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Graphical Abstract 

 

Abstract 
 Quercetin, a bioactive flavonoid, has well-documented antitumour properties; however, its clinical 

application is limited by its hydrophobicity, poor bioavailability, and stability. These limitations can be 
addressed via the use of nanotechnology-based drug delivery systems. In this study, we aimed to de-
velop polylactide-coglycolide nanoparticles functionalized with polyethylene glycol as a drug vehicle 
for encapsulating quercetin (QNPs), and further investigate their anticancer potential against the human 
tongue squamous cell carcinoma cell line HNO-97 by comparing their efficacy with that of free quer-
cetin and doxorubicin, a standard chemotherapeutic control. QNPs were synthesized and characterized 

 
 
* Corresponding Authors: Hana’a Hezam Algadi, hanaa.ghaleb@dentistry.cu.edu.eg,; Ahmed A. 

Abd-Rabou, ahmedchemia87@yahoo.com. These authors equally contributed to this work. 
 



Prnano.com, https://doi.org/10.33218/001c.143324  Andover House, N. Andover, MA USA  
The official Journal of CLINAM – ISSN:2639-9431 (online)  License: CC BY-NC 4.0 

 

1571 

for particle size, zeta potential, and entrapment efficiency via dynamic light scattering and for morphol-
ogy via transmission electron microscopy. Cytotoxicity was evaluated at two time intervals (4 and 24 
hours) using the MTT assay. Apoptosis analysis was performed via flow cytometry, and the gene ex-
pression levels of Bax, Bcl-2, and PI3K were evaluated via RT-qPCR. After 24 hours of treatment, the 
in vitro cell cytotoxicity study revealed that, compared with free quercetin (59.7 µM) and DOX (74.7 
µM), QNPs exhibited superior cytotoxicity (IC₅₀ = 41.4 µM). The anticancer efficacy of the QNPs was 
further confirmed by enhanced cellular apoptosis. Moreover, treating cells with QNPs resulted in an 
increase in Bax expression levels and a decrease in Bcl-2 and PI3K expression levels, leading to the 
highest Bax/Bcl-2 ratio. In conclusion, the overall study results suggest that quercetin encapsulated 
PLGA-PEG nanoparticles may serve as potential drug candidates for the treatment of human tongue 
squamous cell carcinoma. 

Keywords: Tongue cancer cell line; HNO-97 cell line; anticancer; phytochemicals; quercetin; 
PLGA-PEG nanoparticles; PI3K/AKT pathway; BAX/BCL-2 ratio. 

Rationale, Purpose, and Limitations 
Human tongue squamous cell carcinoma 

(TSCC) is a highly aggressive malignancy with 
limited therapeutic options and significant 
treatment-related morbidity. Although querce-
tin (Q) demonstrates notable anticancer activ-
ity, its clinical application is restricted by poor 
aqueous solubility, low bioavailability, and lim-
ited stability. This study addresses these chal-
lenges by encapsulating Q within PLGA-PEG 
nanoparticles (QNPs) and assessing their anti-
cancer efficacy in the HNO-97 TSCC cell line, 
compared to free Q and doxorubicin (DOX). 
The results indicate that QNPs significantly im-
prove cellular uptake, cytotoxicity, and 
proapoptotic gene modulation, suggesting their 
potential as a targeted nanotherapeutic strategy 
for TSCC. Nonetheless, the study’s in vitro de-
sign does not fully mimic the tumor microenvi-
ronment or systemic drug behavior. Further in 
vivo studies and detailed mechanistic investiga-
tions, including mitochondrial and caspase 
pathway analyses, are required to substantiate 
these findings and support clinical translation. 

Introduction 
TSCC is the most aggressive subtype of oral 

squamous cell carcinoma (OSCC) and is char-
acterized by high locoregional recurrence and a 
poor prognosis. Traditional treatment for TSCC 
includes surgery with or without adjuvant 
chemoradiotherapy. Although these modalities 
have contributed significantly to the treatment 
of TSCC, they are associated with comorbidi-
ties and reduced quality of life, which under-
scores the urgent need for alternative natural 
therapeutic modalities [1-3]. 

The application of natural phytochemicals is 
considered an efficient and safer alternative 
therapeutic strategy. They have gained increas-
ing attention as emerging areas in anticancer re-

search [4]. Among dietary polyphenolic com-
pounds, quercetin (Q), a bioactive flavonoid 
with strong antioxidant and anti-inflammatory 
properties, is found in various fruits (e.g., ap-
ples, blueberries, watermelon) and vegetables 
(e.g., corn, onions, tofu) and is also present in 
beverages such as tea and wine [5]. It has shown 
notable anticancer effects in various malignan-
cies[6-10]. Q interferes with several cellular 
processes involved in cancer development, 
mainly through the inhibition of proliferation 
[9], suppression of metastasis [11], triggering 
of apoptosis [12], and blocking of cancer-asso-
ciated angiogenesis [13]. 

Owing to their poor solubility in water and 
short half-life (approximately 11–24 hours), 
NP-based drug delivery systems are considered 
innovative strategies to improve their efficacy 
by releasing a bioactive drug at a specific site 
that targets malignant cells, increasing its solu-
bility and dissolution, increasing its bioavaila-
bility and biodistribution, increasing its stabil-
ity, and controlling and extending its duration 
of release at the primary location of malignant 
tumors [14, 15]. 

Among various nanocarriers, polymeric NPs 
have distinct merits, such as small particle 
sizes, which promote tissue penetration and tar-
geting refinement. In addition to synthesis sim-
plicity, extended clearance time from the body, 
decreased toxicity, biocompatibility, and bio-
degradability are desirable. Synthetic polymers 
such as polylactic-co-glycolic acid (PLGA), 
poly ε-caprolactone (PCL), and polylactic acid 
(PLA) are more widely studied since their 
chemical and physical properties are favourable 
[16, 17]. 

The amphiphilic copolymer PLGA–polyeth-
ylene glycol (PLGA-PEG) is especially attrac-
tive as a nanocarrier system. This aligns in such 
a manner that hydrophobic oily PLGA stills in-
side, increasing the stability and bioavailability 
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of the therapeutic drug. The hydrophilic PEG 
shell is outside the polymer, acting as a stabiliz-
ing frame, controlling the release of the thera-
peutic agent from the core and preventing the 
recognition of the NPs by immune cells [17, 
18]. Several in vitro and in vivo studies have 
demonstrated that Q induces cytotoxicity and 
apoptosis in OSCC [19-22]; however, few in-
vestigations have explored its efficacy in treat-
ing TSCC ]23[ . To the best of our knowledge, 
no study has yet examined the anticancer poten-
tial of Q encapsulated in PLGA-PEG NPs 
(QNPs) against the HNO-97 TSCC cell line. 

The present study investigated the potential of 
QNPs for treating TSCC. This study aimed to 
evaluate the therapeutic efficacy of QNPs in the 
HNO-97 TSCC cell line compared with that of 
free Q, with doxorubicin (DOX) serving as the 
standard chemotherapeutic control. The evalu-
ation included the assessment of cytotoxicity, 
apoptosis investigation, flow cytometric analy-
sis, and the expression levels of the proapop-
totic (Bax) and antiapoptotic (Bcl-2) genes, as 
well as the PI3K gene. 

Materials and methods 
Chemicals and reagents 
Quercetin (Q; ≥95%, HPLC grade), poly(D,L-

lactide-co-glycolide) (PLGA, copolymer ratio 
50:50), polyethylene glycol (2 kDa), doxorubi-
cin hydrochloride (2 mg/mL), and polyvinyl al-
cohol (PVA, MW 30.000) were used. MTT rea-
gent [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide] and chloroform were 
purchased from Sigma‒Aldrich (St. Louis, MO, 
USA). Fetal bovine serum (FBS) and 1× tryp-
sin-EDTA solution (0.25% trypsin, 0.02% 
EDTA) were purchased from Biowest (USA). 
Phosphate-buffered saline (PBS) was obtained 
from SEROX (Germany).  The Annexin V-
FITC/Propidium Iodide (PI) Kit, RevertAid 
First-Strand cDNA Synthesis Kit, and RNA Pu-
rification Kit were purchased from Thermo 
Fisher Scientific (USA). The MiScript SYBR 
Green PCR Kit was procured from Qiagen (Va-
lencia, CA, USA). Ultrapure water (Milli-Q) 
was used throughout all the experiments (Milli-
pore, Bedford, MA, USA). 

Preparation of PLGA-PEG Nanoparticles 
and QNPs 

A modified oil-in-water (O/W) single-emul-
sion solvent evaporation method was used to 

synthesize the PLGA-PEG NPs. The organic 
phase was prepared by dissolving 100 mg of 
PLGA in 3 mL of chloroform. Separately, the 
aqueous phase was prepared by dissolving 5 mg 
of PEG (MW = 2 kDa) and 2% (w/v) PVA in 12 
mL of double-distilled water [24]. The organic 
phase was slowly added dropwise to the aque-
ous PEG/PVA solution under continuous stir-
ring, followed by emulsification via a microtip 
probe sonicator (VC 505, VibraCell™, Sonics 
& Materials, Newton, USA) operated at 55 W 
for 2 minutes in an ice bath (Thermo Scien-
tific™, USA) to maintain thermal stability. This 
process generated a stable O/W emulsion. The 
emulsion was then stirred overnight at room 
temperature via a magnetic stirrer (VELP Sci-
entifica Srl, Italy) to allow complete chloroform 
evaporation. NPs were harvested by ultracen-
trifugation at 50,602 ×g for 20 minutes at 4°C 
(OHAUS, Germany), and the pellet was 
washed three times with double-distilled water 
to eliminate unencapsulated components and 
residual surfactant. For the preparation of the 
QNPs, Q was codissolved with PLGA in the or-
ganic phase before emulsification. Various for-
mulations were prepared to evaluate drug-load-
ing capacity and encapsulation efficiency. 

Nanoparticle characterization 
Assessment of particle size, zeta potential, 

and polydispersity index 
The particle size, zeta potential, and polydis-

persity index (PDI) of PLGA-PEG nanovoids 
(NVs) (i.e., nanoparticles without loaded Q) 
and QNPs were determined via dynamic light 
scattering (DLS) with a Zetasizer (Nano ZS, 
Malvern Instruments Ltd., UK). All measure-
ments were performed in triplicate at a constant 
temperature of 25.0 °C to ensure reproducibil-
ity and accuracy. 

Measurement of the Entrapment Efficiency 
and Drug-Loading Content 

The entrapment efficiency (EE) and drug-
loading content (DLC) are critical parameters 
for quantifying the percentage of Q success-
fully incorporated into PLGA-PEG NPs. The 
EE (%) and DLC (%) of QNPs were quantita-
tively assessed using a validated UV–Vis spec-
trophotometric method at 370 nm following 
centrifugation and separation of unencapsu-
lated quercetin. The EE% and DLC% were cal-
culated using the following equations: 
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Entrapment Efficiency (EE%) = (Weight of 
encapsulated drug / Initial drug weight) × 100. 

Drug-Loading Content (DLC%) = (Weight of 
encapsulated drug / Total weight of nanoparti-
cles) × 100. 

Transmission electron microscopy 
The particle morphology of the NVs and 

QNPs was assessed via transmission electron 
microscopy (TEM; JEOL JEM-2100, Japan). In 
brief, 50 μL of the QNPs solution was dropped 
onto Formvar-coated copper grids, after which 
the samples were stained with 2% (w/v) uranyl 
acetate. Digital micrographs and soft imaging 
viewer software were used for image capture 
and analysis (Electron Microscope Unit Ser-
vices), National Research Centre, Egypt. 

Cellular Uptake Assay 
Q and QNPs were labeled with Alexa Fluor 

488 NHS ester (Thermo Fisher Scientific) to 
enable fluorescence-based detection. Briefly, Q 
or QNPs were suspended in 0.1 M sodium bi-
carbonate buffer (pH=8.3) and incubated with 
Alexa Fluor 488 NHS ester at a molar ratio of 
1:10 (Q: dye) for 1 hour at room temperature in 
the dark. Unreacted dye was removed by dialy-
sis against PBS (pH=7.4) using a 3.5 kDa mo-
lecular weight cut-off (MWCO) dialysis mem-
brane for 24 hours at 4°C, with buffer changes 
every 4 hours. Cells were treated with Alexa 
Fluor 488-labeled Q or QNPs at concentrations 
corresponding to their respective IC₅₀ values 
(determined by prior cytotoxicity assays) for 0, 
4, and 24 hours. After each time point, cells 
were washed with PBS, trypsinized, and resus-
pended in cold PBS for analysis. Cellular up-
take was quantified using flow cytometry (BD 
FACS) by measuring the mean fluorescence in-
tensity (MFI) of Alexa Fluor 488 within the 
cells. A minimum of 10,000 events was rec-
orded per sample. Data were analyzed using 
FlowJo software. Fluorescence intensities were 
normalized and expressed as relative percent-
age uptake. 

In vitro studies 
Cell culture 
The human TSCC cell line HNO-97 (# 

RRID:  CVCL_D227) was purchased from the 
American Type Culture Collection through Na-
wah-Scientific, Almokattam, Cairo, Egypt. The 
HNO-97 cell line used in this study was authen-
ticated via short tandem repeat (STR) profiling, 
which confirmed its identity by matching its 

STR profile to publicly available reference da-
tabases (Cellosaurus). No cross-contamination 
or misidentification was detected. The cells 
were cultivated with Dulbecco’s modified Ea-
gle’s medium (DMEM). All media were sup-
plied with 1% L-glutamine, 1% PBS, and 10% 
FBS. The cells were incubated in 5% CO2 in a 
humidified incubator at 37°C (Binder, Ger-
many) for maintenance of cellular expansion. 

Cell viability assay 
HNO-97 cells were cultured in 96-well plates 

at a density of 5 × 103 cells/well and incubated 
for one day. Following incubation, the cultured 
cells were treated with various concentrations 
(20, 40, 60, 80, and 100 µM) of Q, QNPs, DOX, 
and NVs for 4 and 24 hours. Additionally, the 
control cells were maintained without any treat-
ment. After adding 5 mg/ml of the dissolved 
MTT in PBS to each well, the tested agents 
were incubated for 4 hours at 37°C. Water-in-
soluble dark blue formazan crystals that re-
sulted from MTT cleavage in actively metabo-
lized cells were then dissolved in DMSO. The 
absorbance of the resulting color solution was 
measured at A455 nm via an ELISA microplate 
reader (Model 500; BIO RAD Instrument Inc., 
USA). The cell viability (%) was calculated via 
the following equation [25]: 

Cell viability (%) = (mean absorbance of 
treated cells/mean absorbance of control cells) 
× 100. 

Measurement of the half-inhibitory concen-
tration 

The half-maximal inhibitory concentration 
(IC₅₀) represents the concentration of the exper-
imental agent required to reduce the viability of 
HNO-97 TSCC cells by 50%. To determine the 
IC₅₀ values, the percentages of viable cells were 
plotted against sample concentrations using 
polynomial concentration-response curve fit-
ting models (OriginPro 8 software). 

Flow cytometry-based apoptosis assay 
HNO-97 cells were seeded at a density of 

1×106 cells/T25 flask and incubated for 24 
hours. The cells were treated with the IC50 val-
ues of the NVs, Q, QNPs, and DOX and incu-
bated for 4 and 24 hours. After one day, annexin 
V-FITC and PI staining were performed on all 
the samples. The apoptotic distributions of the 
treated and untreated cells were evaluated via 
flow cytometry (Beckman Coulter Instrument, 
USA). A total of 25000 events were registered 
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per sample and analyzed via FlowJo-V10 soft-
ware. 

Quantitative real-time RT-qPCR 
To investigate the molecular mechanisms un-

derlying apoptosis, HNO-97 cells were treated 
with the optimal IC50 of all the experimental 
formulations, which is the most effective anti-
cancer concentration based on the MTTA re-
sults. Total RNA was subsequently extracted 
from HNO-97 cells via the Invitrogen RNA Pu-
rification Kit following the manufacturer’s pro-
tocol. The concentration and purity of the RNA 
were determined via a NanoDrop UV spectro-
photometer (Thermo Fisher Scientific, USA). 
The Revert Aid First-Strand cDNA Synthesis 
Kit was used to generate complementary DNA 
(cDNA) from 1 μg of total RNA following the 
manufacturer’s instructions.	 These samples 
were subsequently frozen at a temperature of – 
80°C until they were used for determination of 
the expression levels of the Bax, Bcl-2, and 
PIK3 genes via the quantitative real-time poly-
merase chain reaction (PCR) (RT-qPCR) which 
were subsequently performed via the DT-lite 
Real-Time PCR System (English/Russian sys-
tem, DNA-Technology, Russia, Moscow) with 

the required components (including the SYBR 
Green PCR, the forward and reverse primers for 
each gene, and a buffer solution). Gene expres-
sion levels of the Bax, Bcl-2, and PI3K genes 
were evaluated. GAPDH was utilized as the in-
ternal control (housekeeping) gene. The primer 
sequences are provided in Table 1. A total of 10 
µL of SYBR Green Master Mix, 1 µL of each 
primer (400 nM), 1 µL of cDNA, and 7 
µL of RNase-free water made up the entire 20 
μL PCR mixture. Initial activation was per-
formed at 95°C for 15 minutes, after which 40 
cycles of denaturation at 95°C for 30 seconds, 
annealing at 55°C for 30 seconds, and extension 
at 72°C for 30 seconds were performed. After 
RT‒PCR, the products were analyzed via melt‒
curve analysis with the default settings to clar-
ify the exact amplification of the intended sin-
gle products. The primer efficiency was veri-
fied via standard curve analysis. The relative 
expression levels of the target genes were cal-
culated via the 2−ΔΔCq method [26], and all the 
fold-change values were log-transformed be-
fore statistical analysis. Gene expression was 
quantified from triplicate reactions for each 
condition. 

Table 1. Primer sequences 
Primer Sequence from 5′- 3′ 

BCL2 
Forward 5'-CTGCACCTGACGCCCTTCACC-3' 

Reverse 5'-CACATGACCCCACCGAACTCAAAGA-3' 

Bax 
Forward 5'-ATGGCTTCTATGAGGCTGAG-3' 

Reverse 5'-CGGCCCCAGTTGAAGTTG-3' 

PI3K 
Forward 5'-GCTCTCGGTTGATTCCAACGT-3' 

Reverse 5'-ATGGCTTCTATGAGGCTGAG-3' 

GAPDH 
Forward 5'-GTCTCCTCTGACTTCAACAGCG-3' 
Reverse 5'-ACCACCCTGTTGCTGTAGCCAA-3' 

 
Statistical analysis 
All experiments were repeated three times (n 

= 3), and each experimental condition was 
tested in technical triplicate. Numerical data 
were explored for normality by checking the 
distribution of the data and using tests of nor-
mality (Kolmogorov‒Smirnov and Shapiro‒
Wilk tests). All the data had a normal (paramet-
ric) distribution. The data are presented as the 
means and standard deviations (SDs). Re-
peated-measures ANOVA was used to compare 

data between and within the groups. Bonferroni 
post hoc correction was used for pairwise com-
parisons when the ANOVA test was significant. 
The significance level was set at P ≤ 0.05. Sta-
tistical analysis was performed with IBM SPSS 
Statistics for Windows, version 23.0. Armonk, 
NY: IBM Corp. 
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Results 
Nanoparticle characterization 
Transmission Electron Microscopy 
Figure 1A shows spherical-shaped particles, 

with particle sizes ranging from 73 to 155 nm. 

As shown in Figure 1B, the configuration of the 
QNPs that appeared in the TEM image exhib-
ited a distinct core‒shell structure, in which Q 
was encapsulated within the core and sur-
rounded by a PLGA‒PEG shell. The average 
size of the QNPs ranged from 150 to 290 nm. 

 
Figure 1. TEM images illustrating the shape and size of measured nanoparticles: (A) morphology and size of 

PLGA-PEG nanovoids (NVs); (B) morphology and size of QNPs 
 
Assessment of Particle Size, Zeta Potential, 

and Polydispersity Index 
DLS analysis revealed Z-average diameters of 

the NVs and QNPs of 141.80+2.01 nm and 
220.20+1.50 nm, respectively. The observed in-
crease in particle size following Q loading sug-
gested successful encapsulation of Q within the 
PLGA-PEG matrix. The PDI values were very 
low at 0.07+0.00 for the NVs and 0.02+0.00 for 
the QNPs, indicating uniform dispersion. The 
zeta potential values of -28.90+0.57 mV for the 
NVs and -32.50+1.03 mV for the QNPs re-
flected a sufficient surface charge to maintain 
colloidal stability and reduced particle aggrega-
tion.  

Entrapment Efficiency (EE) and Drug-Loading 
Content (DLC): 

The high EE of the QNPs was 85.4 ±1.02%, 
demonstrating high drug-loading capacity and 
effective incorporation of Q into the PLGA-
PEG NPs. Furthermore, the drug-loading con-
tent was determined to be 12.7 ± 0.86%, indi-
cating substantial Q incorporation relative to 
the total NPs mass. These findings reflected the 
strong affinity of Q for the hydrophobic PLGA 

core and the successful formulation strategy 
adopted. 

Cellular Uptake of Alexa Fluor 488-Labeled Q 
and QNPs 

The cellular uptake of Alexa Fluor 488–la-
beled Q and QNPs in HNO-97 cells was evalu-
ated by flow cytometry at 0-, 4-, and 24-hours 
using IC₅₀ concentrations. As shown in Figure 
2, at 0 hours, both groups showed negligible 
fluorescence (<0.5%), confirming no immedi-
ate uptake or surface binding. 

At 4 hours, Q exhibited higher uptake (38.5%) 
compared to QNPs (31.3%), suggesting faster 
internalization of free Q due to its smaller size 
and passive diffusion. However, by 24 hours, 
QNPs-treated cells showed significantly greater 
uptake (92.2%) versus Q (55.3%), indicating 
enhanced time-dependent internalization via 
NPs-mediated delivery. These results demon-
strate that QNPs enable sustained and higher in-
tracellular accumulation over time, while free Q 
shows faster but limited uptake. The uptake 
profile supports a sustained release mechanism 
and efficient endocytic uptake of QNPs. 
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Figure 2. Flow cytometry analyses of the cellular uptake of Q and QNPs in HNO-97 cells after 0-, 4-, and 24-

hour incubation using IC₅₀ concentrations. 
 
In vitro studies 
Cytotoxicity 
The antiproliferative effects of Q, the QNPs, 

the NVs, and the positive control DOX on 
HNO-97 cells were evaluated via the MTT as-
say at concentrations of 20, 40, 60, 80, and 
100 µM following 4 and 24 hours of incubation. 
As shown in Table 2, cell viability significantly 
decreased in a dose- and time-dependent man-
ner for all the active treatments. Compared with 

free Q and DOX, the QNPs showed superior cy-
totoxicity at higher concentrations and more ex-
tended incubation periods. 

After 4 hours, cell viability was reduced to 
44.90% with 100 µM QNPs, whereas it was 
18.30% with Q and 32.20% with DOX. After 
24 hours, the QNPs had a more pronounced cy-
totoxic effect, reducing the viability to 2.60% at 
the same concentration, versus 14.00% for Q 
and 44.40% for DOX. NVs-treated cells main-
tained high viability across all concentrations 
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and time intervals (>87%), confirming the bio-
compatibility of the PLGA-PEG matrix. Statis-
tical analysis revealed significant differences 

between groups at all concentrations and time 
intervals (P < 0.001), with partial eta squared 
(η²) values ranging from 0.343 to 0.996.

Table 2. Cell viability (%) of HNO-97 TSCC cells following treatment with various concentrations of 
Q, QNPs, NVs, and DOX after 4 and 24 hours. 

A, B, C, D Different superscripts in the same row indicate statistically significant differences between experimental 
formulations; DOX, doxorubicin; NVs, PLGA-PEG nanovoids; Q, quercetin; and QNPs, quercetin-loaded PLGA-
PEG nanoparticles. *Significant, P ≤ 0.05; η², Effect size (Partial Eta Squared). 

IC₅₀ analysis 
IC₅₀ values, another measure of cytotoxicity, 

were calculated to quantify the half-maximal 
inhibitory concentration for HNO-97 cell 
growth; the more cytotoxic the drug was, the 
lower the IC50 value. After 24 hours, as revealed 
in Table 3, the QNPs had the lowest IC₅₀ value 
(41.40 ± 1.30 µM), which was significantly 
lower than that of Q (59.70 ±1.30 µM) and 
DOX (74.70 ± 1.30 µM) (P < 0.001, η² = 
0.993). In contrast to Q (58.80 ± 1.20 µM), the 
QNPs showed superior cytotoxicity after 24 
hours, confirming their time-dependent effi-
cacy due to their sustained release, despite hav-
ing a comparatively higher IC₅₀ value at 4 hours 
(70.50 ± 1.30 µM). 

Apoptosis-mediated cancer cell death 
Apoptotic cell death in HNO-97 cells was as-

sessed using Annexin V-FITC/PI flow cytome-
try after treatment with the IC₅₀ concentrations 
of Q, QNPs, DOX, and NVs for 4 and 24 hours. 
As shown in Table 4, after 4 hours of incuba-
tion, Q reduced the viable cell population from 

97.22% (control) to 10.05%, while increasing 
early and late apoptosis rates to 34.63% and 
41.64%, respectively. The QNPs exhibited 
minimal apoptotic induction at this early time 
point. DOX, used as a positive control for apop-
tosis, reduced the viable cell population from 
97.22% to 33.96%, with early and late apopto-
sis increasing to 15.57% and 48.93%, respec-
tively, and minimal necrosis (1.19%). 
After 24 hours of incubation, the QNPs had the 

most significant proapoptotic effect, reducing 
the percentage of viable cells to 0.31% and in-
creasing the percentage of late apoptotic cells to 
87.61%, outperforming both the Q (41.69%) 
and DOX (61.46%) treatments. For further il-
lustration, Figure 3 shows that after 4 hours of 
incubation, There was a notable shift in the cell 
populations from the viable quadrant (Annexin 
V⁻/PI⁻) to the early and late apoptotic quadrants 
(Annexin V⁺/PI⁻ and Annexin V⁺/PI⁺), espe-
cially after 24 hours of incubation.  

 

 

Time 
Conc. 
(µM) 

NVs Q QNPs DOX 
P value 

η² 
 

Mean SD Mean SD Mean SD Mean SD 

4 hours 

20 95.70 A 2.4 87.60 C 2.30 89.60 B 0.30 90.30 B 2.30 <0.001* 0.343 
40 93.40 A 2.30 73.80 C 2.10 78.40 B 2.10 76.40 B 2.10 <0.001* 0.772 
60 91.10 A 2.30 48.40 D 1.90 64.50 B 2.00 51.02 C 1.90 <0.001* 0.944 
80 91.10 A 2.30 22.90 D 1.90 50.70 B 1.90 36.80 C 1.80 <0.001* 0.974 
100 88.80 A 2.30 18.30 D 1.90 44.90 B 1.90 32.20 C 1.90 <0.001* 0.976 

24 hours 

20 98.80 A 0.03 87.10 B 0.30 87.20 B 0.30 85.10 C 0.30 <0.001* 0.878 
40 97.70 A 0.05 68.60 C 0.70 67.90 C 0.70 84.00 B 0.40 <0.001* 0.974 
60 96.50 A 0.08 50.10 C 1.10 35.70 D 1.40 73.20 B 0.60 <0.001* 0.992 
80 91.70 A 0.20 31.60 C 1.50 14.60 D 1.90 49.20 B 1.10 <0.001* 0.995 
100 86.90 A 0.30 14.00 C 1.90 2.60 D 1.60 44.40 B 1.20 <0.001* 0.996 
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Table 3. IC₅₀ values (µM) of Q, QNPs, and DOX in HNO-97 TSCC cells after 4 and 24 hours of treat-
ment. 

 

A,B,CDifferent superscripts in the same row indicate statistically significant differences between experimental 
formulations; DOX, doxorubicin; Q, quercetin; and QNPs, quercetin-loaded PLGA-PEG nanoparticles. *Signifi-
cant, P ≤ 0.05; η², effect size (partial eta squared). 

 
 
Table 4. Annexin V-FITC/PI-based flow cytometric analysis of apoptosis in HNO-97 TSCC cells after 4 
and 24 hours of treatment with IC₅₀ concentrations of Q, NVs, QNPs, and DOX. 

A,B,C,D Different superscripts in the same row indicate statistically significant differences between experimental 
formulations; DOX, doxorubicin; Q, quercetin; and QNPs, quercetin-loaded PLGA-PEG nanoparticles. *Signifi-
cant, P ≤ 0.05; η², effect size (partial eta squared). 

Gene expression of Bax, Bcl-2, and PI3K 
As presented in Table 5, the expression of apopto-

sis-related genes was significantly affected follow-
ing QNPs treatment for 4 and 24 hours. At 4 hours, 
compared with those in the control and NVs groups, 
the expression of Bax (2.50-fold) was upregulated, 
and the expression of Bcl-2 (0.18-fold) and PI3K 

(0.33-fold) (P < 0.001) was downregulated. After 24 
hours, Bax expression increased 2.77-fold, Bcl-2 ex-
pression decreased 0.09-fold, and PI3K expression 
was reduced 0.08-fold (P < 0.001). These results in-
dicated that Q encapsulation in PLGA-PEG in-
creased its ability to modulate apoptotic and survival 
signalling pathways, surpassing the efficacy of both 
free Q and DOX 

Time 
Q QNPs DOX 

P value η² 
Mean SD Mean SD Mean SD 

4 hours 58.80 C 1.20 70.50 A 1.30 63.10 B 1.30 <0.001* 0.946 
24 hours 59.70 C 1.30 41.40 A 1.30 74.70 B 1.30 <0.001* 0.993 

Time Apopto-
sis 

Control NVs Q QNPs DOX 
P value 

η² 
 

Mean SD Mean SD Mean SD Mean SD Mean SD 

4 h 

Unapop-
totic 97.22A 0.14 95.36B 0.06 10.05E 0.22 85.97C 0.09 33.96D 0.12 <0.001* 0.999 

Early 
Apoptotic 2.12CD 0.07 2.15D 0.05 34.63A 0.10 3.71C 0.10 15.57B 0.13 <0.001* 0.999  

Late 
Apoptotic 0.25E 0.30 1.02D 0.14 41.64B 0.16 5.43C 0.28 48.93A 0.17 <0.001* 0.999  

Necrotic 0.50E 0.33 1.33C 0.16 13.31A 0.14 4.67B 0.10 1.19D 0.21 <0.001* 0.998 

24 h 

Unapop-
totic 97.83A 0.37 92.53B 0.19 5.25D 0.12 0.31E 0.26 17.78C 0.29 <0.001* 0.999  

Early 
Apoptotic 0.96E 0.34 2.22D 0.42 50.03A 0.13 12.12C 0.31 19.10B 0.19 <0.001* 0.999  

Late 
Apoptotic 0.19E 0.15 2.61D 0.17 41.69C 0.29 87.61B 0.22 61.46A 0.13 <0.001* 0.999  

Necrotic 0.67C 0.26 2.68B 0.46 2.90A 0.01 0.30D 0.30 2.16AB 0.10 <0.001* 0.969  
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Figure 3. Histogram for Annexin V-FITC/PI-based flow cytometric analysis of apoptosis in HNO-97 TSCC cells 

after 4 and 24 hours of treatment with IC₅₀ concentrations of Q, NVs, QNPs, and DOX. 
 

Table 5. Genetic profiling via real-time qPCR of Bcl-2, Bax, and PI3K in HNO-97 TSCC cells after 
treatment with IC₅₀ concentrations of Q, QNPs, and DOX compared with those in the control and NVs 

groups after 4 and 24 hours of incubation. 

Time gene 
NVs Q QNPs DOX 

P value η² 
Mean SD Mean SD Mean SD Mean SD 

4 h 
Bax 1.05 D 0.01 1.89 B 0.02 2.50 A 0.01 1.63 C 0.03 <0.001* 0.998 
Bcl-2 1.01 A 0.02 0.42 C 0.01 0.18 D 0.01 0.67 B 0.02 <0.001* 0.994 
Pl3k 0.89 A 0.01 0.56 B 0.01 0.33 C 0.03 0.58 B 0.01 <0.001* 0.986 

24 h 

Bax 1.00 D 0.01 2.26 B 0.02 2.77 A 0.01 2.00 C 0.03 <0.001* 0.999 

Bcl-2 1.00 A 0.01 0.36 B 0.01 0.09 C 0.01 0.39 B 0.02 <0.001* 0.996 

Pl3k 0.91 A 0.02 0.32 B 0.01 0.08 C 0.01 0.30 B 0.01 <0.001* 0.995 
A,B,C,D Different superscripts in the same row indicate statistically significant differences between experimental 

formulations; DOX, doxorubicin; NVs, PLGA-PEG nanovoids; Q, quercetin; and QNPs, quercetin-loaded PLGA-
PEG nanoparticles. *Significant, P ≤ 0.05; η², Effect size (Partial Eta Squared). 

 
3.2.4. Bax/Bcl-2 ratio 
The Bax/Bcl-2 ratio, a critical marker of apop-

tosis, was calculated by dividing the fold 
change in the Bax gene by the Bcl-2 gene. A ra-
tio > 1 indicates the proapoptotic activity of the 
experimental agent, and if the ratio <1, it indi-
cates antiapoptotic activity. As shown in Table 
6, the QNPs produced the highest Bax/Bcl-2 ra-
tios of 13.92 at 4 hours and 31.03 at 24 hours. 
This value was significantly greater than those 
of Q (4.54 and 6.34) and DOX (2.43 and 5.13) 

(P < 0.001). NVs had no significant effect, 
maintaining baseline ratios close to 1. 

Discussion 
Nanotechnology-based cancer therapies have 

emerged as promising strategies to improve the 
therapeutic efficacy of anticancer agents by in-
creasing their bioavailability and targeting effi-
ciency [27-29]. The nano-combination of 
PLGA-PEG is a promising approach recently 
used in the delivery of chemotherapy drugs and  
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Table 6. Comparison of the Bax/Bcl-2 ratio in HNO-97 TSCC cells following treatment with different 
IC₅₀ concentrations of Q, QNPs, NVs and DOX after 4 and 24 hours of incubation. 

Time 
NVs Q QNPs DOX 

P value η² 
Mean SD Mean SD Mean SD Mean SD 

4 h 1.04 D 0.04 4.54 B 0.11 13.92 A 0.72 2.43 C 0.03 <0.001* 0.997 
24 h 1.00 C 0.02 6.34 B 0.16 31.03 A 3.36 5.13 B 0.19 <0.001* 0.987 

A,B,C,DDifferent superscripts in the same row indicate statistically significant differences between experimental 
formulations; DOX, doxorubicin; NVs, PLGA-PEG nanovoids; Q, quercetin; and QNPs, quercetin-loaded PLGA-
PEG nanoparticles. *Significant, P ≤ 0.05; η², Effect size (Partial Eta Squared). 
 
Despite their potency and ease of production, 
synthetic anticancer drugs are limited by tox-
icity, adverse side effects, and resistance [32-
35]. Phytochemicals derived from dietary 
sources are increasingly recognized as potential 
alternatives for cancer treatment [36, 37] . Q, a 
naturally occurring flavonoid, has attracted at-
tention because of its broad-spectrum pharma-
cological properties. It may be a potential 
chemotherapeutic agent and a promising candi-
date for various types of cancer [10, 38, 39]. 
However, its potential efficacy is hindered by 
poor water solubility, low bioavailability, and 
short biological half-life [40, 41]. 

To address these limitations, this study used a 
delivery system based on PLGA-PEG NPs to 
encapsulate Q and assessed its antitumour ac-
tivity in the HNO-97 TSCC cell line. This study 
compared the cytotoxic, apoptotic, and gene ex-
pression-modulatory effects of free Q, QNPs, 
and DOX. 

Our results demonstrated that the QNPs ex-
hibited greater antitumour activity than free Q 
in HNO-97 cells. Crucially, the extremely low 
cytotoxicity of the NVs supported their use as 
safe anticancer agent delivery vehicles and con-
firmed their biocompatibility. Comparable re-
sults were observed in other models, where 
NVs based on PLGA-PEG were nontoxic to 
cancer and healthy cells [24]. 

MTT assays revealed a time-dependent in-
crease in the antiproliferative activity of the 
QNPs. After 4 hours, free Q demonstrated 
greater cytotoxicity, reducing cell viability to 
18.3% at 100 µM, compared with 44.9% for the 
QNPs. However, by 24 hours, the QNPs signif-
icantly outperformed both the Q and the DOX, 
reducing the cell viability to 2.6%, whereas it 
was 14.0% for the Q and 44.4% for the DOX. 

This delayed effect of the QNPs can be at-
tributed to the controlled release characteristics 
of the PLGA-PEG NPs, which enabled the 
gradual release of Q into the cellular environ-
ment. These results are consistent with those of 
previous studies on different cancer models that 
emphasized improved intracellular delivery of 
Q via PLGA-PEG NPs [42-44]. Moreover, the 
enhanced cytotoxic activity of the QNPs could 
be attributed to their small size, which im-
proved their internalization into cancer cells by 
endocytosis, especially clathrin-	and caveolae-
independent endocytosis [45, 46]. In addition, 
PEGylation enhances the permeability and re-
tention effect, which results in better accumula-
tion of drugs in cancer cells [47]. 

Similarly, Q exhibited IC₅₀ values of 58.8 µM 
and 59.7 µM after 4 and 24 hours of incubation, 
respectively, which aligned with the findings of 
Huang et al., who reported an IC₅₀ of ~50 µM 
for free Q after 24 hours in TSCC SAS 
cells [23]. Previously published studies have re-
ported a wide range of IC₅₀ values for Q in 
OSCC cell lines, typically ranging from 5 μM 
to 160 μM, depending on the cell type, exposure 
time, and experimental conditions [36, 48-52]. 
In our study, the IC₅₀ value of Q for HNO-97 
TSCC cells was 59.7 ± 1.3 μM at 24 hours, 
which falls well within the range reported in the 
literature. Notably, the QNPs had the lowest 
IC₅₀ value (41.4 µM) after 24 hours, confirming 
their superior long-term cytotoxic efficacy be-
cause of the sustained drug release profile of the 
PLGA-PEG NP formulation. A similar finding 
has been reported in other cancer models, where 
Q-loaded PLGA NPs enhance the cytotoxicity 
and IC₅₀ values in a time-dependent manner 
[39]. 



Prnano.com, https://doi.org/10.33218/001c.143324  Andover House, N. Andover, MA USA  
The official Journal of CLINAM – ISSN:2639-9431 (online)  License: CC BY-NC 4.0 

 

1581 

Although doxorubicin (DOX) was used as a 
positive control to benchmark the cytotoxic ef-
fects of Q and QNPs, the IC₅₀ value observed in 
our study (~74.7 µM) is notably higher than 
those typically reported in the literature (0.5–
5 µM). This elevated value may reflect an in-
herent resistance phenotype of the HNO-97 
TSCC cell line. Several mechanisms could ex-
plain the reduced sensitivity to DOX. Chris-
towitz et al [53] demonstrated that activation of 
the MAPK/ERK signalling pathway contrib-
utes to DOX resistance in murine E0771 breast 
cancer cells. Similarly, Du et al.[54] reported 
that microRNA-221 overexpression in SCC4 
and SCC9 OSCC cell lines led to the downreg-
ulation of tissue inhibitor of metalloproteinase 
3 (TIMP3), thereby promoting DOX resistance. 
Additionally, DOX’s poor tissue permeability 
and limited diffusion capacity, as reported by 
Primeau et al.[55], may further hinder its intra-
cellular accumulation and therapeutic efficacy. 
Therefore, while QNPs demonstrated greater 
cytotoxicity in this specific model, this result 
should be interpreted with caution. The ob-
served superiority of QNPs over DOX may be 
influenced by the resistance profile of the 
HNO-97 cell line, and it is not appropriate to 
generalize this finding without broader valida-
tion. 

A prominent apoptotic response was observed 
in the QNPs-treated cells, with flow cytometry 
analysis revealing the highest significant induc-
tion rate of late apoptosis compared with free Q 
and DOX (87.6%), particularly after 24 hours. 
In addition to increasing the cytotoxic effect of 
Q, this finding also highlighted that the encap-
sulation of Q in PLGA-PEG NPs greatly ampli-
fied its ability to induce apoptosis over time. 
These results aligned with those of previous 
studies conducted on other cancer models, 
which demonstrated that PLGA and PLGA-
PEG nanoparticle-mediated delivery of Q in-
creased its bioavailability and intracellular ac-
cumulation, thereby promoting more effective 
apoptotic responses in cancer cells [44, 56]. 

The expression levels of the Bax, Bcl-2, and 
PI3K genes were investigated better to under-
stand the underlying mechanism of cancer cell 
death. After 24 hours, the results revealed that 
Q notably upregulated Bax gene expression and 
downregulated Bcl-2, and the QNPs signifi-
cantly and time-dependently acted as powerful 

anticancer agents. The highest upregulation ac-
tivity of the proapoptotic gene Bax and the low-
est downregulation activity of the antiapoptotic 
gene Bcl-2, and the survival-associated gene 
PI3K were recorded. As a result, the highest 
Bax/Bcl-2 ratio was recorded in the QNPs-
treated cells (31.03), which was greater than 
that in the cells treated with free Q (6.34) and 
DOX (5.13). This finding supported the en-
hanced activation of the intrinsic apoptotic 
pathway by the QNPs and strongly correlated 
with the high percentage of late apoptotic cells 
observed via flow cytometry analysis. This ra-
tio is indicative of robust proapoptotic signal-
ling and has been widely accepted as a hallmark 
of the anticancer effectiveness of the encapsu-
lation of Q into NPs [57, 58]. Based on the PCR 
analysis results, it can be inferred that mito-
chondria may represent key targets of Q. This 
hypothesis is supported by earlier studies indi-
cating that Q disrupted the mitochondrial mem-
brane potential, thereby inducing mitochondrial 
dysfunction and contributing to apoptotic cell 
death [36]. 

The pronounced suppression of the PI3K gene 
observed in this study suggested that the QNPs 
suppressed cancer cell survival by inhibiting 
the PI3K/AKT pathway, which contributed to 
QNPs-mediated anticancer activity. These re-
sults imply that Q’s capacity to modify apop-
totic and survival signalling pathways is greatly 
enhanced by PLGA-PEG encapsulation, out-
performing both free Q and DOX. Similar out-
comes have been reported in previous studies, 
where QNPs promoted apoptosis through Bax 
upregulation and Bcl-2 downregulation, along-
side the inhibition of survival signalling via 
PI3K suppression in various cancer cell lines 
[56, 59-61]. 

The results of this study collectively imply 
that the use of Q PLGA-PEG NPs could be a 
useful nanotherapeutic approach for the treat-
ment of TSCC. They have the potential to be 
useful in preclinical and clinical settings in the 
future because of their capacity to increase cy-
totoxicity, strongly induce apoptosis, and in-
hibit important survival pathways, such as the 
PI3K pathway. While our findings support the 
potential of QNPs as natural-based nanothera-
peutic anticancer agents for the HNO-97 TSCC 
cell line, this study has several limitations. The 
use of a single TSCC cell line may restrict the 
generalizability of our findings across the 
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broader spectrum of OSCC. HNO-97 cells were 
selected based on institutional availability and 
their clinical relevance as a well-characterized 
TSCC model. However, future studies incorpo-
rating multiple TSCC and OSCC cell lines will 
be essential to validate and expand the applica-
bility of these results. 

Additionally, the actual clinical and physio-
logical complexity of the tumor microenviron-
ment is not accurately simulated by an in vitro 
model, which is based on the application of ex-
perimental anticancer drugs loaded into NPs to 
cultured cancer cells. Further investigations in 

animal models are needed to assess pharmaco-
kinetics, biodistribution, systemic toxicity, and 
therapeutic efficacy under physiological condi-
tions. These future studies will be critical to es-
tablishing the translational potential of QNPs as 
a nanotherapeutic strategy for TSCC. Finally, it 
is essential to note that changes in gene expres-
sion, including PI3K, may reflect downstream 
effects of cell stress or death rather than direct 
regulatory events. Therefore, further studies in-
volving protein-level validation and mechanis-
tic dissection are needed to confirm the func-
tional significance of these findings. 

Conclusion 
Q exhibited dose-dependent anticancer effects on HNO-97 TSCC cells. The results demonstrated that 

the encapsulation of Q within PLGA-PEG NPs significantly enhanced the therapeutic potential of Q by 
reducing proliferation, decreasing the IC₅₀ values, increasing the late apoptosis rate, modulating the 
expression of apoptosis-related genes, and preventing HNO-97 cell survival in a time-dependent man-
ner, outperforming both free Q and DOX. 
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