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quercetin against cisplatin
neurotoxicity in PC12 cells: anin
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Cisplatin is a commonly used chemotherapy drug that improves survival in many cancer patients

but often causes severe neurotoxicity. Quercetin, a flavonoid antioxidant, has neuroprotective
properties that can reduce cisplatin-induced neurotoxicity, but its clinical application is limited by
poor bioavailability. This study aimed to combine nanomedicine and network pharmacology to
develop Tween 80-functionalized chitosan-selenium nanoparticles containing quercetin (Q-Tw-Cs@
Se NPs) and evaluate their protective effects against cisplatin-induced neurotoxicity in PC12 cells.
Q-Tw-Cs@Se NPs were synthesized in a core—shell structure and characterized for size, morphology,
optical properties, and chemical composition. Hemocompatibility, scavenging activity, and reducing
power were assessed. The protective effects of the nanoparticles against cisplatin-induced toxicity
in PC12 cells, used as a neuronal cell model, were evaluated using MTT assays and flow cytometry.
Furthermore, network pharmacology was employed to predict hub targets and probable cellular
mechanisms responsible for the protective effects of the nanoparticles. Q-Tw-Cs@Se NPs had an
average size of 110 nm, a zeta potential of +11.5 mV, and a quercetin encapsulation efficiency of
~50%. Pre-exposure to Q-Tw-Cs@Se NPs (1.25 pg/mL) for 24 h increased cell viability from 50%

to nearly 80% in PC12 cells treated with cisplatin at its IC50 concentration. The nanoparticles also
inhibited cisplatin-induced apoptosis and necrosis. Network pharmacology analysis identified BCL2,
CASP3, AKT1, EGFR, STAT3, TNF, HSP90AA1, CTNNBI, IL-1B, and BCL2L1 as main targets enriched
in apoptotic regulation. Altogether, Q-Tw-Cs@Se NPs show potential as neuroprotective adjuvants
to reduce cisplatin-induced neurotoxicity. However, further in vitro and in vivo studies are required to
confirm their therapeutic value.
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Cisplatin is one of the most widely used chemotherapy drugs, which can dramatically improve the survival rate
of cancer patients. Although cisplatin is very effective in cancer therapy, it can cause severe toxicities in high
doses, such as nephrotoxicity, neurotoxicity, and ototoxicity!. The neurotoxicity caused by cisplatin is cumulative

IPharmaceutical Sciences and Cosmetic Products Research Center, Institute of Pharmaceutical Sciences, Kerman
University of Medical Sciences, Kerman, Iran. 2Brain Cancer Research Core (BCRC), Universal Scientific Education
and Research Network (USERN), Tehran, Iran. 3Department of Biotechnology, Institute of Science and High
Technology and Environmental Sciences, Graduate University of Advanced Technology, Kerman, Iran. “Department
of Pharmaceutical Biotechnology, Faculty of Pharmacy, Kerman University of Medical Sciences, Kerman, Iran.
“email: shakiba@kmu.ac.ir

Scientific Reports | (2026) 16:1940 | https://doi.org/10.1038/s41598-025-31744-1 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-31744-1&domain=pdf&date_stamp=2025-12-9

www.nature.com/scientificreports/

and dose-dependent, limiting the administered dose in chemotherapy. This highlights the importance of finding
neuroprotective agents against this cisplatin side effect®.

One of the main mechanisms through which cisplatin exerts its cytotoxic effects involves the generation of
reactive oxygen species (ROS) and the suppression of the cellular antioxidant defense system. This can lead to
oxidative damage and consequent apoptotic cell death in brain and peripheral nervous system tissues’. Cisplatin
enhances ROS generation, leading to mitochondrial dysfunction, lipid peroxidation, and DNA damage within
neurons®. This redox imbalance triggers inflammatory responses and activates apoptotic pathways, leading to
neuronal cell death and cognitive impairment. Additionally, cisplatin alters glutamate receptor activity, causing
excitotoxicity and further mitochondrial damage®. These mechanisms collectively underlie the neurotoxic effects
associated with cisplatin chemotherapy.

Selenium is considered an essential micronutrient, playing a crucial role in the pathophysiology of
certain neurodegenerative diseases, including epilepsy, Parkinson’s disease, and Alzheimer’s disease®®. The
neuroprotective effects of selenium primarily result from its incorporation as selenocysteine in many enzymes
involved in the redox system, protecting cell components against oxidative stress’. Besides regulating oxidative
stress, selenium can modulate Ca?* influx through ion channels and suppress apoptosis'’. Notably, in addition to
its neuroprotective properties, selenium can also exert antitumor activity against tumor cells!!. Therefore, it can
be a promising supplement for cancer patients who have received cisplatin for chemotherapy. Among different
forms of selenium, Se® has the lowest toxicity; however, its narrow therapeutic index limits its application in
the clinic'>!3. This highlights the significance of identifying a safe and effective form of selenium with minimal
toxicity, which is essential for selenium-based adjuvant therapy. Recently, nanotechnology has drawn considerable
interest due to the benefits of nanoparticles (NPs), which include their small size, high surface-to-volume ratio,
straightforward chemical modification, enhanced bioavailability, and reduced toxicity compared to selenium-
based compounds'. According to the available evidence, Se NPs can reduce the high-dose-associated toxicity of
selenium and exhibit better biocompatibility than inorganic and organic selenium compounds'.

Despite the numerous benefits of using Se NPs, one of the most significant challenges is their high tendency
to aggregate and form large particles due to their small size. Therefore, fabricating stable NPs is crucial, as the
size of NPs can significantly influence their biological activities. Indeed, the enlargement of NPs can negatively
influence their effectiveness in biological environments*!%!”. A wide variety of compounds have been suggested
as stabilizers for Se NPs. In this regard, polysaccharides have received considerable attention due to their energy-
saving and eco-friendly properties'®*.

Chitosan (Cs), a semisynthetic polysaccharide, is derived from chitin through alkaline deacetylation. The
positive charge of chitosan increases the interactions with the negatively charged cell membrane, thereby
enhancing cellular uptake?. Chitosan offers considerable potential as a natural polymer in developing drug
delivery systems. Of note, several studies have demonstrated the neuroprotective properties of chitosan and its
derivatives?! -2,

Quercetin is a bioflavonoid that has been granted Generally Recognized As Safe (GRAS) status by the Food
and Drug Administration (FDA). Quercetin is known for its numerous pharmacological attributes, including
antioxidant, anti-inflammatory, potential anticancer, cardioprotective, and neuroprotective effects?*?. Its
neuroprotective effects have been proven in several in vitro studies, in vivo animal studies, and clinical trials.
Quercetin has the potential to protect organisms from neurotoxic compounds and prevent the progression
of neuronal injury and neurodegeneration®. However, the clinical application of quercetin has been limited
due to its low bioavailability, caused by poor solubility in water, extensive first-pass metabolism, and restricted
permeability of the BBB?%%.

In the development of NPs targeting the brain, coating NPs with Tween 80 is a simple yet effective approach
to improve their penetration into cerebral tissue. It has been demonstrated that Tween 80-coated NPs can adsorb
Apoprotein E onto their surface. This modification allows them to interact with lipoprotein receptors present on
the luminal side of the BBB. As a result, these functionalized NPs can undergo receptor-mediated transcytosis,
facilitating their passage across the BBB and into the brain parenchyma?’.

In this study, the PCI12 cell line was selected as a neuronal model. PC12 cells are widely used in
neuroscience research, including studies on cisplatin-induced neurotoxicity’*°-2. Derived from rat adrenal
pheochromocytoma, PC12 cells have been extensively characterized for their neurogenic properties, such
as neurosecretion (norepinephrine, catecholamines, and dopamine) and the expression of ion channels and
neurotransmitter receptors®®. In addition to their neurogenic properties, PC12 cells offer several practical
advantages. These include their high versatility for pharmacological manipulation, ease of culture, a more
uniform and reproducible population compared to primary sensory neurons, and extensive background
knowledge on their proliferation and differentiation!. Together, these features enable detailed mechanistic
investigations, including studies on cell survival and neuroprotective interventions. Therefore, although cisplatin
primarily affects sensory neurons derived from the dorsal root ganglia, PC12 cells are among the most suitable
models for studying cisplatin-induced neurotoxicity.

According to the unique properties of Se NPs, chitosan, and Tween 80, this study aims to develop a novel
nanoformulation of quercetin based on Tween 80-functionalized chitosan Se NPs and to evaluate its protective
effects against neurotoxicity induced by cisplatin in PC12 cells. As mentioned above, these compounds have
protective properties, and their combination may have considerable neuroprotective effects. To the best of
our knowledge, no study has yet evaluated the protective effects of this combination against cisplatin-induced
toxicity in PCI12 cells.
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Materials and methods

Material

Sodium selenite pentahydrate (Na,SeO,-5H,0), ascorbic acid, quercetin, potassium ferricyanide K3[Fe(CN)],
1,1-diphenyl-2-picrylhydrazyl (DPPH), trichloroacetic acid (TCA), and ferric chloride (FeCl,) were obtained
from Merck Chemicals (Darmstadt, Germany). Medium molecular weight-chitosan (190-310 kDa, degree of
deacetylation:75~ 85%) and MTT were provided by Sigma-Aldrich (St. Louis, MO, USA). Pen/Strep (100X),
FBS, DMEM medium were purchased from Borna Pouyesh Gene Company (BPGene Co., Kerman, Iran).

Synthesis of chitosan-selenium nanoparticles (Cs@Se NPs)

Chitosan-selenium nanoparticles (Cs@Se NPs) were prepared due to our previous study with slight
modifications®. Briefly, to synthesize Se NPs stabilized with chitosan, Na,SeO, solution (0.2 mM) and ascorbic
acid solution (1 mM) were added dropwise into 95 mL of chitosan solution prepared by dissolving 0.1 g of
chitosan into 95 mL of acetic acid (0.01% w/w). Afterward, the resultant solution was stirred for 1 h and then
incubated overnight at 4 °C. The synthesized NPs were ultimately collected by centrifugation (13841 g; 30 min)
using a Thermo Fisher centrifuge equipped with an 8.6 cm radius fixed-angle rotor. Then, the NPs were washed
twice with an acetic acid solution (0.01% w/w).

Preparation of tween 80-functionalized chitosan-selenium nanoparticles (Tw-Cs@Se NPs)

To cover the surface of synthesized NPs from the previous step with Tween 80, Cs@Se NPs were added dropwise
into the acetic acid solution containing Tween 80 (2% w/w) under sonication for 10 min. The resultant solution
was then stirred (200 rpm; 2 h). Finally, Tw-Cs@Se NPs were collected through centrifugation (13845 g; 30 min).

Preparation of quercetin-loaded tween 80 functionalized chitosan-selenium nanoparticles
(Q-Tw-Cs@Se NPs)

Quercetin solution was prepared by dissolving quercetin (1 mg) in absolute ethanol (10 mL) to reach a
concentration of 0.1 mg/mL. Afterward, the quercetin solution was added dropwise to Tw-Cs@Se NPs dispersed
in an acetic acid solution (0.01% w/w), and the resultant mixture was stirred for 2 h at 200 rpm and 40 °C. After
2 h of stirring, the prepared NPs were collected by centrifugation (13845 g; 30 min) and washed twice with
an acetic acid solution (0.01% w/w). The purified NPs were then used for further studies. Figure 1 provides a
schematic summary of Q-Tw-Cs@Se NPs synthesis process.

Characterization of the NPs

Firstly, the optical properties of the nanostructures were investigated using UV-Vis spectrophotometry (UV-
1800, Shimadzu CO, Japan) over a wavelength range of 220 to 800 nm. Subsequently, the hydrodynamic size
and zeta potential of the nanostructures were measured using a dynamic light scattering analyzer (VASCOTM,
Cordouan Technologies, France) and a zeta sizer (Nano-ZS ZEN 3600, Malvern Instruments, UK), respectively.

Adding Cs@Se NPs >
R

-

——) —

Containing Na,Se0;  Forming Cs@Se NPs Cs@Se NPs Containing Tween80  Forming Tw-Cs@Se NPs  Tw-Cs@Se NPs

and Chitosan

"4 00000
o @
o\ o ..
%
‘e
@ seNes = = ..
Chitosan - - o ps ..
% 0
§ Tween80 0900®
i Protectiv tential against
@ Quercetih  containing Tw-Cs@Se NPs Q-Tw-Cs@Se NPs > e ve poentia aga
+ Ccisplatin cisplatin-induced toxicity
Fig. 1. Schematic diagram showing the synthesis process of Q-Tw-Cs@Se NPs.
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After drying the nanostructures (40 °C; 24 h), their Fourier-transform infrared (FTIR) spectra were recorded
using an FTIR spectrophotometer (Bruker Optics, MA, USA) in the 4000-500 cm-1 range. Elemental analysis
was conducted using energy-dispersive X-ray spectroscopy (EDX). Finally, the morphology of the NPs was
evaluated using High-resolution Transmission Electron Microscopy (HR-TEM) (Tecnai G2 20 TEM, FEI, USA)
and Field Emission Scanning Electron Microscopy (FE-SEM) (ZEISS Sigma 300, Germany).

Determination of encapsulation efficiency and drug loading capacity

To calculate encapsulation efficiency (EE) and drug loading capacity (LC), the concentration of unloaded
quercetin in the supernatant after centrifugation of the NPs was measured by UV-visible spectrophotometry
using a standard curve. Briefly, a quercetin solution in absolute ethanol with a concentration of 10 pg/mL was
prepared and scanned at wavelengths from 200 to 800 nm using a UV spectrophotometer. After determining the
maximum absorption wavelength (Amax =374 nm), standard solutions of quercetin in the concentration range
of 1.25 to 20 pg/mL were prepared on different days, and their absorption was measured at 374 nm to plot a
suitable calibration curve (R* = 0.9981). The concentration of quercetin in the test samples was then determined
by interpolating the calibration curve. Finally, encapsulation efficiency and loading capacity were calculated as
follows:

Quercetin loading efficiency (%) = (Total amount of quercetin—The amount of free

quercetin in the supernatant)/ (Total amount of quercetin) x 100

Quercetin loading capacity (%) = (Total amount of quercetin—The amount of free
quercetin in the supernatant) / (Final weight of NPs) x 100.

Evaluation of DPPH scavenging activity

The antioxidant activity of the prepared NPs was evaluated by the DPPH scavenging activity assay, according
to Shakibaie et al’°.. For this purpose, in a 96-well microplate, 50 uL of Tw-Cs@Se NPs, Q-Tw-Cs@Se NPs, and
quercetin solution, with concentrations ranging from 5 to 320 pug/mL, were added separately. Each of these was
mixed with 150 uL of freshly prepared 1 mM DPPH solution in methanol. After a 30-minute incubation of the
microplate at 25 °C in a dark environment, the absorbance was measured at 517 nm. As the standard and control,
quercetin solution and water were used, respectively. The scavenging effect was determined using the following
equation:

Inhibition% = (1— (Absgample—AbSBlank) /Absoontml) x 100

Abs Sample is the absorbance of the sample, Abs Blank 1S the absorbance of the blank solution, and Abs Control 15 the
absorbance measured for the control. All experiments were conducted in triplicate, and the data are presented
as mean + SD.

Evaluation of reducing power

For measuring the reducing power of the NPs, various concentrations of Tw-Cs@Se NPs, Q-Tw-Cs@Se NPs, and
quercetin (10-1280 pg/mL) were prepared, and 500 pL of each concentration was separately added to 250 pL of
potassium phosphate buffer (0.2 M, pH 6.6). Thereafter, 250 uL of potassium ferricyanide (1% w/v) was added to
the reaction solution. Following 20 min incubation at 50 °C, the reaction solution was treated with 1 mL of TCA
solution (10% w/v). After centrifugation (865 g; 10 min), 0.5 mL of deionized water and 0.1 mL of FeCl, solution
(6 mM) were added to 0.5 mL of the supernatant. Finally, the absorbance was determined at a wavelength of
700 nm*. All experiments were performed in triplicate, and the results are expressed as mean + SD.

Hemolysis assay
Hemolysis assay was performed based on previous studies to assess the impact of NPs on red blood cell (RBC)
integrity>>’. For the hemolysis assay, fresh blood from a healthy 28-year-old female donor was collected in
K,EDTA tubes. RBCs were isolated through centrifugation (1541 g, 3 min, 4 C°) and washed three times using
Alsever’s solution (NaCl 0.071 M, sodium citrate 0.027 M, citric acid 0.002 M, and dextrose 0.116 M, pH 6.4).
Afterward, RBCs were diluted with Alsever’s solution and mixed with different concentrations of NP. The
samples were centrifuged after incubation under controlled conditions (37 °C; 30 min) and mild shaking.
Following centrifugation of the samples (1541 g; 3 min), the supernatant was analyzed spectrophotometrically
to quantify hemoglobin release at 415 nm. Alsever’s solution and deionized water were used as negative and
positive controls, respectively. All experiments were conducted in duplicate. Results are reported as mean + SD,
and the degree of hemolysis was calculated as follows:

Hemolysis degree (%) = 100 X [(Abssampie—AbSNegative control)

/(AbSPositive controliAbsNegative control)]

- is the absorbance of the negative
Negative control

Abs Sample refers to the absorbance measured for the sample, Abs
 is the absorbance of the positive control.

COIItI'Ol, and Abs Positive contro!
Evaluation of cytocompatibility

PC12 cells were purchased from the Pasteur Institute of Iran (Tehran, Iran) and cultured in DMEM medium with
10% FBS under 95% humidity and 5% CO, at 37 °C. For the MTT assay, cells were seeded at a density of 2x10*
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cells per well in a 96-well microplate and allowed to attach. Different concentrations of the NPs, quercetin, and
cisplatin were also prepared in DMEM before being applied to cell cultures. After 24 h of incubation, cells were
treated with Cs@Se NPs, Tw-Cs@Se NPs, Q-Tw-Cs@Se NPs, and quercetin at concentrations ranging from 0.16
to 40 pg/mL. The next day, each sample was treated with 5 ul of MTT dye (5 mg/mL) and incubated at 37 °C for
4 h. After removing the media, the purple formazan crystal sediment was dissolved in 100 pL of DMSO. Finally,
the absorbance of each sample was measured at a wavelength of 570 nm. Cell viability percentage was calculated
as follows:

Cell viability (%) = 100 x [(AbSTreated*AbsBlank)/ (AbSUntreated*AbsBlank)]
Abs .., refers to the absorbance measured for the treated cells, Abs is the absorbance of the blank, and
S Untreated 18 the absorbance of untreated cells (control group).
In the next step, an MTT assay was performed to evaluate the cytotoxicity of cisplatin on PC12 cells within
a concentration range of 5 to 640 pug/mL, and to determine the IC50 concentration. After identifying the IC50
concentration (80 pug/mL), we assessed the protective effects of Q-Tw-Cs@Se NPs against cisplatin-induced
toxicity in the PC12 cell line. Cells were first pretreated with the NPs (0.16-20 ug/mL) for 24 h, followed by
exposure to cisplatin at the IC50 concentration. After 24 h of incubation, the percentage of viable cells was then
calculated. All experiments were conducted in triplicate, and results are expressed as mean + SD.

Blank

Flow cytometry

PC12 cells were pretreated with Q-Tw-Cs@Se NPs (1.25 ug/mL) 24 h prior to the addition of cisplatin at its IC, |
concentration. After 24 h, cells were rinsed with cold PBS, detached using trypsin, and resuspended in Annexin
binding buffer to a concentration of 1x10° cells/mL. The suspension was then mixed with 5 pL of Annexin
V-FITC with Propidium Iodide (PI) according to the manufacturer’s protocol (Miltenyi Biotec, Germany).
Following a 15-minute dark incubation at room temperature, the samples were analyzed using a flow cytometer
(BD-Biosciences, USA) and Flow]Jo v7.6.1 software. Cell death was assessed by measuring the rates of apoptosis
and necrosis across a population of 10,000 events.

Network pharmacology analysis

Prediction of potential targets

To identify genes related to quercetin, the SMILES structure of quercetin from the PubChem database (https
://pubchem.ncbi.nlm.nih.gov/) was input into the SwissTargetPrediction database (http://www.swisstargetpre
diction.ch/). Moreover, the keyword “quercetin” was searched in the Comparative Toxicogenomics Database
(CTD) (http://ctdbase.org/) and the GeneCards database (https://www.genecards.org/). Finally, duplicates were
removed to provide a clean dataset. The same process was applied for the keywords “cisplatin” and “selenium
nanoparticle” in the CTD and GeneCards databases. To identify genes associated with peripheral neuropathy,
this keyword was searched in the GeneCards database. Finally, intersection targets were identified using a Venn
diagram (http://bioinfogp.cnb.csic.es/tools/venny/index.html)3®.

Protein-protein interaction (PPI) network and topological analysis

A protein-protein interaction (PPI) network illustrates the direct connections among input proteins, forming a
network in which proteins are depicted as nodes and their interactions are shown as edges linking these nodes.
The PPI network was constructed by inputting overlapped genes in the STRING database (https://string-db
.org/). The parameters were set to a high level of confidence (0.7) and “Homo sapiens” to construct the PPI
network. Finally, the constructed PPI network was imported into Cytoscape 3.10.3 for visualization. Next, the
cytoHubba plugin in Cytoscape was used to score each node based on topological metrics. Nodes were then
ranked according to their degree (k). The parameter k indicates how many links a node has with other nodes
within the network. Nodes with a high k value play a crucial role in the transmission of information, as they
exert a greater influence over the flow of information throughout the network. Ultimately, to identify important
gene clusters within the molecular interaction network, the PPI network was clustered using Molecular Complex
Detection (MCODE) analysis, which is a plugin of Cytoscape®.

Functional enrichment analysis
Gene Ontology (GO) and Reactome pathway enrichment analyses of overlapping target genes were performed
using the R package “enrichR” to explore the molecular functions (MF), cellular components (CC), biological

processes (BP), and potential signaling pathways associated with these target genes*.

Statistical analysis

Statistical analysis of the DPPH scavenging effect, reducing power, hemolysis assay, and MTT assay results
obtained from cells pretreated with NPs was conducted using two-way ANOVA followed by Tukey’s correction
for multiple comparisons. For cytocompatibility analysis, one-way ANOVA followed by Dunnett’s correction was
used to compare groups. All statistical analyses were performed using GraphPad Prism 10 software (GraphPad
Inc., San Diego, CA, USA).

Results and discussion

Preparation & characterization of the NPs

To ensure the synthesis of Se NPs, the UV-Vis absorption spectrum of the Cs@Se NPs was evaluated. As shown
in Fig. 2A, the UV-Vis spectrum of the Cs@Se NPs exhibits a clear peak in the 200-400 nm range, indicating the
successful synthesis of Se NPs*!. Moreover, the appearance of a single peak in the UV-Vis absorption spectrum
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Fig. 2. (A) UV-Vis absorption spectra of quercetin, Tween80, Cs@Se NPs, Tw-Cs@Se NPs, and Q-Tw-Cs@Se

NPs. (B) The color and clarity of Cs@Se NPs (1), Tw-Cs@Se NPs (2), Q-Tw-Cs@Se NPs (3), and quercetin (4)
dissolved in water.

Nanoparticles Size (nm) | Zeta potential (mv)
Cs@Se NPs 91.3 +26.1
Tw-Cs@Se NPs 105 +14.1
Q-Tw-Cs@Se NPs | 110.6 +11.5

Table 1. Assessment of size and zeta potential in the NPs.

of the NPs indicates that they are likely spherical*2. When comparing the UV-Vis spectra of Cs@Se NPs, Tw-
Cs@Se NPs, and Q-Tw-Cs@Se NPs, a slight red shift is observed in the peak of Q-Tw-Cs@Se NPs, indicating an
increase in particle size. This can be explained by the fact that larger particles have a smaller band gap energy,
which leads to absorption at longer wavelengths*’. According to Fig. 2B, the orange hue of the NPs resulted from
their surface plasmon resonance (SPR) excitation, suggesting the presence of Se NPs*+%.

Firstly, Cs@Se NPs were synthesized with a hydrodynamic size of 91.3 nm and a zeta potential of 26.1 mV.
To enhance the encapsulation efficiency of the NPs for loading quercetin, Cs@Se NPs were functionalized with
Tween 80, resulting in NPs with a size of 105 nm and a zeta potential of 14 mV. Ultimately, Tw-Cs@Se NPs
were loaded with quercetin, achieving an encapsulation efficiency of almost 50% and a loading capacity of 4%.
As presented in Table 1, the size of the NPs increased from 91.3 nm to 110.6 nm, while the zeta potential
decreased from +26 mV to +11.5 mV, confirming the successful functionalization of Cs@Se NPs and the effective
encapsulation of quercetin.

According to HR-TEM and FE-SEM images, Q-Tw-Cs@Se NPs were spherical, with a size of around
70 nm (Fig. 3A-D). To examine the elemental composition of Q-Tw-Cs@Se NPs, an EDX assay was carried
out. According to the obtained results, in Q-Tw-Cs@Se NPs, the atomic percentages were found to be 45% for
selenium, 27.7% for carbon, 24.2% for oxygen, and 3% for nitrogen (Fig. 3E).

FTIR analysis was conducted to investigate surface modifications and conjugation (Fig. 4). According to
the FTIR spectrum of chitosan, the broad peak around 3400 cm™! is attributed to the O-H and N-H stretching
vibrations of chitosan. The peak at 1653 cm™! is ascribed to the stretching vibration mode of amide I. The peak
at 1376 cm™! corresponds to the COO~ group, whereas the peak at 1077 cm™ is associated with the stretching
vibration of the C-O-C bond in the glucose ring structure*®*”. Cs@Se NPs’ spectrum shows characteristic peaks
of chitosan functional groups, including a broad band at 3425 cm™! from the O-H and N-H groups, asymmetric
C-H stretch at 2920, a symmetric C-H stretch at 2853 cm™!, the — NHj scissoring vibration at 1551 cm™, and
a C=0 stretch at 1064 cm™!. Furthermore, the 1623 cm™! and 566 cm™! peaks are ascribed to the stretching
and bending vibrations of Se-O bonds, respectively*®. With respect to the FTIR spectrum of Tween 80, the
characteristic peaks at 1109 cm™ and 1734 cm™ are assigned to the asymmetric C-O and C=O stretching
vibrations, respectively?. The absorption bands at 1105 cm™! and 1735 cm™! in the Tw-Cs@Se NPs’ spectrum
confirm the coverage of the NPs with Tween 80. In the spectrum of quercetin, the peak at 1382 cm™! corresponds
to the in-plane bending vibration of the phenolic O-H group, while the peak at 1663 cm™ is associated with the
C=0 stretching vibration of the aryl ketonic group®®->2. The spectrum of Q-Tw-Cs@Se NPs, compared to Tw-
Cs@Se NPs, shows a slight red shift in the band corresponding to the O-H group from 3417 to 3415, indicating
an interaction between the NPs and the O-H group of quercetin®’. Moreover, in the Q-Tw-Cs@Se NPs spectrum,

Scientific Reports |

(2026) 16:1940 | https://doi.org/10.1038/s41598-025-31744-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

50 nm

200 nm
L |

EHT = 2500 kV
WD= 64mm

E E Element Wt%
7 Se 45.0
im c 27.7
? 1 24.2
8 N 3.0
>
2
E 1
@ 20—
- e
e ]
0—
0 2 4 8 keV
Signal A = SE2 Date:11 Mar 2024 ZEISS
Mag= 5000KX  UserText= ] Energy (KeV)

Fig. 3. High-resolution transmission electron microscopy (HR-TEM) images of Q-Tw-Cs@Se NPs (A-C),
field emission scanning electron microscopy (FE-SEM) image (D) and energy dispersive X-ray (EDX)
spectrum of Q-Tw-Cs@Se NPs (E).

the red shift in the C=0 peak from 1663 cm™! to 1636 cm™! confirms the presence of quercetin. The peak at 1559
cm™! is attributed to the aromatic group of quercetin in the spectrum of the NPs>.

Antioxidant activity of the NPs

To investigate the antioxidant activity of the prepared NPs, DPPH and reducing power assays were performed.
Firstly, different concentrations of Tw-Cs@Se NPs, Q-Tw-Cs@Se NPs, and quercetin, ranging from 5 to 320
pg/mL, were compared for their ability to inhibit the DPPH radical. According to Fig. 5A, free quercetin at a
concentration of 5 pg/mL exhibited around 70% scavenging activity. At concentrations ranging from 5 pg/mL to
320 pg/mL, it showed more than 80% DPPH scavenging activity. Of note, there is no significant difference in the
inhibition of DPPH over the concentration range of 10 to 320 pg/mL (P > 0.05). Therefore, the DPPH scavenging
effect of quercetin was not dose-dependent in this concentration range. In the current study, Tw-Cs@Se NPs
demonstrated a scavenging effect of approximately 30% at the lowest concentration. In contrast, a previous
study reported that Se NPs did not improve antioxidant parameters measured by DPPH assays®. This might
have resulted from the antioxidant effect of chitosan itself>*. Moreover, the presence of stabilizers can enhance
the antioxidant activity of NPs by improving their solubility and stability in the aqueous environment, which in
turn increases the surface area of the NPs exposed to free radicals®’.

The free radical scavenging activity of Tw-Cs@Se NPs was considerably lower than that of free quercetin
and reached 50% at the highest concentration. At concentrations less than 320 pg/mL, there is no significant
difference between Tw-Cs@Se NPs and Q-Tw-Cs@Se NP. However, at the concentration of 320 ug/mL, there
is a significant difference between quercetin-free NPs and quercetin-loaded NPs (P < 0.0001). At 320 pg/mL
concentration, Q-Tw-Cs@Se NPs displayed around 80% scavenging effect, the same as free quercetin (P >
0.05). According to the results, quercetin loaded into the NPs did not demonstrate antioxidant activity at lower
concentrations, leading to similar results to quercetin-free NPs. This result is consistent with a previous study in
which iron oxide NPs containing quercetin exhibited no significant antioxidant activity at concentrations below
100 pg/mL; however, a sudden increase in scavenging activity was observed at 1000 pg/mL>®. This might have
resulted from insufficient time for the release of quercetin from the NPs, and we predict that the antioxidant
activity of the NPs will increase over time due to quercetin release®®. It is noteworthy that drug release is not
solely a function of time but also of NP concentration. At high concentration (320 pg/mL), the collective surface
area of the NPs in the assay medium is vastly greater. This increases the probability of interactions and the total
number of quercetin molecules beginning to diffuse out simultaneously, leading to a more pronounced initial
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Fig. 4. Fourier transforms infrared (FTIR) absorption spectra of Tween80, chitosan, quercetin, Cs@Se NPs,
Tw-Cs@Se NPs, and Q-Tw-Cs@Se NPs.

burst release. This initial rapid release partly results from unattached or loosely bound drug molecules on NP
surfaces, which increase at higher NP concentrations and are quickly released, especially in DPPH medium
containing ethanol, the quercetin solvent. At lower concentrations (80 and 160 pg/mL), this collective effect is
reduced, and the released quercetin may be below the critical concentration threshold of the assay, explaining
why their results are similar to each other and to the quercetin-free NPs**. Moreover, NPs are complex systems,
and at certain concentrations and under specific medium conditions, NPs can undergo conformational and
surface chemistry changes that alter their total surface area, release profiles, accessibility of redox-active sites,
and ultimately the reaction kinetics. For instance, a recent study reported that DPPH can adsorb onto the surface
of NPs, hindering drug-free diffusion and reducing the antioxidant activity of NPs within the assay timeframe®’.
All these factors collectively can explain the nonlinear correlation observed between the concentration of NPs
and their scavenging effect.

As shown in Fig. 5A, at the highest concentration, not only did released quercetin show considerable
scavenging activity, but its effect might also be intensified in the presence of the NPs since quercetin-free NPs
indicated around 50% scavenging effect at a similar concentration. In fact, Tw-Cs@Se NPs and quercetin showed
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Fig. 5. (A) Free radical scavenging capacities of Tw-Cs@Se NPs, Q-Tw-Cs@Se NPs, and quercetin. (B)
Reducing power ability of Tw-Cs@Se NPs, Q-Tw-Cs@Se NPs, and quercetin. Each value is represented as
mean +SD, n=3. A two-way ANOVA was used for statistical comparison among groups, followed by Tukey’s
post-test and statistical significance is denoted as follows: *P<0.05, **P<0.01, ***P<0.001, and ***P <0.0001.

a synergistic effect at this concentration. Consistent with the previous study regarding curcumin-loaded Se NPs,
it has been demonstrated that the effect of DPPH free radical scavenging between Se NPs and curcumin in the
Se NPs@Cur was strongly synergistic®!.

Alongside the DPPH assay, to evaluate their reducing power, the NPs and free quercetin were compared at
concentrations ranging from 10 to 1280 pg/mL based on their ability to reduce Fe** ions to Fe**. According to
Fig. 5B, at all concentrations, the reducing power ability of free quercetin is considerably higher than that of the
NPs (P<0.001). Within the concentration range of 10 to 640 ug/mL, there is no considerable difference among
Cs@Se NPs, Tw-Cs@Se NPs, and Q-Tw-Cs@Se NPs. However, at the highest concentration (1280 pg/mL), Q-Tw-
Cs@Se NPs exhibited greater reducing power compared to quercetin-free NPs. In fact, at this concentration, the
quercetin released from the NPs was sufficient to cause a significant difference between quercetin-free NPs and
NPs containing quercetin.

Hemocompatibility of the NPs

When NPs are exposed to RBCs, they may cause rupture and release hemoglobin into the bloodstream. There
is no standardized animal study to evaluate nanoparticle-induced hemolysis. Therefore, hemocompatibility
tests should be considered a part of toxicity testing®. In this study, we examined the hemolytic activity of
Cs@Se NPs, Tw-Cs@Se NPs, and Q-Tw-Cs@Se NPs based on the Standard Practice for the Assessment of
Hemolytic Properties of Materials (ASTM F 756-08), which defines compounds as non-hemolytic if they exhibit
a hemolysis rate below 2%%%>. As shown in Fig. 6A and B, the hemolysis percentage of Q-Tw-Cs@Se NPs
remained below 2% at all tested concentrations. In contrast, Tw-Cs@Se NPs at the highest concentration (640
pg/mL) exhibited nearly 2% hemolysis, while Cs@Se NPs at the same concentration caused RBC lysis exceeding
2%. It is noteworthy that Q-Tw-Cs@Se NPs demonstrated significantly lower hemolysis than quercetin-free NPs
at concentrations above 160 pg/mL, with the most significant difference observed at 640 ug/mL (P < 0.0001).
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Fig. 6. (A) Comparison of hemolytic activity among Cs@Se NPs, Tw-Cs@Se NPs, Q-Tw-Cs@Se NPs. (B)
Visual inspection of tubes containing the NPs post-centrifugation. Each value is represented as mean + SD,
n=2. A two-way ANOVA was used for statistical comparison among groups, followed by Tukey’s post-test and
statistical significance is denoted as follows: *P<0.05, **P<0.01, **P<0.001, and ***P<0.0001.

Based on these results, Q-Tw-Cs@Se NPs are non-hemolytic within the concentration range of 5 to 640 pg/
mL. The lower surface positive charge of Q-Tw-Cs@Se NPs compared to the other formulations may explain its
reduced hemolytic activity. In contrast, Cs@Se NPs, which caused the highest level of hemolysis, had the highest
surface positive charge, suggesting that these NPs have a stronger tendency to interact with negatively charged
cell membranes of RBCs®.

Cytocompatibility of the NPs

Prior to evaluating the protective effects of the NPs on PC12 cells, it was necessary to assess their cytocompatibility.
The cellular toxicity of Cs@Se NPs, Tw-Cs@Se NPs, Q-Tw-Cs@Se NPs, and free quercetin was first evaluated
within the concentration range of 0.16 to 40 ug/mL after 24 h in the PCI12 cell line. According to previous
studies, Se NPs exhibit protective effects at low concentrations, whereas at higher concentrations they can induce
cytotoxicity®”-"°. Since the goal of the current study was to evaluate the potential protective effects of NPs, it was
essential to select a concentration range in which NPs would not induce toxicity, maintaining cell viability above
90%. Based on previous studies, we chose concentrations below 40 pg/mL%-%. Moreover, because a similar
study reported the highest protective effect of quercetin-loaded NPs at 1 pg/mL, we decided to set the lowest
concentration in our experiments at 0.16 pg/mL.

According to Fig. 7A, quercetin did not exhibit toxicity in PC12 cells, with cell viability remaining above
90% across the entire concentration range, and no significant differences were observed between the various
concentrations and the control group (P> 0.05).

As shown in Fig. 7B and C, Cs@Se NPs and Tw-Cs@Se NPs exerted toxicity on PC12 cells at the concentration
of 40 pg/mL, and cell viability was significantly less than that of the control group (P < 0.05 and P < 0.01,
respectively). However, quercetin-loaded NPs at concentrations above 20 pg/mL demonstrated significant
toxicity compared to the control group (P < 0.001) (Fig. 7D). Previous studies have shown that conjugating
quercetin to other compounds through its functional groups reduces its antioxidant capacity. This reduction
occurs because the number of available hydroxyl groups, which are responsible for its antiradical activity, is
diminished’!. Moreover, some studies have reported controversial results regarding the neuroprotective effects
of quercetin. In fact, depending on the conditions under which cells are grown and their differentiation status,
cells may exhibit different behaviors when exposed to quercetin’2

Additionally, the pro-oxidative activity of quercetin can be explained by its ortho-dihydroxy structure in
the B ring and its vulnerability to autooxidation or enzymatic conversion into pro-oxidant intermediates under
specific conditions”. Along with pro-oxidant activity, accumulating evidence has shown that flavonoids such as
quercetin can induce cell death by changing the expression of heat shock proteins (HSP) and proteins associated
with the MAPK pathway in undifferentiated PC12 cells’?. Moreover, at the concentration of 20 pg/mL, the
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Fig. 7. Cell viability of PC12 cells treated with quercetin (A), Cs@Se NPs (B), Tw-Cs@Se NPs (C), and Q-Tw-
Cs@Se NPs (D), cisplatin (E) after 24 h. Each value is represented as mean + SD, n=3. A one-way ANOVA was
used for statistical comparison among groups, followed by Dunnetts’ post-test, and statistical significance is
denoted as follows: *P<0.05, **P<0.01, **P<0.001, and ***P<0.0001.

presence of Se NPs and their potential pro-oxidant effect might have triggered quercetin to activate the cell
death pathways’.

This may explain why Q-Tw-Cs@Se NPs showed greater toxicity at a concentration of 20 ug/mL compared
to the quercetin-free NPs, highlighting the importance of further research on the potential toxic effects of
flavonoids and the appropriate concentration ranges for favorable effects in various conditions. Figure 7E shows
the cytotoxicity of cisplatin on PC12 cells within a concentration range of 5 to 640 pug/mL. At 80 pg/mL, cisplatin
induced approximately 50% toxicity, which was selected as the IC50 for subsequent experiments.

Overall, based on the MTT results, the selected concentration range was from 0.16 to 20 pg/mL to investigate
the protective effects of the NPs on cisplatin-induced neurotoxicity.

Cytoprotective effect of Q-Tw-Cs@Se NPs

In this study, we investigated the protective effects of Q-Tw-Cs@Se NPs (0.16-20 ug/mL) and quercetin at an
equivalent concentration, calculated based on the 4% loading capacity of the NPs, on PC12 cells 24 h before
cisplatin (80 ug/mL) treatment (Fig. 8). According to the results, pretreatment with free quercetin and Q-Tw-Cs@
Se NPs effectively inhibited cisplatin toxicity. A recent study demonstrated that, compared to cells treated with
H,0, alone, pretreatment with quercetin significantly enhanced cell viability and lactate dehydrogenase (LDH)
release in a dose-dependent manner. Additionally, quercetin pretreatment significantly mitigated oxidative
stress in PC12 cells exposed to H,0,, as evidenced by reduced intracellular ROS levels, malondialdehyde (MDA)
production, and cell membrane lipoperoxidation. Ultimately, quercetin pretreatment reduced cell apoptosis
in an H,0,-induced oxidative stress model”. In a similar study, the protective effects of quercetin on toxicity
induced by H,0, in a mouse colitis model were explored’s. Due to their findings, superoxide dismutase (SOD)
and glutathione peroxidase (GSH-Px) are among the endogenous antioxidant enzymes whose levels can be
enhanced by quercetin. This increase in antioxidant enzymes facilitates the conversion of superoxide radicals
into less harmful molecules, which reduces oxidative stress and enhances cellular antioxidant capacity”’. As
shown in Fig. 8, from the 0.16 to 0.62 ug/mL concentration, there is no significant difference between free
quercetin and Q-Tw-Cs@Se NPs (P > 0.05). Unlike Yarjani et al’s study, in which quercetin-loaded iron oxide
NPs showed less protective effect than free quercetin, Q-Tw-Cs@Se NPs exhibited a protective effect comparable
to free quercetin®. This result might have resulted from the synergistic antioxidant activity of Se NPs at low
concentrations combined with quercetin. In agreement with the protective effect of Se NPs at low concentrations,
Turovsky et al. revealed that Se NPs, only in concentrations below 0.5 pug/mL, are able to alleviate neurotoxicity
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Fig. 8. Cell viability of PC12 cells pre-exposed to Q-Tw-Cs@Se NPs and quercetin for 24 h before addition of
cisplatin (80 pg/mL). Each value is represented as mean +SD, n=3. A two-way ANOVA was used for statistical
comparison among groups, followed by Tukey’s post-test, and statistical significance compared to the model
group (untreated + cisplatin) is denoted as follows: *P<0.05, &P<0.01, 3P<0.001, and *P<0.0001. Statistical
significance between two groups at the same concentration is indicated as follows: AP<0.05, AMAP<0.01,
ANAP<0.001, and AMAAAP<0.0001.

induced by oxygen-glucose deprivation and reoxygenation on primary cortical neurons and astrocytes. While
low doses of Se NPs activate the anti-apoptotic IRE1-XBP1 pathway and potentially the Nrf-2/HO-1 antioxidant
signaling pathway, higher concentrations trigger necrosis and apoptosis”.

Moreover, positively charged NPs can enhance the penetration of quercetin into cells. For instance, Ferreira
et al. developed chitosan/sulfonyl-ether-B-cyclodextrin (SBE-B-CD) as a delivery system for quercetin. They
demonstrated that positively charged NPs enhanced the antitumor activity of quercetin against ovarian cancer
by improving the cellular uptake of the drug’®. In our study, we used chitosan not only as a stabilizer but also to
enhance the interaction of NPs with the negatively charged cell membrane through its natural positive charge.

At concentrations up to 1.25 pug/mlL, a significant difference is observed between Q-Tw-Cs@Se NPs and the
model group (cisplatin with no pretreatment). However, at higher concentrations, the protective effect of the
NPs is significantly reduced compared to free quercetin. This might have resulted from the pro-oxidant effect of
Se NPs at higher concentrations in the presence of cisplatin. As previously mentioned, Se NPs can exhibit both
antioxidant and pro-oxidant activities, depending on their dose, duration, frequency of exposure, and oxidation
state, which is supported by several studies®’*”. In this case, although quercetin-free NPs at concentrations
up to 40 pg/mL did not show toxicity, cisplatin might have stimulated the pro-oxidant activity of Se NPs even
at lower concentrations, reducing the protective effects of quercetin released from Q-Tw-Cs@Se NPs. Overall,
24-h quercetin pretreatment at all concentrations provided protective effects and attenuated cisplatin toxicity;
however, Q-Tw-Cs@Se NPs showed the greatest protection at 1.25 pug/mL.

Flow cytometry analysis of cytoprotection induced by Q-Tw-Cs@Se NPs

According to flow cytometry results, 24-h pre-exposure to Q-Tw-Cs@Se NPs before cisplatin treatment at its
IC,, concentration inhibits both apoptosis and necrosis (Fig. 9A-D). As shown in Fig. 9B, cisplatin led to 39.11%
necrosis and 5.62% apoptosis in PC12 cells. Meanwhile, in the sample in which only Q-Tw-Cs@Se NPs were
added, 0.2% necrosis and 0.55% apoptosis were observed (Fig. 9C). According to Figs. 9D and 24-h pretreatment
with Q-Tw-Cs@Se NPs reduced necrosis percentage from 39.11% to 8.45% and apoptosis percentage from 5.62%
to 0.29%, confirming the inhibitory effect of Q-Tw-Cs@Se NPs pretreatment on cisplatin-induced toxicity in
PCI2 cells.

Several mechanistic insights can be proposed to explain how pretreatment with quercetin and Se NPs can
effectively inhibit cell death. As mentioned, Se NPs can upregulate SOD/GSH-Px, creating a redox buffer against
cisplatin-induced ROS®’. Moreover, in another study, it has been revealed that Se NPs can modulate Bcl-2/
Bax ratio and prevent cytochrome c release during cisplatin exposure®!. It has also been reported that Se NPs
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Fig. 9. Scatterplots of PI and Annexin V-FITC by Flow Cytometry; control (A), cell treated with cisplatin (B),
cells treated with Q-Tw-Cs@Se NPs (C), and cells pretreated with Q-Tw-Cs@Se NPs 24 h before exposure to
cisplatin (D).

can inhibit inflammatory cytokines like TNF-a and IL-6, thereby reducing secondary oxidative stress and
mitigating both apoptosis and necrosis®2. For quercetin, several studies have confirmed its anti-apoptotic and
anti-inflammatory effects. For instance, Bournival et al. indicated that 3 h pretreatment with quercetin (0.1 uM)
prior to exposure to 1-methyl 4-phenylpyridinium (MPP) suppressed the expression of inflammatory cytokines,
including IL-6, TNF-a, and IL—1|383. Nichols et al. demonstrated that quercetin, epicatechin, or both mitigated
apoptosis induced by glucose and oxygen deprivation in mouse cortical neurons and preserved mitochondrial
function, while elevating mitochondrial gene expression and pro-survival signaling®*.

Mechanistic insights predicted by network pharmacology

To identify potential targets responsible for the protective effects of Q-Tw-Cs@Se NPs, network pharmacology
was employed. Firstly, genes targeted by quercetin and Se NPs were retrieved from the GeneCards database,
CTD, and SwissTargetPrediction. After removing duplicates, 325 and 519 target genes were identified for
quercetin and Se NPs, respectively. Then, genes associated with cisplatin toxicity and peripheral neuropathy,
a common side effect of cisplatin, were collected from the GeneCards database and CTD. Duplicate removal
resulted in a final set of 590 genes for cisplatin and 9407 genes for peripheral neuropathy.

Using a Venn diagram analysis, 73 overlapping genes were selected as intersection targets for further analysis
(Fig. 10A). To better understand the interactions among these targets, a PPI network was constructed using the
STRING database and visualized with Cytoscape. As illustrated in Fig. 10B, the resulting PPI network comprises
73 nodes and 481 edges. A topological network algorithm was employed to quantify each node by assigning a
score and subsequently ranking the nodes based on their degree (k) using the cytoHubba plugin of Cytoscape.
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Table 2. Summary of the PPI network Clusters.

In the PPI network, darker colors represent higher scores, and red nodes indicate greater significance, suggesting
their likely key roles within the network. Afterward, the top 10 hub nodes (targets) were identified with the
highest degree of connectivity (Fig. 10C). The top 10 hub targets include B-cell lymphoma 2 (BCL2), Caspase 3
(CASP3), Serine/threonine kinase 1 (AKT1), Epidermal growth factor receptor (EGFR), Signal transducer and
activator of transcription 3 (STAT3), Tumor necrosis factor (TNF), Heat Shock Protein 90 Alpha Family Class
A Member 1 (HSP90AA1), Catenin beta 1 (CTNNB1), Interleukin 1 beta (IL-1f), and BCL2-like 1 (BCL2L1).
The PPI network was clustered into four modules using the MCODE plugin of Cytoscape (Fig. 10D). Each
cluster was analyzed individually to identify enriched biological processes using GO-BP terms. According to
Table 2, Cluster 1 shows significant enrichment in the regulation of the apoptotic process; Cluster 2 is highly
enriched in the glutathione metabolic process; Cluster 3 mainly participates in mitotic phase transition and the
G2/M transition of mitotic cells; and Cluster 4 is mostly involved in the cellular response to unfolded proteins.
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Fig. 11. Gene ontology and Reactome pathway enrichment analyses of Cluster 1, illustrating the significantly
enriched terms across three Gene Ontology categories: Biological Process (GO-BP), Molecular Function (GO-
MF), and Cellular Component (GO-CC).

Notably, all top 10 hub targets are located within Cluster 1, suggesting a pivotal role for this cluster in the
therapeutic effects of Q-Tw-Cs@Se NPs. GO and Reactome pathway analyses were then performed on Cluster 1
to further investigate the enrichment of these targets (Fig. 11). The results show that the 22 nodes in Cluster 1 are
mainly related to the regulation of the apoptotic process (BP), intracellular membrane-bound organelles (CC),
and kinase binding (MF). Pathway enrichment analysis indicates that the nodes in Cluster 1 are associated with
intrinsic apoptosis pathways, programmed cell death, and signaling by interleukins.

According to network pharmacology, the major targets are BCL2, CASP3, and AKT1. In other words, these
targets have a high potential to explain the protective effects of Q-Tw-Cs@Se NPs against cisplatin-induced
neurotoxicity.

Apoptosis proceeds via two principal mechanisms: the extrinsic pathway, also known as the death receptor
or caspase pathway, and the intrinsic pathway, commonly referred to as the mitochondrial or Bcl-2-regulated
pathway, which is controlled by the interplay between proapoptotic and anti-apoptotic factors. Bcl-2 is one of the
most important anti-apoptotic proteins in the Bcl-2 family, primarily responsible for maintaining mitochondrial
integrity and preventing cell death. In contrast, CASP3 plays a central role in the extrinsic apoptotic pathway.
Several studies have indicated that quercetin protects neuronal cells from toxic insults via the upregulation of Bcl-2
and downregulation of CASP3 expression®>%°. For instance, it has been shown that quercetin alleviates neuronal
death induced by aluminum by upregulating Bcl-2, downregulating Bax and p53, inactivating caspase-3, and
reducing DNA fragmentation®”. In addition to experimental studies, in silico studies have confirmed a strong
binding affinity between quercetin and BCL-23%%, Besides quercetin, several studies have suggested a protective
effect of Se NPs through the Bax/Bcl-2-mediated apoptotic pathway. For instance, in diabetic rats, chitosan-
coated Se NPs combined with metformin significantly increased Bcl-2 expression®’. Moreover, in neurotoxicity
caused by oxygen-glucose deprivation, low doses of Se NPs exert anti-apoptotic effects through multiple
mechanisms. These include upregulating Bcl-2 expression and suppressing mitochondrial and endoplasmic
reticulum (ER) stress pathways, which ultimately lead to caspase-3 inactivation’’. Therefore, the primary
predicted mechanism for the neuroprotective effects of Q-Tw-Cs@Se NPs is the regulation of the apoptotic
process, which is supported by the flow cytometric analysis of cell death. As mentioned, 24-h pretreatment with
these NPs resulted in a considerable decrease in the percentage of apoptotic cells. These findings suggest that
Q-Tw-Cs@Se NPs may offer a promising prophylactic strategy by modulating apoptotic pathways to protect
neuronal cells from cisplatin-induced toxicity.

AKT1 plays a pivotal role in mediating survival signaling in a variety of neuronal cell types. The PI3K-
AKT-mTOR pathway promotes neural repair by regulating cell survival and inhibiting oxidative stress and
inflammation. Activation of AKT reduces free radical levels by upregulating antioxidant enzymes such as SOD,
while concurrently suppressing the release of inflammatory cytokines, including TNF-a and IL-6°!. In this
regard, an in vitro study has demonstrated that quercetin exerts its neuroprotective effects via the PI3K/Akt and
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ERK1/2 signaling pathways in copper-induced toxicity in P19 neuronal cells??. Consistent with these findings,
the PI3K-AKT and EGFR/MAPK pathways have been proposed as major mechanisms underlying quercetin
therapy in spinal cord injury®®. However, researchers have emphasized the need for further investigations to
elucidate the precise mechanisms by which quercetin contributes to neuroprotection through the PI3K and
EGFR/MAPK pathways.

In addition to quercetin, a recent study has shown that Se NPs coated with lentinan attenuate neuronal
apoptosis by upregulating the PI3K-AKT-mTOR and Ras-Raf-MEK-ERK signaling cascades, while modulating
the expression of associated antioxidant and anti-inflammatory proteins®.

EGEFR is one of the first discovered receptor tyrosine kinases, triggering signaling pathways that play crucial
roles in neuronal proliferation, differentiation, and migration, including the Ras-Raf-MEK-ERK1/2, STAT3, and
PI3K-Akt-mTOR pathways®. Although EGFR activates neurotrophic signaling pathways, its inhibition after
injury can help reduce astrogliosis, suppress the release of proinflammatory factors, and protect neurons from
cell death. The inhibitory effects of quercetin on EGFR have been well documented in various cancers; however,
there are only a limited number of studies exploring the role of EGFR in quercetin’s neuroprotective effects’.
Given the protective benefits observed from EGFR inhibition following quercetin treatment in nephropathy,
it is plausible that quercetin alleviates neurotoxicity through EGFR inhibition, thereby reducing inflammatory
responses, oxidative stress, and apoptosis®*®. Furthermore, molecular docking analysis has revealed that
quercetin attaches to EGFR with a strong binding affinity via hydrogen bonds, suggesting that quercetin may
influence EGFR through both direct and indirect mechanisms®°.

HSPs are highly conserved chaperone proteins that play a vital role in cell survival. They protect cells
under stress conditions, such as hypoxia, oxidative stress, and exposure to toxic agents, by activating various
cytoprotective mechanisms. Among these, HSP90AA1, a member of the HSP90 family, is one of the most
important HSPs'%. Molecular docking analysis has indicated that quercetin can directly bind to HSP90AA1,
and an in vitro study has confirmed the inhibitory effects of quercetin on HSP90 activity in breast cancer
cells®>19!, Nevertheless, there is insufficient evidence to elucidate how the interaction between quercetin and
HSPs contributes to neuroprotection against toxic agents. In contrast, Se NPs have been shown to upregulate
HSP90 expression, thereby protecting cells under stress conditions!%%

STAT3 plays a multifaceted role in regulating cell proliferation, survival, death, and inflammatory responses.
Because of its intricate function, STAT3 acts as a double-edged sword in neurotoxicity and brain injury. It can
have both protective and harmful effects depending on the cell type and cellular environment. For example,
activation of STAT3 has been demonstrated to exert a neuroprotective effect on dopaminergic neurons and
axonal survival by reducing oxidative stress and cell death!®. In contrast, STAT3 inhibition has been shown to
significantly reduce apoptosis in SH-SY5Y cells exposed to hydrogen peroxide, thus protecting the cells from
oxidative stress!®%. Several studies have reported the inhibitory effects of quercetin on STAT3 in both cancer
and neurodegenerative models'®-1%7. Due to the key role of STAT3 in inflammatory responses, STAT3 pathway
inhibition may partially explain the anti-inflammatory mechanisms of quercetin'%. Furthermore, suppressing
the STAT3 pathway has been suggested as one of the anti-inflammatory mechanisms of Se NPs. For instance, a
recent study demonstrated that the co-incubation of chitosan-coated Se NPs with bone marrow mesenchymal
stem cells resulted in the downregulation of Th17 expression via the inhibition of the RORyt/STAT?3 signaling
pathway!®.

TNF and IL-1p B are two of the major proinflammatory cytokines that contribute to neuroinflammation and
oxidative stress. Several studies have confirmed quercetin’s suppressive effect on TNF and IL-1p expression by
blocking the activation of the MAPK and NF-«B signaling pathways!!*!!l. CTNNBI, which encodes p-catenin,
is essential in the Wnt signaling pathway and the regulation of cellular homeostasis. The Wnt/B-catenin signaling
pathway contributes to neuronal differentiation, axonal regeneration, local neuroinflammatory responses, and
cell apoptosis. Consequently, inhibition of B-catenin can disrupt Wnt signaling, impair neuronal survival, and
synaptic connections. Although strong evidence for a direct effect of quercetin on CTNNBI and B-catenin is
lacking, it is likely that quercetin indirectly stimulates the Wnt/f-catenin pathway'!2.

In conclusion, while these findings provide valuable insights, comprehensive in vitro and in vivo studies are
essential to clarify the precise roles of quercetin and Se NPs in modulating these signaling pathways and genes/
proteins, particularly in the context of cisplatin-induced neurotoxicity.

Conclusion

Cisplatin is one of the most widely used chemotherapy drugs for cancer treatment, while neurotoxicity remains
a major limitation in cisplatin-based chemotherapy. Although quercetin has been reported as a promising
neuroprotective polyphenol, its clinical application is hindered by poor bioavailability. To address this issue, we
introduced innovative Se NPs containing quercetin, which demonstrated favorable physicochemical properties,
biocompatibility, and protective effects against cisplatin-induced neurotoxicity in PC12 cells. Pretreatment with
these NPs significantly reduced apoptosis and necrosis in this neuronal cell model.

Network pharmacology analysis identified 10 hub targets (BCL2, CASP3, AKT1, EGFR, STAT3, TNE
HSP90AAIL, CTNNBI, IL-1p3, and BCL2L1) that may underlie the neuroprotective mechanisms of the NPs.
Functional enrichment analysis revealed that these targets are significantly involved in regulating apoptosis, a
finding supported by the flow cytometric assessment of cell death.

Finally, by combining quercetin with Tw-Cs@Se NPs, we designed nanostructures that have not been
previously reported for mitigating cisplatin neurotoxicity. While these findings suggest that Q-Tw-Cs@Se NPs
may help alleviate cisplatin-induced neurotoxicity, further pharmacological research is undoubtedly required
to elucidate the underlying mechanisms of neuroprotection and validate efficacy and safety in relevant animal
models before considering clinical translation.
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