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Potent Suppression of Prostate Cancer Cell Growth 
and Eradication of Cancer Stem Cells by CD44-targeted 
Nanoliposome-quercetin Nanoparticles
Kader Turkekul, Suat Erdogan

Department of Medical Biology, School of Medicine, Trakya University, Balkan Campus, Edirne, Turkey

The bioavailability of quercetin, a natural compound, is hindered by low solubility, limited absorption, and restricted systemic avail-
ability. Therefore, encapsulating it in biocompatible nanoparticles presents a promising solution. This study aimed to target prostate 
cancer stem cells (CSCs) overexpressing CD44+ receptors as well as cancer cells, employing quercetin-loaded hyaluronic ac-
id-modified nanoliposomes (LP-Quer-HA). Synthesized via a green ethanol injection method, these nanoliposomes had an average 
diameter of 134 nm and an impressive loading efficiency of 96.9%. Human prostate cancer cells were treated with either 10 μM of 
free quercetin or the same concentration delivered by LP-Quer-HA for 72 hours. Free quercetin reduced androgen-resistant PC3 
cell viability by 16%, while LP-Quer-HA significantly increased cell death to 60%. It induced apoptosis, upregulating cytochrome c, 
Bax, caspases 3 and 8, and downregulating survivin and Bcl-2 expression. Compared to free quercetin, LP-Quer-HA upregulated 
E-cadherin expression while inhibiting cell migration and reducing the expression of fibronectin, N-cadherin, and MMP9. Treatment 
of PC3 cell tumor spheroids with LP-Quer-HA decreased the number of CD44 cells and expression of CD44, Oct3/4 and Wnt. 
Moreover, LP-Quer-HA inhibited p-ERK expression while increasing p38/MAPK and NF-κB protein expression. In androgen-sen-
sitive LNCaP cells, LP-Quer-HA efficacy was notable, reducing cell viability from 10% to 52% compared to free quercetin. Utilizing 
HA-modified nanoliposomes as a quercetin delivery system enhanced its potency at lower concentrations, reducing the CD44+ 
cell population and effectively impeding prostate cancer cell proliferation and migration. These findings underscore the potential of 
quercetin-loaded cationic nanoliposomes as a robust therapeutic approach.
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INTRODUCTION

Prostate cancer is a leading global cancer among men, rank-
ing second in diagnoses and fifth in cancer-related deaths 
worldwide. In 2020, there were 1,414,259 new cases, result-
ing in 375,304 deaths [1]. Most cases and fatalities occur in 
men aged 65 and older [2]. Treating prostate tumors poses 
significant challenges due to their multifocal nature, complex-
ity, resistance to therapies, and tendency to metastasize to 
the bone in advanced stages. Treatment options include radi-
ation therapy, immunotherapy, chemotherapy, and combina-
tions [3]. However, these therapies have limitations such as 
side effects and inadequate distribution of active components. 
Docetaxel, a common chemotherapy agent, is effective but 
combining treatments is essential to overcome limitations and 

improve safety [4].
 Tumors harbor various cell populations, including cancer 
stem cells (CSCs) with tumor-initiating abilities [5]. CSCs, of-
ten < 1% of tumor tissue, resist standard therapies and devel-
op multidrug resistance [6]. They express pluripotent factors 
like Nanog, Oct, and Sox, and generate three-dimensional 
cultures [7,8]. CSCs are identified in prostate and other can-
cers using surface markers like CD24, CD44, and CD133 [9]
[10]. CD44, pivotal in cellular functions and highly expressed 
in tumors, influences self-renewal, cellular environment 
preparation, and apoptosis resistance [11,12]. Cells express-
ing CD44 are notably linked to aggressive cancer phases, 
especially in prostate CSCs [13,14].
 In normal tissues, the CD44 receptor is expressed at low 
levels and necessitates activation. CD44’s high affinity for 

http://crossmark.crossref.org/dialog/?doi=10.15430/JCP.2023.28.4.160&domain=pdf&date_stamp=2023-12-30


161

Targeting Cancer Stem Cells with Quercetin Nanoformulation

http://www.jcpjournal.org

hyaluronic acid (HA) in tumor stem cells negates its activa-
tion requirement [15], making it an ideal target for cancer 
therapy [16]. Surface-modified nanodrug systems with HA 
significantly improve targeting precision and prolong circula-
tion, benefiting therapeutic applications [17]. Nanoliposomes 
ensure efficient drug delivery, solubility enhancement, and 
minimize side effects [18]. These delivery systems enhance 
the solubility of both hydrophilic and amphiphilic drugs while 
offering localized and sustained drug release. Flavonoids 
like quercetin, apigenin, and naringin are natural occurring 
polyphenolic compounds found in a variety of fruits and veg-
etables exhibit antioxidant and anti-tumor properties [19,20]. 
Quercetin (3,3’,4’,5,7-pentahydroxyflavone) is commonly 
found in apple, tea, strawberry, grape and onion peels. It 
influences cancer cells by inhibiting proliferation, arresting 
the cell cycle, prompting apoptosis, and modulating various 
pathways [21,22]. However, its limitations include chemical 
instability, short half-life, and poor water solubility [23]. Encap-
sulation within nanoparticles presents a strategy to enhance 
its delivery and effectiveness.
 Research on quercetin nanoformulations for prostate can-
cer is limited. Advances in nanomicelle development have 
notably improved its solubility, especially for treating castra-
tion-resistant prostate cancer. In vitro studies show a tenfold 
reduction in IC50 compared to free quercetin, with increased 
apoptotic and anti-proliferative effects [24]. In vivo studies in-
dicate enhanced accumulation of quercetin nanoformulations 
in tumors, suppressing proliferation. Targeted nanoformula-
tions with docetaxel also exhibit higher cytotoxicity in PC3 
and LNCaP cells [25]. This suggests potential efficacy in can-
cer treatment compared to traditional methods. Further re-
search is needed to validate CSC-targeted quercetin efficacy. 
This study aims to demonstrate the effectiveness of HA-mod-
ified quercetin-loaded nanoliposomes targeting CD44+ CSCs 
in treating prostate cancer.

MATERIALS AND METHODS

Preparation of quercetin-loaded HA-decorated 
nanoliposomes
The monolayer nanoliposome formulation was created using 
the ethanol injection technique [26]. Initially, stock solutions of 
10 mg/mL cholesterol (Sigma Aldrich), 1,2-Dioleoyl-3-dimeth-
ylammonium-propane (DOTAP; Cayman), and 2 mg/mL quer-
cetin (Sigma Aldrich), were prepared in ethanol. Furthermore, 
a solution containing 1 mg/mL D-α-tocopherol polyethylene 
glycol succinate (TPGS) and HA was dissolved in ultrapure 
water. The ethanol phase containing cholesterol, DOTAP and 
quercetin was gradually introduced into the TPGS solution 
(water phase) while being stirred with a magnetic stirrer at 
50ºC and 1,250 rpm until the solvent evaporated. Ultimately, 
the resulting nanoliposomes, suspended in ultrapure water, 
underwent centrifuged at 5,000 rpm for 10 minutes using 
ultrafiltration tubes (Merck). To identify the formulation with 

maximum loading efficiency, the total lipid concentration re-
mained fixed at 0.8 mg/mL, while the quercetin/lipid ratio was 
maintained at 10% by weight. Various nanoliposome formu-
lations were prepared, altering the phase volume ratios of 
ethanol to water (1:2.5, 1:5, and 1:10). Among these formu-
lations, the nanoliposome suspension exhibiting the highest 
loading efficiency was selected. This chosen suspension was 
combined with an HA solution at a 1:1 ratio and incubated 
at room temperature. Subsequently, the resulting decorat-
ed nanoliposomes underwent centrifuged at 5,000 rpm for 
10 minutes, were resuspended in ultrapure water, and then 
stored at +4ºC.

Size, polydispersity index and zeta potential 
measurements
The nanoliposomes’ mean size, polydispersity index and 
zeta potential were determined using the laser light scattering 
method via a Zeta-Sizer NanoS instrument (Malvern). The 
nanoliposome samples were diluted tenfold with ultrapure 
water, and measurements were carried out in triplicate at de-
tection angle of 1,738 degrees.

Scanning electron microscopy imaging
The structural characteristics and distribution of the nanolipo-
some formulations were investigated utilizing scanning elec-
tron microscopy (JEOL JCM5000). To prepare for imaging, 
the formulations were dropped onto aluminum plates and left 
to dry at room temperature before being subjected to visual-
ization.

Nuclear magnetic resonance spectroscopy
The structural characterization of the HA-decorated nanolipo-
some formulation was conducted employing proton nuclear 
magnetic resonance spectroscopy (HNMR). Hyaluronic acid 
and HA-decorated nanoliposomes were dissolved in deute-
rium dioxide (Sigma Aldrich) and pipetted into NMR sample 
tubes. Spectral data were collected using a HNMR (Bruker) 
operating at a frequency of 500 MHz, and the chemical shift 
was determined in parts per million (ppm).

Quantification of quercetin
The loading efficiency assessment of the liposomal formula-
tion was conducted using liquid chromatography-mass spec-
trometry/mass spectrometry. Mass spectrum measurements 
of quercetin within HA-modified and non-HA-modified nan-
oliposomes were acquired employing a 15 cm carbon-filled 
column featuring a pore diameter of 3.5 μm.

Cell culture
The human androgen-resistant PC3 and androgen-sen-
sitive prostate cancer LNCaP cells, along with the normal 
human retinal pigment epithelial cell line ARPE-19, were 
obtained from the American Type Culture Collection. These 
cells were cultured in Dulbecco’s modification of Eagle’s 
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medium (F12), supplemented with 10% fetal bovine serum 
and 1% antibiotics (100 μg/mL penicillin and 100 μg/mL 
streptomycin; Gibco).

Cell survival test
The cells at a seeding density of 1 x 104 were cultured in 96-
well dishes for 16 hours. Various treatments were applied for 
72 hours: undecorated nanoliposomes, HA-modified nanoli-
posomes, nanoliposomes with 10 μM quercetin, HA-modified 
nanoliposomes with 10 μM quercetin, or 10 μM quercetin 
alone. Controls received an equivalent vehicle concentration. 
Afterward, fresh medium and 50 μL of MTT solution were 
added. Following 3 hours incubation, formazan crystals were 
dissolved in 200 μL of dimethyl sulfoxide (Sigma Aldrich). Ab-
sorbance at 570 nm was measured using a multi-plate reader 
(Multiskan GO; Thermo Scientific).

Reverse transcriptase-quantitative polymerase 
chain reaction
PC3 cells underwent treatment with 10 μM quercetin alone 
(Quer), nanoliposome containing 10 μM quercetin (LP-Quer), 
and HA-modified nanoliposome containing 10 μM quercetin 
(LP-Quer-HA) for a duration of 72 hours. Additionally, an UT 
received an equivalent percentage of the vehicle present in 
nanoliposomes. Following treatment, total RNA samples were 
isolated utilizing commercial kits (Bio Basic), and subsequent 
complementary DNA synthesis was conducted (Thermo 
Fisher Scientific). mRNA expression levels of selected genes 
were assessed using a real time polymerase chain reaction 
(PCR) system (Applied Biosystems).
 The real-time quantitative PCR (qPCR) cycling conditions 
consisted of an initial denaturation for 5 minutes at 95°C, fol-
lowed by 40 repeated cycles comprising 15 seconds at 95°C, 
45 seconds at 60°C, and 15 seconds at 72°C. The fold en-
richments of the targets were calculated using relative quan-
tification according to the 2-ΔΔCt method. GAPDH expression 
served as the internal reference gene. Each experiment was 
conducted with triplicate samples and repeated twice using 
different RNA samples. The primer pairs utilized for the ampli-
fications were obtained from PZR Biotech and are presented 
in Table 1.

Wound healing assay
PC3 cells were seeded in T25 culture dishes at approximate-
ly 90% density. A wound gap was created at the base of the 
culture along the midline a 200 μL pipette tip. Subsequently, 
the cells were treated with various formulations: HA-modified 
nanoliposome (LP-HA), nanoliposome containing 10 μM 
quercetin (LP-Quer), HA-modified nanoliposome containing 
10 μM quercetin (LP-Quer-HA) and 10 μM quercetin alone 
(Quer). Treatments continued until the wound gap in the con-
trol group was closed. The distance of the wound was mea-
sured at five different points using an imaging program and 
compared for analysis.

Assessment of apoptosis
Apoptosis analyzes were performed 72 hours post-exposure 
of cells to various treatments, including LP, LP-HA, LP-Quer, 
LP-Quer-HA, and 10 μM Quer. Utilizing specific kits (Life 
Technologies), the percentage of viable, dead and apoptotic 
cells was determined employing an image-based cytometer 
(Life Technologies) [27]. Each group underwent four separate 
measurements, and the experiments were repeated three 
times.
 Additionally, apoptosis in cells treated as described above 
was identified via Hoechst 33342 staining. Images were 
captured at 340 × 510 nm using a fluorescence microscope 
(×40) (Axio Vert A1; ZEISS).

Tumor spheroid formation
The impact of the liposomal treatment modality on the quan-
tity of CSCs in the bulky cell population was determined by 
spheroid culture. Initially, 3 × 106 PC3 cells were seeded in 
agar-coated 25 cm2 culture dishes in serum-free medium, 
and subsequently exposed to LP, LP-HA, LP-Quer-HA, and 
Quer for 10 days. The morphological changes of the spheroid 
structures formed after the treatments were observed, and 
their images were captured using an inverted microscope.

Western blot analysis
PC3 cells were subjected to the treatment protocol outlined in 
the previous section, and followed by extraction of homoge-
nates using RIPA lysis buffer (Santa Cruz Biotechnology Inc.) 
supplemented with protease inhibitors. Briefly, the denatured 
samples were loaded into 10% bis-tris gel cassettes at 50 μg/
well. Post-electrophoresis, the proteins were transferred to 
polyvinylidene difluoride membrane (Life Technologies) us-
ing the iBlot system (Invitrogen). Subsequently, the blocked 
membranes were treated with cytochrome c, Bcl-2, p38 
MAPK, NF-ĸB, phospho-ERK, E-cadherin, N-cadherin, matrix 
metalloproteinase-9 (MMP-9), fibronectin, Wnt, and β-actin 
primary antibodies (Novus Biologicals). This incubation oc-
curred overnight at 4°C. Following this, the membranes were 
treated with appropriate IgG-containing chemiluminescence 
Western blot kit (Thermo Fisher Scientific). Protein bands 
were then analyzed using an imaging system (Bio-Rad 
ChemiDoc MP System).

CD44+ cell isolation
Following exposure, of PC3 cells to 10 μM quercetin (Quer) 
and LP-Quer-HA for 72 hours, the isolation of CD44+ stem 
cells was conducted utilizing a magnetic column separation 
system (MACS), employing a CD44 surface receptor-spe-
cific antibody (Miltenyi Biotec) as previously described [28]. 
Briefly, 10 × 106 treated cells were incubated with 100 μL of 
MACS buffer along with 10 μL of PE CD44 human antibody 
(Miltenyi Biotec). After centrifugation, the resulting pellet was 
resuspended in MACS buffer, and anti-PE CD44 microbeads 
were introduced, followed by incubation at +4°C. The su-
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pernatant was subsequently removed viacentrifugation, and 
remaining cell suspension was resuspended in MACS buffer. 
This suspension was then loaded onto the column within a 
magnetic field, allowing for the elution of CD44+ stem cells 
within the population. Isolated CD44+ CSCs were counted 
under a microscope subsequent to staining with trypan blue.

Statistical analysis
The statistical analysis was conducted using SPSS v20 (IBM 
Corp.). Differences among numerical data were compared 
through one-way ANOVA, followed by Duncan’s multiple 
range tests for multiple comparisons. Additionally, the cyto-
toxic IC50 doses of nanostructures on cells were calculated 
employing GraphPad Prism 7.0 software (GraphPad). Sta-
tistically significance was attributed to results with a P-value 
below 0.05.

Ethical approval
This article does not contain any studies with human partici-
pants or live animals performed by any of the authors.

RESULTS

The physicochemical characteristics of 
nanoliposomes
The liposomal nanoformulations were prepared using 
DOTAP, cholesterol, quercetin or HA in the ethanol phase. 
Electron microscopy revealed that the liposomal formulations 
displayed a spherical morphology and exhibited a nano-sized 
structure (Fig. 1A). To assess the antiproliferative effects of 
these liposomal (LP) structures, concentrations of 5 μM, 10 
μM and 20 μM of free quercetin (Quer), quercetin-loaded 
nanoliposomes (LP-Quer) or quercetin-loaded nanolipo-
somes with HA (LP-Quer-HA) and their vehicles were admin-
istrated to PC3 cells for a duration of 72 hours. Then, con-
centration-dependent cell viability values were determined by 
MTT assay (Fig. 1B). Quercetin as well as its liposomal for-
mulations, exhibited a significantly concentration-dependent 
inhibition of cell viability. While 10 μM quercetin applied to the 
PC3 cells caused 18.76% cell death, LP-Quer containing the 
same amount of quercetin reduced 47.79% and its vehicle 

LP by 19.47%. LP-Quer-HA and its vehicle LP-HA induced 
inhibition rates of 60.76% and 26.99%, respectively. Howev-
er, concentrations below 10 μM and above (20 μM) demon-
strated varying rates of cell viability inhibition, dependent on 
the concentration (Fig. 1B). The IC50 values, representing the 
concentration causing 50% inhibition, were as 37.1 μM for 
Quer, 5.48 μM for LP-Quer, and 3.77 μM for LP-Quer-HA. To 
assess the anti-proliferative effects of liposomal structures, 
10 μM Quer and the same concentration of LP-Quer-HA or 
LP-Quer were administrated to PC3, LNCaP, and retinal pig-
ment epithelial cells over a 72 hours period. Subsequently, 
the cytotoxic impacts of the nanoliposomes were evaluated 
by using MTT test. The empty LP used as vehicle decreased 
the survival rate of androgen-insensitive PC3 cells by 25.4% 
compared to the UT (Fig. 1C). Upon incorporating HA into 
LP (LP-HA), the reduction in viability escalated to 32.3%. 
The LP-Quer, the quercetin-loaded nanoliposome, induced 
a 46.1% decrease in cell viability. Notably, the HA-decorated 
quercetin-loaded nanoliposome (LP-Quer-HA) remarkably 
eliminated 60.1% of the cells, while. Treatment with 10 μM 
quercetin resulted in a mere 16.0% survival rate (Fig. 1C). 
In androgen-sensitive prostate cancer LNCaP cells, LP ad-
ministration led to a 24.2% reduction in survival, whereas 
this rate increased to 29.1% in the LP-HA treated group (Fig. 
1D). The use of LP-Quer caused a 49.55% reduction in cell 
vitality, but the most significant loss in survival was observed 
in the LP-Quer-HA group, with a 52.0% decrease. Treatment 
with nanoliposome-free quercetin (Quer) resulted in the death 
of only 10% of cells (Fig. 1D). The cytotoxic effect of nanoli-
posomes on non-cancerous cells was evaluated following a 
similar protocol as in previous evaluations. In retina pigment 
epithelial cells (ARPE-19), the administration of LP and LP-
HA resulted a 3% and 1% reduction in survival, respectively, 
compared to the control group (Fig. 1E). LP-Quer and LP-
Quer-HA demonstrated decreased cell viability by 14% and 
20%, respectively. Additionally, Quer induced approximately 
9% cell death in these cells (Fig. 1E). Morphological changes 
following nanoliposome treatment were determined under 
the microscope. PC3 cells were subjected to 10 μM quer-
cetin, LP-Quer and LP-Quer-HA for 72 hours (Fig. 1F). The 
observed changes in morphology and cell density in culture 

Table 1. Primer sequences used in PCR analyzes

Target Forward primer sequence (5′-3') Reverse primer sequence (5′-3')

Bax TTGCTTCAGGGTTTCATCCA CAGCCTTGAGCACCAGTTTG
Apaf TGGTCAACTGCAAGGACCAT CACGTTCAAAGGTGGCTGAT
Caspase 3 GGCATTGAGACAGACAGTGG CATGGAATCTGTTTCTTTGC
Caspase 8 CTGCTGGGGATGGCCACTGTG TCGCCTCGAGGACATCGCTCTC
Bax TTGCTTCAGGGTTTCATCCA CAGCCTTGAGCACCAGTTTG
Survivin GACGACCCCATAGAGGAACA GACAGAAAGGAAAGCGCAAC
CD44 TCCCAGACGAAGACAGTCCCTGGAT CACTGGGGTGGAATGTGTCTTGGTC
Oct3/4 ACATGTGTAAGCTGCGGCC GTTGTGCATAGTCGCTGCTTG
GAPDH TTGGTATCGTGGAAGGACTCA TGTCATCATATTTGGCAGGTTT
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post-treatment correlated with the data indicating cell viability 
inhibition.
 The mRNA expression level of the survivin gene, com-
monly linked to apoptosis inhibition and decreased cell death 
in tumors was examined using real-time RT-qPCR. The 
finding showed that Quer, LP-Quer and LP-Quer-HA led to a 

down-regulation in Survivin mRNA expression by 19%, 57%, 
and 87%, respectively, when compared to untreated cells 
(Fig. 1G).

Loading efficiency
The loading efficiency assessment revealed that LP-Quer 

Figure 1. The physicochemical characteristics of nanoliposomes. (A) Scanning electron microscope image of liposomal formulations. (B) 
Dose-dependent cell viability of PC3 cells 72 hours, incubation performed in the equivalent concentration of Quer loaded HA-modified nanolipo-
somes. (C) 10 µM Quer and liposomal Quer formulations treated PC3, (D) LNCaP cells, and (E) ARPE-19 cell viability. (F) Microscopic visualization of 
PC3 cells, 10 µm Quer, liposomal Quer, and HA-modified Quer loaded nanoliposomes after 72 hours incubation period. (G) Relative survivin mRNA 
expression levels were determined by RT-qPCR in PC3 cells. Target gene expressions were normalized to that of GAPDH. UT, untreated; LP, nan-
oliposomes; LP-HA, hyaluronic acid-modified nanoliposomes; Quer, quercetin; LP-Quer, quercetin-loaded nanoliposomes; LP-Quer-HA, hyaluronic 
acid-modified, quercetin-loaded nanoliposomes. *P < 0.05 vs. UT, **P < 0.001 vs. all groups, ‡P < 0.05 vs. LP-HA.
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had a loading efficiency of 95.13%, whereas LP-Quer-HA ex-
hibited a loading efficiency of 96.91% as determined through 
chromatographic analysis.

Size and zeta potential
The nanoformulations displayed an average size consistently 
below than 150 nm (Fig. 2A) with polydispersity indices be-
low 0.3 (Table 2). Regarding zeta potentials, the HA-modified 
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liposomal formulations exhibited notably reduced values in 
comparison to the HA-free LP and LP-Quer variants (Table 
2). The decline in charge of the unmodified nanoliposomal 
formulation from 50.24 mV to 4.62 mV indicates a significant 
alteration in the liposomal surface due to the modification 
process.

Nuclear magnetic resonance
The methyl groups in the N-acetyl functional group in the HA 
skeleton showed a chemical shift at 2.1 ppm. Anomeric pro-
tons in the hyaluronic skeleton were observed in the range of 
3.2 to 3.5 ppm band. Additionally, new peaks were identified 
at 0.85 ppm corresponding to methyl groups and at 1.26 ppm 
ppm corresponding to methylene groups within the lipid chain 
(Fig. 2B).

Nanoliposomal quercetin induces apoptosis
The apoptotic effects of either 10 μM quercetin or liposomal 
formulations with an equal concentration were assessed in 
PC3 cells following 72 hours treatment. Among the liposomal 
administrations, the highest apoptotic activity in liposomal 
administrations was observed in LP-Quer-HA with 24%, sur-
passing the 11% observed in the Quer treatment group (Fig. 
3A). LP-Quer induced apoptosis at a rate similar to Quer. 
However, neither LP nor LP-HA induced apoptosis (Fig. 
3A). Non-apoptotic cell death was occurred at rates 11.6%, 
26.3%, and 23.6% in the LP, LP-HA and LP-Quer treated 
cells, respectively, while it was 49.3% in LP-Quer-HA treat-
ment (Fig. 3A). In Quer application, there was no significant 
difference compared to untreated cells. Hoechst 33342 stain-
ing illustrated a high presence of apoptosis in LP-Quer-HA 
cells, showcasing apoptotic bodies and chromatin condensa-
tion (Fig. 3C).
 Administration of LP-Quer-HA led to an upregulated Bax, 
Apaf, caspase 3 and caspase 8 mRNA expression by 1.6, 
1.9, 3.1, and 4.8-fold, respectively (Fig. 3B). Cells treated with 
LP-Quer-HA showed the highest expression of anti-apoptotic 
Bcl-2 protein relative to untreated cells. Quer, LP-HA and LP-
Quer significantly reduced Bcl-2 protein expression, albeit to 
a lesser extent compared to the untreated group (Fig. 3D). 

Moreover, the expression level of cytochrome c protein in-
creased by 6.8-fold in LP-Quer-HA treated cells compared to 
untreated cells, while this increase was 3.0, 3.9, and 2.2 in 
LP-HA, LP-Quer and Quer treatments, respectively (Fig. 3E).

Nanoliposomes attenuate stemness properties
The cytotoxic effectiveness of CD44-targeted quercetin treat-
ment on the CSC population was assessed through multiple 
methods. Initially, the quantification of CSCs post-treatment 
in PC3 cells was conducted. Treatment with Quer reduced 
the number of CD44+ stem cells by only 14.5% compared to 
the control group, while this reduction was significantly higher 
at 79.3% in cells treated with LP-Quer-HA (Fig. 4A). Addition-
ally, morphological changes of three-dimensional spheroid 
structures formed by stem cells were observed based on dif-
ferent treatments. LP-Quer-HA-treated cells displayed limited 
spheroid formation, composed of fewer cells, while the un-
treated and vehicle-treated groups maintained larger, denser 
structures (Fig. 4B). Cells treated with Quer and LP-Quer 
formed smaller, more compact spheroids (Fig. 4B). Further-
more, the impact treatment modalities on stem cell markers 
were evaluated. The mRNA expression of CD44 cell surface 
receptor (Fig. 4C) and Oct3/4 transcription factor (Fig. 4D) in 
LP-Quer-HA treated cells was showed significant downregu-
lation, reduced by 59% and 86%, respectively, compared to 
untreated cells. The investigation focused on of Wnt protein 
expression, pivotal in regulating the self-renewal and differ-
entiation of CSCs. The findings revealed a considerable dis-
crepancy in inhibiting Wnt protein expression levels between 
liposomal quercetin formulations and the non-liposomal form, 
Quer (Fig. 4E). Both LP-Quer and LP-Quer-HA exhibited a 
similar level of inhibition on Wnt expression, whereas LP-HA 
and Quer had a comparatively lower impact.

Quercetin in nanostructure inhibits cell 
migration
Whether the liposomal structures of quercetin prevent cell 
migration was evaluated by the wound healing assay. 10 
μM Quer or its liposomal formulations administrated to PC3 
cells. The experiment was terminated when the wound gap 
in the untreated cells was completely closed (Fig. 5A). LP-HA 
showed ineffectiveness, while Quer alone inhibited migration 
by 20% (Fig. 5B). LP-Quer-HA demonstrated a substantial 
75% inhibited, whereas suppression was 50% in LP-Quer 
(Fig. 5A and 5B). Expression of adhesion-mediating protein 
E-cadherin significantly differed among treatment groups. 
LP-HA upregulated its expression 2.0-fold, LP-Quer by 3.8-
fold, Quer by 3.5-fold, and LP-Quer-HA by 4.4-fold (Fig. 5C). 
N-cadherin protein expression was significantly consistently 
by 50% in all groups compared to the control (Fig. 5D). Fi-
bronectin, responsible for the mesenchymal epithelial tran-
sition, was notably reduced in LP-Quer-HA and LP-Quer-
treated cells, exhibiting 70% and 63% inhibition, respectively, 
compared to control (Fig. 5E). Expression of fibronectin in 

Table 2. Physicochemical characteristics of nanoliposomes before 
and after modification of hyaluronic acid

Size
(nm)

Zeta potential 
(mV) PDI

LP 107.9 ± 2.51 50.24 ± 0.17 0.17 ± 0.01
LP-HA 129.6 ± 3.21 4.62 ± 0.37 0.240 ± 0.12
LP-Quer 118.3 ± 4.58 59.1 ± 0.70 0.279 ± 0.10
LP-Quer-HA 134.6 ± 6.08 18.8 ± 0.53 0.293 ± 0.16

Each run was done in triplicate and data was represented as mean 
± standard deviation. PDI, polydispersity indices; LP, nanoliposomes; 
LP-HA, hyaluronic acid-modified nanoliposomes; LP-Quer, quercetin-
loaded nanoliposomes; LP-Quer-HA, hyaluronic acid-modified, 
quercetin-loaded nanoliposomes.
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Figure 3. Apoptosis induction of liposomal treatment. (A) Live, dead and apoptotic cell distribution of PC3 cells were quantitatively assessed by 
annexin V/propidium iodide staining using image-based cytometer. (B) Each column represents the mean ± regulation of apoptotic genes. All data 
were performed in triplicate and values are means of the two different experiments ± standard deviation. Apoptotic cells detected by Hoechst staining. 
(C) RT-qPCR mRNA expressions of BAX, APAF, Caspase 3, Caspase 8 were analyzed 72 hours after treatment. (D) Treatment cells with liposomal
Quer significantly inhibited the expression levels of antiapoptotic Bcl-2 protein, and (E) upregulated apoptotic cytochrome c protein. UT, untreated; LP, 
nanoliposomes; LP-HA, hyaluronic acid-modified nanoliposomes; Quer, quercetin; LP-Quer, quercetin-loaded nanoliposomes; LP-Quer-HA, hyaluron-
ic acid-modified, quercetin-loaded nanoliposomes. *P < 0.001 vs. UT, #P < 0.001 vs. LP-Quer-HA, ‡P < 0.001 vs. Quer, **P < 0.001 vs. all groups.
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Quer and LP-HA cells was inhibited by 58% and 26%, re-
spectively, compared to untreated cells (Fig. 5E). MMP-9 
protein expression was significantly inhibited by Quer, LP-
Quer-HA, LP-Quer, and LP-HA by 18%, 62%, 47%, and 25%, 
respectively, compared to the untreated cells. The highest 
inhibition was observed in LP-Quer and LP-Quer-HA treat-
ments (Fig. 5F).

Nanoliposomal formulations alter protein 
expression
Alterations in the protein expression of p38 MAPK and p-ERK 
were assessed in PC3 cells upon exposure to nanolipo-
somes carrying 10 μM quercetin. Quer elevated p38 MAPK 
expression by 2.34-fold in compared to untreated cells. LP-
Quer and LP-Quer-HA formulations demonstrated increased 
upregulation by 5.09 and 4.99-fold changes, respectively 
(Fig. 6A). Conversely, LP-HA exhibited no discernible impact 
on p38 MAPK expression. The expression of p-ERK was 

notably downregulated by Quer, LP-Quer and LP-Quer-HA 
formulations when compared to untreated cells, whereas LP-
HA demonstrated no effect (Fig. 6B). Furthermore, both Quer 
and its lysosomal formulations exhibited a significant increase 
in the protein expression of NF-κB p105 (Fig. 6C) and p50 
(Fig. 6D) subunits in contrast to untreated cells.

DISCUSSION

Natural substances like flavonoids hold promise against 
cancer, but their effectiveness as drugs is limited by issues 
like poor solubility, limited absorption, and quick metabolism 
[28,29], hindering their medical utility. Drug delivery systems 
enhance solubility and ensure precise delivery to target tis-
sues [30]. Nano-formulations of flavonoids like quercetin, 
curcumin, and apigenin show promise in cancer prevention 
or treatment [21,31]. However, quercetin faces challenges in 
pharmaceutical use due to poor solubility, delivery limitations, 

Figure 4. Hyaluronic acid-modified nanoliposomes effects on stemness properties. (A) Number of CD44+ cancer stem cells in Quer alone and 
HA-modified liposomal Quer treated cells were counted after magnetic separation. (B) Spheroid formation assay performed in serum-free media and 
captured (×10) at the end of the incubation period. (C) LP-Quer-HA suppresses CD44 and (D) Oct3/4 mRNA expression. RT-qPCR mRNA expres-
sions were performed triplicate and GAPDH was used as housekeeping gene. Western blot results indicated that liposomal Quer treated PC3 cells 
shown less Wnt (E) protein expression than Quer alone. Densitometry analysis performed to quantify the results and, beta actin used as loading con-
trol. UT, untreated; LP, nanoliposomes; LP-HA, hyaluronic acid-modified nanoliposomes; Quer, quercetin; LP-Quer, quercetin-loaded nanoliposomes; 
LP-Quer-HA, hyaluronic acid-modified, quercetin-loaded nanoliposomes. *P < 0.001 vs. UT, **P < 0.001 vs. all groups, ‡P < 0.05 vs. LP-HA.
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and low bioavailability. Despite ongoing research, practical 
applications of quercetin-loaded delivery systems remain un-
realized. There’s also a gap in using nanoparticles with quer-
cetin to target CSCs. This study seeks to boost quercetin’s 
therapeutic effectiveness and precision in targeting CSCs 
through specialized nanoliposome formulation.
 The favorable physicochemical properties of LP-Quer-HA 
were validated through SEM analysis and measurements of 
mean particle size, zeta potential, and loading efficiency. The 
prepared NL-Quer-HA formulations showcased notable en-
hancements compared to prior reports on quercetin-loaded 
nanoliposomes [23,32]. Treatment involving liposomal quer-
cetin exhibited a dose-dependent cytotoxic effect on PC3 
cells, resulting in a significant reduction in cell viability. The 
liposomal formulation decreased the IC50 value by 6.7-fold, 
while the HA-modified liposomal quercetin further reduced it 
by 9.8-fold. Previous studies reported a 90% decrease in the 
IC50 value of micellar quercetin in castration-resistant prostate 
cancer cells [24] and an 83.8% decrease in the IC50 value 
of hydrogel nanoformulated quercetin in hormone-sensitive 
breast cancer cells [33]. Given the expression of CD44s 
and CD44v proteins in prostate cancer PC3 and LNCaP cell 
lines [34], it was anticipated that HA-modified nanoliposomal 
formulations would exhibit similar cytotoxic effects in both 

androgen-sensitive and androgen-insensitive cells. However, 
this study observed, 9.7% higher cytotoxicity of nanoliposo-
mal quercetin in LNCaP cells compared to PC3 cells. Earlier 
data suggested that PC3 cells are more sensitive to cationic 
liposomes [35], but other components within the liposomal 
formulation might have heightened the sensitivity of LNCaP 
cells. Specifically, TPGS induced DNA damage in AR-pos-
itive LNCaP cells but did not evoke a similar response in 
AR-negative PC3 and DU145 cells [36]. In the context of 
prostate cancer, cabazitaxel and silibinin, encapsulated with-
in HA-modified cationic nanoliposomes, effectively targeted 
CD44 receptors, inhibiting cell migration and promoting apop-
tosis [37]. Furthermore, a nanocarrier loaded with quercetin 
and docetaxel exhibited cytotoxic effects on breast cancer 
cells [38]. The present study emphasizes the significant en-
hancement of HA-modified liposomal quercetin’s efficacy 
compared to free quercetin. Notably, the delivery system 
showed minimal detrimental effects on normal cells, such as 
retinal pigment epithelial cells, indicating its advantages.
 In a prior investigation, our team provided evidence that 
the application of 40 μM quercetin significantly reduced cell 
survival in both PC3 and CD44+ cells [39]. This effect was 
achieved through G1 cell cycle arrest and the induction of 
both necrosis and apoptosis. In the present study, the decline 

Figure 5. Effect of liposomal Quer on cell migration and protein expression. PC3 cell migration was determined by wound healing assay during 
30 hours treatment in serum-free medium. (A) Hyaluronic acid-modified and non-modified liposomal Quer inhibited cell migration (×10). (B) The mi-
gration ratio (%) was calculated by measuring the wound gaps. Protein lysates were analyzed by Western blotting. Beta-actin was used as loading 
control. (C) Protein expression E-Cadherin, (D) N-Cadherin, (E) fibronectin, and (F) MMP-9 given as fold changes of each protein compared to load-
ing control. The intensities of immunoreactive bands were quantified by densitometric analysis. UT, untreated; LP, nanoliposomes; LP-HA, hyaluronic 
acid-modified nanoliposomes; Quer, quercetin; LP-Quer, quercetin-loaded nanoliposomes; LP-Quer-HA, hyaluronic acid-modified, quercetin-loaded 
nanoliposomes. *P < 0.01 vs. UT, **P < 0.001 vs. all groups, ‡P < 0.05 vs. Quer.
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in cell survival observed in PC3 cells exposed to LP-Quer-HA 
is attributed, at in part, to both apoptotic and non-apoptotic 
mechanisms of cell death. Prostate CSCs demonstrate ele-
vated surface expression of CD44 compared to other cancer 
cells [40]. To specifically target CD44 receptors, anionic poly-
saccharide HA was utilized to coat cationic nanoliposomes. 
Consequently, the therapeutic effectiveness of HA-modified 
liposomal formulations loaded with quercetin, aiming to target 
CD44 surface receptors in prostate CSCs, was investigated. 
Quercetin has exhibited to suppress the pluripotency of CSCs 
in prostate [41] and pancreatic cancers [42]. In our previous 
studies, we demonstrated that CD44+/133+ prostate CSCs 
were sensitive to quercetin treatment, leading to the inhibition 
of the PI3K/AKT and ERK signaling pathways [39]. Moreover, 
quercetin has been reported to induce cell cycle arrest, apop-
tosis, and prevent migration in both androgen-sensitive and 
androgen-resistant CD44+ prostate CSCs [39]. Quercetin ad-
ministration has also been found to diminish the pluripotency 
properties of DU145 cells by inhibiting the JNK pathway [41]. 
The observed 34% decrease in CD44 mRNA expression 
following LP-Quer treatment suggests a more efficient uptake 
of quercetin in liposomal form, resulting in the suppression of 

CSC properties. Additionally, the 60% suppression of CD44 
expression in cells treated with LP-Quer-HA confirms the suc-
cessful modification with HA. While free quercetin reduced 
the number of CD44+ stem cells by 14.4% compared to un-
treated cells, LP-Quer-HA reduced it by 79.3%. The decrease 
in the number of CD44+ CSCs within the cancer population 
due to free quercetin might be attributed to its suppression 
of stem cell properties. This could be explained by the fact 
that the intracellular uptake of HA-modified nanoformulations 
through receptor-mediated endocytosis is a more efficient 
transport mechanism compared to the passive diffusion of 
non-HA-modified nanoformulations across the cell mem-
brane, as previously reported [43].
 Nanoformulations containing curcumin, a phenolic mole-
cule, effectively targeted CSCs, reducing their capacity for 
spheroid formation by suppressing Nanog, Sox and OCT3/4 
protein expression in breast cancer cells and their CSCs [44]. 
Immunoblotting data revealed a significant inhibition of Wnt 
protein expression across all treatments compared to the 
control. RT-qPCR analyses displayed no significant difference 
in Oct3/4 mRNA inhibition rates between cells treated with 
free quercetin and nanoliposomal quercetin. However, cells 

Figure 5. Continued.
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exposed to LP-Quer-HA demonstrated an 86% decrease 
in Oct3/4 expression, indicating the efficacy of the stem 
cell-targeted treatment. CSCs within a heterogeneous tumor 
mass are capable of forming three-dimensional spheroids 
in serum-free conditions [45]. The observed limited spheroid 
formation capacity observed in cells exposed to liposomal 
formulations under serum-free conditions, particularly with 
LP-Quer-HA, aligns with findings by Das et al. [44].
 The interaction between HA and CD44 significantly impacts 
tumor cell survival, angiogenesis, cell migration, and metasta-
sis processes [46]. Despite these disadvantages, novel treat-
ment strategies are emerging that target the CD44 surface 
receptor, highly expressed in CSCs, to bolster the therapeutic 
efficacy of drugs [17]. E-cadherin serves as a recognized tu-
mor suppressor protein, and diminished expression in tumor 
cells is frequently observed during tumor progression and 
metastasis, often associated with EMT [47]. In tumor cells 
where E-cadherin expression is lost, β-catenins, essential 

in mediating Wnt signaling, accumulate in high levels within 
the cytoplasm and translocate to the cell nucleus. Once in 
the nucleus, they bind to members of the transcription factor/
lymphoid enhancer-binding factor 1 family, thereby contribut-
ing to tumor progression by activating Wnt target genes, like 
CD44, c-Myc and MMP-9 [48]. In this context, the noteworthy 
upregulation of E-cadherin observed in cells treated with 
LP-Quer-HA is of significance. E-cadherin forms a complex 
with β-catenin, impeding preventing its translocation to the 
nucleus. The phenomenon supports the suppression of Wnt 
protein expression and its downstream target genes, such as 
CD44 and MMP-9, aligning well with prior reports. This sug-
gests that the observed alterations contribute to the formation 
of the E-cadherin/β-catenin complex, which plays a role in 
modulating Wnt signaling and its associated gene expression 
patterns.
 In contrast to E-cadherin, increased N-cadherin expression 
has been associated with tumor cell migration and metas-
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Figure 6. The effects of liposomal Quer on different signaling pathways. PC3 cells were treated with liposomal Quer, HA-modified liposomal 
Quer and, free Quer (10 μM) for 72 hours, isolated protein samples were then subjected to Western blotting. (A) Liposomal Quer regulates p38 
MAPK, (B) p-ERK, (C) NF-ĸB p105, and (D) NF-ĸB p50. UT, untreated; LP, nanoliposomes; LP-HA, hyaluronic acid-modified nanoliposomes; Quer, 
quercetin; LP-Quer, quercetin-loaded nanoliposomes; LP-Quer-HA, hyaluronic acid-modified, quercetin-loaded nanoliposomes. *P < 0.001 vs. UT, #P 
< 0.001 vs. LP-Quer-HA, ‡P < 0.001 vs. Quer, **P < 0.001 vs. all groups.
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tasis [49]. It was observed that both quercetin and nanoli-
posomal formulations suppressed the protein expression of 
N-cadherin and fibronectin across all treated cells. Martinucci 
et al. [50] proposed that elevated fibronectin expression lev-
els in prostate cancer cells are associated with increased 
invasiveness via N-cadherin and integrins, potentially con-
tributing to resistance against apoptosis by upregulating Bcl-
2 expression while downregulating Bax expression. Drawing 
from this insight, it can be inferred that the suppression of 
fibronectin expression partially contributes to the increase in 
Bax mRNA levels, which are associated with apoptosis, and 
the decrease in Bcl-2 protein expression. To summarize, the 
decrease in protein levels related to mesenchymal markers 
and the increase in E-cadherin expression observed in cells 
treated with LP-Quer-HA collectively contribute to inhibiting 
cell migration and reducing spheroid formation capacity. Ad-
ditionally, the indirect induction of apoptosis and the inhibition 
of cell viability through integration with cell proliferation path-
ways play roles in resisting cell survival. Quercetin has been 
shown to elevate intracellular reactive oxygen species (ROS) 
levels and trigger endoplasmic reticulum stress in prostate 
cancer, leading to cell cycle arrest at the G2/M phase [51]. 
The increase in p38/MAPK protein expression observed in 
cells exposed to LP-Quer and LP-Quer-HA aligns with our 
prior investigation [39] and findings from other studies [51]. 
These data suggest that targeted nanoliposomal quercetin 
treatment induces an increase in p38/MAPK expression, pro-
moting ROS production and ultimately resulting in cancer cell 
death.
 The overall reduced activity of the transcription factor NF-
κB impacts the regulation of anti-apoptotic proteins like Bcl-2 
and Bcl-xL [52,53]. Activated NF-κB in cancer cells is com-
monly associated with tumorigenesis, inhibiting apoptosis, 
promoting cell proliferation, and stimulating cell migration [53]. 
Quercetin treatment initially triggers NF-κB activation in PC3 
cells, but extended exposure eventually leads to suppression 
of NF-κB activity. This suggests that quercetin treatment can 
stimulate NF-κB activity in a pro-apoptotic manner [29]. NF-
κB, when activated, can upregulate pro-apoptotic targets 
while suppressing anti-apoptotic ones potentially leading to 
apoptosis. Additionally, NF-κB’s interaction with death recep-
tors ca-n activate caspase 8, initiating cell death [54]. The 
varying effects of NF-κB, whether anti-apoptotic, pro-apop-
totic, or apoptotic, can depend on different cellular dynamics, 
the concentration of quercetin applied, and the duration of 
incubation [29].
 In conclusion, this study suggests that nanoformulations 
could enhance quercetin’s treatment effectiveness, notably 
decreasing the CSC population through considerable cell 
death compared to free quercetin in prostate cancer PC3 
cells. Targeted therapy using nanoliposomes suppresses 
CSC markers and reduces their capacity to form spheroids. 
Furthermore, the cancer stem cell-targeted quercetin ther-
apy displays promising potential in robustly inhibiting cell 

migration. These findings collectively highlight the promise 
of quercetin nanoliposomal formulations as a pharmacolog-
ical intervention for prostate tumor treatment. Subsequent 
research endeavors could unveil its effective utilization in live 
organisms.
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