug/mL of SQDs for a duration of 4 h. Excited green light color indicates the successful internalization of quantum dots within the cancer cells.
Evaluating the internalization of SQDs using flow cytometry, comparing the (C) untreated Y79 cells with (D) cells treated with SQDs (500 ug/mL) for 4 hours.

CeO, due to their unique properties. Characterization
analyses confirmed that both nanoparticles were
synthesized at the nanoscale and exhibited spherical
morphologies. SQDs typically range from 2 to 10 nm, with
TEM imaging revealing an average size of4.79 nm, making
them highly suitable for cancer cell internalization. Their
small size is critical for enhanced photoluminescence and
stability.*** Furthermore, XRD analysis verified the high
purity and crystalline structure of both SQDs and CeO,,
aligning with previous studies.?**

The distinct peaks observed in the XRD patterns align
with standard JCPDS values, confirming well-defined
crystallographic phases with no detectable impurities.
The XPS analysis of SQDs revealed binding energy peaks
at 170, 168, and 166 eV, corresponding to the oxidized
sulfur composition of SO, (2p'?), SO,> (2p*?), and
zero-valent. Liu et al demonstrated that the formation of
divalent sulfur ions and SOs>" results from the reaction
between NaOH and bulk sulfur.*” Additionally, the XPS
spectrum of CeO, confirmed the presence of the Ce*/
Ce** redox couple, consistent with previous studies that
reported similar binding energy values for Ce** and Ce**.%
In this context, Gupta et al reported that a higher Ce**
content enhances superoxide dismutase (SOD) mimetic

activity, while a higher Ce** state can lead to increased
catalytic activity and potential pro-oxidant effects.”! The
cytotoxicity evaluation using the resazurin assay revealed
distinct outcomes for SQDs and CeO, nanoparticles.
SQDs exhibited high biocompatibility and extremely
low toxicity toward both normal and tumor cells. In our
previous study, SQDs demonstrated minimal cytotoxicity
in both cancer (C26) and normal (L929) cell lines, making
them suitable probes for cellular labeling and imaging.** In
contrast, the synthesized CeO, nanoparticles significantly
inhibited the growth of Y79 cells at a concentration
of 500 pg/mL. Similarly, a study by Nazaripour et al
reported that CeO, nanoparticles synthesized using
Prosopis farcta fruit extract exhibited approximately 58%
cytotoxic activity against colon cancer (HT-29) cells at
500 pug/mL.>* To assess the impact of CeO, nanoparticles
on ROS generation, the cellular ROS detection kit was
employed. The findings indicate that CeO, nanoparticles
exhibit pro-oxidant activity and induce ROS production
in retinoblastoma (Y79) cells, while simultaneously
demonstrating antioxidant properties in normal cells. This
dual effect of CeO, on ROS generation has been linked to
the pH-dependent behavior of the nanoparticles. Studies
have established that CeO, exhibits antioxidant activity at
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physiological pH, acting as a cellular protector, but shifts
to an oxidase-like activity in acidic environments, such as
the tumor microenvironment.”>*

Moreover, CeO, nanoparticles with a higher Ce*
content (~62%) have been reported to exhibit notable
antioxidant activity, reducing ROS levels in A2780
ovarian cancer cells. Conversely, a CeO, formulation with
lower Ce** content (~24%) has been shown to enhance
ROS generation, highlighting the oxidation-state-
dependent properties of the nanoparticles.’**” Our study
confirms that the synthesized CeO, nanoparticles contain
a higher proportion of Ce** states relative to Ce**, which
suggests their potential to induce pro-oxidant activity and
cytotoxicity in retinoblastoma cells.

Furthermore, the cellular uptake analysis of SQDs
demonstrated that after 4 hours, the quantum dots
successfully penetrated Y79 cells. Research suggests that
SQDs are promising fluorescent agents for bioimaging
applications due to their high colloidal stability, stable
optical properties, low toxicity, and bioavailability.*®
Consistent with our findings, Song et al utilized
fluorescent SQDs (20 pg/mL) to stain MCEF-7 breast
cancer cells for 2 hours. Upon excitation at 458 nm
and 514 nm, strong green and yellow emissions were
observed in the cytoplasm, indicating efficient SQD
internalization.” Additionally, Qiao et al demonstrated
that after an 8-hour incubation, SQDs accumulated in the
cytoplasm of HeLa and K562 leukemia cells, with uptake
occurring primarily via clathrin-mediated and lipid-raft-
mediated endocytosis.®® These studies, alongside our
findings, reinforce the potential of SQDs for advanced
cellular imaging applications.

Conclusion

In this study, SQDs and CeO, nanoparticles were
synthesized using Arabic gum and okra (Abelmoschus
esculentus) fruit extract via an environmentally friendly,
non-toxic, cost-effective, and rapid method. Various
characterization techniques were employed to analyze the
morphologyandstructureofthesynthesized nanoparticles.
The results confirmed the successful synthesis of both
SQDs and CeO, nanoparticles, exhibiting spherical-like
shapes with nanoscale dimensions. Cytotoxicity evaluation
using the resazurin assay demonstrated that SQDs
exhibited low toxicity toward both normal and cancer
cells, suggesting their biocompatibility. In contrast, CeO,
nanoparticles significantly inhibited the proliferation of
Y79 retinoblastoma cells at a concentration of 500 ug/
mL, while exhibiting minimal toxicity toward normal
cells. Furthermore, cellular uptake analysis confirmed
that SQDs effectively penetrated cancer cells, highlighting
their potential as fluorescent probes for cancer diagnosis
and biomedical imaging. Additionally, the findings
suggest that CeO, nanoparticles hold promise as a viable
anti-tumor agent, as they selectively suppress cancer cell

growth without causing damage to normal tissues.
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