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Abstract

Background: The presence of cancer stem cells (CSCs) is a major cause of resistance to cancer
therapy and recurrence. Triple-negative breast cancer (TNBC) is a subtype that responds poorly to
therapy, making it a significant global health issue. Quercetin (QC) has been shown to affect CSC
viability, but its low bioavailability limits its clinical use. This study aims to increase the
effectiveness of QC in inhibiting CSC generation by using solid lipid nanoparticles (SLNs) in
MDA-MB231 cells.

Materials and Methods: After treating MCF-7 and MDA-MB231 cells with 18.9 uM and 13.4 uM
of QC and QC-SLN for 48 hours, respectively, cell viability, migration, sphere formation, protein
expression of B-catenin, p-Smad 2 and 3, and gene expression of EMT and CSC markers were
evaluated.

Results: The QC-SLN with particle size of 154 nm, zeta potential of -27.7 mV, and encapsulation
efficacy of 99.6% was found to be the most effective. Compared to QC, QC-SLN significantly
reduced cell viability, migration, sphere formation, protein expression of B-catenin and p-Smad 2
and 3, and gene expression of CDas, zinc finger E-box binding homeobox 1 (ZEB1), vimentin,
while increasing the gene expression of E-cadherin.

Conclusions: Our findings demonstrate that SLNs improve the cytotoxic effect of QC in MDA-
MB231 cells by increasing its bioavailability and inhibiting epithelial-mesenchymal transition
(EMT), thereby effectively inhibiting CSC generation. Therefore, SLNs could be a promising new
treatment for TNBC, but more in vivo studies are needed to confirm their efficacy.

Keywords: Solid lipid nanoparticles (SLN), Quercetin, Invasive, Epithelial-mesenchymal
transition (EMT), Cancer stem cell (CSC)



1.Introduction

Breast cancer is a significant cause of cancer-related mortality among women globally [1]. Triple-
negative breast cancer (TNBC), a subtype of breast cancer, is characterized by a poor prognosis
and a low response to chemotherapy, often resulting in recurrence and metastasis [2,3]. Treatment
failure in cancer is primarily due to the presence of cancer stem cells (CSCs) [4].

The CSC theory posits that a small population of stem-like cells with self-renewal and
differentiation abilities are resistant to conventional cancer therapies, such as chemotherapy and
radiation. This resistance can lead to tumor relapse, aggressiveness, and carcinogenesis [5]. Hence,
targeting CSCs is crucial in cancer treatment. Numerous studies have demonstrated that CSCs play
a pivotal role in the ability of tumors to metastasize and acquire resistance to chemotherapy. They
have been identified in various solid tumors, including breast tumors and other cancers [6]. The
EMT process is considered the most crucial step in CSC generation.

The epithelial-to-mesenchymal transition (EMT) plays a crucial role in cancer progression and
development [7]. During EMT, the loss of E-cadherin triggers a cascade of signal transduction
pathways and increases mesenchymal markers such as vimentin and N-cadherin [8]. Therefore,
these pathways are important targets for drugs that inhibit EMT and prevent the formation of CSCs
[9,10]. Specifically, the Wnt/B-catenin and TGFp-R1/Smad2/3 signaling pathways activate EMT
and maintain CSC characteristics. Previous research has demonstrated that the Wnt/B-catenin
signaling pathway is involved in targeted gene transcription in many types of cancer [11]. In breast
cancer patients, oncogenes have been found to trigger dysfunction of the Wnt/B-catenin pathway,
and breast CSCs have been shown to rely on this pathway [12].

Breast cancer is typically treated with surgery, radiotherapy, and chemotherapy, all of which may
cause significant side effects. However, in the recent years, natural-based remedies have emerged
as a potential alternative treatment option.

Quercetin (QC) is a natural component that has been found to possess anti-inflammatory and anti-
cancer properties. It is commonly present in many fruits and vegetables, such as apples, red onions,
and radish leaves [13-16]. Studies have shown that QC can inhibit EMT and prevent the generation
of CSCs .However, the clinical application of QC is limited due to its low bioavailability [17,18].
To address this issue, recent research has explored various approaches to improving the
bioavailability of QC, one of which involves using solid lipid nanoparticles (SLNSs) as a carriers.
SLNs are composed of lipids and are capable of effectively encapsulating drugs, including both
chemical and natural drugs such as tamoxifen and pomegranate extract. This lipid structure helps
protect the drug from chemical breakdown, increasing its half-life and leading to a slow release
and enhanced effectiveness of drug therapy [19-23].

The objective of this study was to investigate the impact of using QC-SLN compared to QC on
two crucial factors involved in the progression of EMT, namely B-catenin and Smad 2/3. In
addition, the study aimed to assess the inhibitory effect of EMT using both sphere formation and
wound healing assays. Despite numerous investigations into the anti-tumor effects of nature-
derived materials loaded with SLN, little attention has been given to their molecular mechanisms
of action on EMTs and CSCs [21,24].



2. Materials and methods
2.1. Preparation of QC-SLN

To prepare the QC-SLNs, a mixture of 4.75 g of Compritol 888 ATO (Glyceryl, Dibehenate,
Gattefossé, France) and 100 mg of QC was thoroughly mixed at a temperature of 75°C. Separately,
0.25 g of oleic acid and 0.5 g of lecithin were added to deionized water and heated to 80°C, then
stirred for 5 minutes. The resulting solution was sonicated with the initial mixture using an
Elmasonic S60H sonicator (Global Industrial, USA). To create a nanoemulsion, 4 mL of 1%
polyvinyl alcohol (PVA) solution was added to the mixture at 3°C, followed by homogenization
at 10,000 rpm using a Heidolph homogenizer (Heidolph Schuttler, Germany). The resulting
suspension underwent two rounds of centrifugation at 5°C and 25,000 RCF for a total of 20
minutes. The QC-SLNs were then stored in sealed and refrigerated containers until needed.

2.2. Fourier Transform Infrared (FTIR)

After producing the QC-SLNSs, their interaction was confirmed by analyzing their FTIR spectra
using a (VERTEX 70v, Bruker, USA) spectrometer. The collected spectra were utilized to validate
the chemical interaction between QC and SLNs. Pellets were formed by crushing the samples at a
force of 200 kg/cm? using KBr. The FTIR spectra of QC, QC-SLN, and blank-SLN were recorded
within the range of 400-4000 cm™ with a resolution of 1 cm™.

2.3. Transmission Electron Microscopy (TEM)

The morphology of the QC-SLNs was analyzed using a transmission electron microscope (ZEISS
LEO 906 E, Germany). To prepare the samples, a drop of the SLN was deposited onto a carbon-
coated copper grid to create a thin liquid coating. The samples were then collected on filter paper
and air-dried for 5 minutes at room temperature. The resulting dried samples were then examined
using the transmission electron microscope to observe the shape and size of the SLNs.

2.4. Particle Size and Zeta Potential

The average particle size, zeta potential, and polydispersity index (PDI) of the QC-SLNs were
determined using a nanosizer and zetasizer (Malvern, England).

2.5. Encapsulation Efficiency

The QC-SLN suspension was subjected to a total of 25 minutes of centrifugation at 25,000 rpm,
and the amount of QC present in the supernatant was determined at a wavelength of 256 nm using
a spectrophotometer (Ultrospec 3000, Pharmacia Biotech, USA). The encapsulation efficiency
(EE) was calculated using the following formula [25,26]. EE (%) =100 (Di - Df) /Di

In this equation, Di represents the initial drug, and Df indicates the remaining drug concentration
in the supernatant. The drug loading (DL) was calculated by first dissolving QC-SLN in methanol
and then measuring the amount of QC present in the solution using a spectrophotometer set to 256
nm. To determine the DL%, we utilized the following formula: DL (%) = 100 (loaded drug/weight
of lipid).



2.6. In vitro drug release

The quantity of QC released from QC-SLNs was determined using the dialysis bag method with a
molecular weight cut-off of 12,000 Da (Sigma-Aldrich, USA) as the receptor phase and a
phosphate buffer solution (pH 7.4) at 37°C. Samples were collected at regular intervals and
analyzed using spectrophotometry at 256 nm [27].

2.7. Cell Culture

MCF-7 and MDA-MB231 breast cancer cell lines, as well as normal lung fibroblast cells MRC5,
were cultured in DMEM high glucose medium supplemented with streptomycin (100 U/mL), fetal
bovine serum (FBS) (10%), and penicillin (100 mg/mL), which were purchased from the Iranian
Pasteur Research Center. The cells were maintained at 37 °C, 95% humidity, and 5% CO2. After
24 and 48 hours of incubation, various concentrations of QC (ranging from 0 to 400 uM), QC-
SLN, and blank SLN (ranging from 2.5 to 50 uM) were used to determine the ICso value.

2.8. Cell Viability

The three cell lines were seeded at 4 x 10° cells per well in 96-well plates to determine cell viability
under treatment. Following treatment with QC, QC-SLN, and Blank-SLN for 24 and 48 hours, 0.5
mg/mL MTT solution was added to each well and incubated for four hours at 37°C in the dark.
After draining the wells, 100 pL of DMSO was added, and absorbance was measured at 570 nm
using an ELISA reader (BioTek, ELx800, USA).[28].

2.9. Real-Time Polymerase Chain Reaction

The experimental procedure for gene expression analysis involved several steps. First, total RNA
was isolated from 10° cells using RNX-Plus Solution, and the purity and integrity of the RNA were
evaluated using the A260/A280 ratio and agarose gel electrophoresis. Next, cDNA was
synthesized from the RNA using a 20 pl reaction mixture according to the manufacturer's
instructions. The primers used for gene expression quantification were listed in Supplementary
Table S1, and PCR amplification was carried out for 40 cycles for 10 minutes at 96° C, 15 seconds
at 95°C, 30 seconds at 60°C, and 34 seconds at 60°C. Finally, GAPDH was used as a housekeeping
gene to normalize the expression levels, and the fold changes in gene expression were calculated
using the 2"2A¢T formula.



2.10. Sphere Formation Assay

The sphere formation assay is a commonly employed method for culturing stem cells [29]. In this
study, we utilized this technique to assess the impact of treatments on the inhibition of CSCs.
Specifically, we cultured breast cancer cells in a specialized 6-well ultra-low attachment plate
(Corning Inc., Corning, NY) at a density of 100,000 cells per well, in DMEM medium
supplemented with 20 ng/mL of epidermal growth factor (EGF) and 20 ng/mL of basic fibroblast
growth factor (FGF) from Invitrogen Inc., as well as 1% streptomycin and penicillin. The cells
were incubated at 37°C, in a humidified atmosphere of 95% air and 5% CO2, for a period of 7
days. Subsequently, to evaluate the effect of treatments on CSC growth, the culture was
supplemented with QC and QC-SLN for 48 hours. Finally, using Image J software, spheres with a
diameter greater than 50 um were quantified.

2.11. Cell Migration Assay

The wound-healing test was used to evaluate the impact of QC and QC-SLN on cell migration at
24 and 48 hours. In brief, MCF-7 and MDA-MB 231 cells were seeded in 6-well plates and allowed
to reach greater than 90% confluency. A 5 uL pipet tip was then used to create a "wound" in the
cell layer. After washing the cells with PBS to remove cell debris and non-attached cells, the cells
were treated with 18.9 uM and 13.4 uM of QC and QC-SLN, respectively. Images were taken at
0, 24, and 48 hours of incubation with QC and QC-SLN. The distance of cell migration was
calculated using the National Institutes of Health in Bethesda, United States (NIH) Image J
software, using the formula: The rate of migration = [(TO — Th)/T0] % 100.

2.12. Western blot Analysis

After treating breast cancer cells, they were washed with PBS with a pH of 7.4 and then harvested
in a RIPA (radioimmunoprecipitation) lysis solution containing protease inhibitors. The proteins
were then separated using the SDS-PAGE technique. Both the primary and secondary antibodies,
including anti-p-Smad 2, 3, and anti-B-catenin antibodies, were supplied by Santa Cruz
Biotechnology. Specific proteins were located and visualized using a detection ECL kit
manufactured by Abcam in the United States. The band density was calculated using the NIH
Image J software.

2.13. Statistical Analysis

The data were presented as mean + SD and were obtained from three independent experiments.
Statistical analysis was performed using GraphPad Prism 8 software (GraphPad Software V8, San
Diego, CA). One-way analysis of variance (ANOVA) followed by the least significant difference
(LSD) post hoc test was used to compare the groups, and p < 0.05 was considered statistically
significant.

3. Results
3.1. Characterization of QC-SLNs

The investigated nanoparticles had a negative zeta potential of approximately -27.7 mV, which
prevented aggregation and ensured long-term stability. The polydispersity index (PDI) value of
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QC-SLN was 0.50 = 0.04, indicating a uniform distribution of nanoparticles throughout the
sample. Transmission electron microscopy (TEM) images showed spherical nanoparticles with
smooth surfaces (Figure 1). The average nanoparticle size was 154 + 22.5 nm, which was
consistent with the dynamic light scattering (DLS) measurement of 156 nm. Notably, the average
particle size was smaller than the expected range of 156 nm.

Figurel. A micrograph produced by the TEM of QC-SLN. Scale bar: 100 nm.

3.2. Drug Release Profile

Supplementary Figure S2 shows distinct release characteristics of the QC solution, while QC-SLN
exhibited sustained release over three days, with 65% of the drug released in the first 12 hours and
a gradual increase to 90% over the remaining time.



3.3. FTIR Analysis

Supplementary Figure S3 presents the FTIR test results, revealing characteristic peaks of quercetin at O-H
stretching (3850-3200 cm-1), C=0 stretching (1635 cm-1), C-C stretching (1659 cm-1), C-H bending
(1463, 1379 cm-1), C-O stretching in the ring structure (1262 cm-1), and C-O stretching in the ring structure
(1109 -1056 cm-1). Notably, no deletions were observed in the functional group peaks of QC-SLN, thus
confirming the appropriate structure of QC in conjunction with other substances utilized during QC-SLN
production. These findings align with those reported in a previous study [30].

3.4. Cell Viability and Proliferation

In a previous study, we have previously demonstrated that the treatment with QC-SLN resulted in
ICso values of 18.9 uM, 13.4 uM, and >50 pM in MCF-7, MDA-MB-231, and MRCS5, respectively
(Supplementary Figure S4). To compare the effects of QC and QC-SLN, ruled out the impact of
Blank-SLN." by using equal concentrations of QC, QC-SLN, and Blank-SLN for the remaining
experiments, based on the 1Cso of QC-SLN (Supplementary Figure S5).

3.5. Quantitative Real-Time RT-PCR

Supplementary Figure 6 shows that Blank-SLN did not exhibit significant differences in gene
expression in either cell line (MCF-7: A and B; MDA-MB231: C and D). In the QC group, MCF-
7 cells exhibited a significant increase in E-cad gene expression and a significant decrease in ZEB1
gene expression compared to the control group (Supplementary Figures 6A and 6B), while MDA-
MB231 cells showed a significant decrease in ZEB1, VIM, and CDass gene expression
(Supplementary Figures 6C and 6D). In QC-SLN, both MCF-7 and MDA-MB231 cells exhibited
a significant reduction in gene expression of ZEB1, VIM, CDa4, and N-cad, as well as a significant
increase in E-cad gene expression compared to the QC group. QC significantly reduced B-catenin
gene expression in MCF-7 cells, but not in MDA-MB231 cells. However, in both cell lines, QC-
SLN resulted in a significant decrease in [-catenin gene expression compared to QC
(Supplementary Figure 6E).



3.6. Spheroid Formation Analysis

To assess the effects of QC and QC-SLN on the characteristics of cancer stem cells (CSCs) in
MCF7 and MDA-MB231 cell lines, we conducted a sphere-forming assay. Specifically, cells were
incubated in low- attachment plates with a CSC medium for seven days to allow for the formation
of sphere structures consisting of CSCs. Following this, cells were treated with 18.9 and 13.4 uM
of QC-SLN and QC, respectively. As illustrated in Figure 2, no significant difference in sphere
formation was observed between the Blank-SLN group and the control group in either cell line.
While the number of spheres decreased in the QC group of both MCF7 and MDA-MBA cells, this
change was not statistically significant. Conversely, a significant decrease in the number of spheres
was observed in the QC-SLN group compared to both the control and QC groups. This reduction
in sphere formation was consistent across both cell lines, albeit slightly more pronounced in MDA-
MB-231 than in MCF-7.

Blank-SLLN QC QC- SLLN

L-AON

[ETAN-VAN

zﬂﬂ-pm

B

MCKF7

MDA-MB231

Number of Spheres

Control Blank-SLN QC QC-SLN



Figure 2. the sphere-forming assay of MCF-7 and MDA-MB231. The photograph sphere-forming of both cell lines in
the untreated and treated groups with blank SLN, QC, and QC-SLN for 48 h (A). quantitative illustration of the number
in MCF-7 and MDA-MB231 showed in part B, as mean +SD. number of spheres counted using ImageJ. ***P < 0.001,
****P < (0.0001 compared with control group, ## P < 0.01, ##P < 0.001 compared with QC group.

3.7. Cell migration Analysis

We evaluated the effects of QC and QC-SLN on tumor cell migration using a wound-healing assay
(Figure 3A, B). Breast cancer cells were treated with QC or QC-SLN for 24 or 48 hours. Our
results showed a significant decrease in the rate of wound closure in both cell lines after 24 hours
of QC treatment, but not after 48 hours (Figure 3C, D). On the other hand, treatment with QC-
SLN significantly reduced the rate of wound closure in both cell lines at both 24 and 48 hours, as
indicated by the migration indices.



Control Blank- SLN B Control Blank- SLN

Oh
Oh
24h O 24h
i
2
48 h 48 h
C
D
i
Py
100) 100
75 75

g

ARRRRRANARANNANY

AR

Wound Closure %
MCF7
3
Wound Closure %
MDA-MB231

IR
3 R

N
o

A AR AR

N
A SRR

TR ARSI

3
AN

AN
N

7
7
7
7
%

N
X

z
?
7
;
“

955554,
o G

a 0
Control Blank-SLN QC QC-SLN

Control Blank-SLN QC QC-SLN

Figure 3. MCF7 and MDA-MB-231 cell migration after 24 and 48 hours of treatment with QC-SLN and QC. The
photograph of wound-healing of both cell lines in the untreated and treated groups with blank SLN, QC, and QC-SLN
for 24 and 48 h (A and B). wound area measured using ImageJ and quantification values were shown as mean +SD
(C, D). ****P < 0.0001; compared with control group, #### P< 0.0001 compared with QC group.
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3.8. Western Analysis
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Figure 4. Protein expression of 3-catenin, p-Smad-2, and p-Smad-3 in MCF-7 and MDA-MB231. protein bands of p-
catenin and p-Smad-2 and 3 in the control and treatment groups in MCF-7 (A) and MDA-MB231(B). Quantification
of protein expression of B-catenin(C), p-Smad-2 (D), and p-Smad-3(E) in MCF-7 and MDA-MB231.data was shown
as the mean £SD.* P < 0.05, ** P < 0.01, and *** P < 0.001 compared to the control group. # P < 0.05, compared to
the QC group.

Discuusion

Two important barriers to cancer therapy are the resistance of the cancer cells to therapy and
recurrence, which are the properties of CSCs. So by overcoming the generation and viability of
CSCs, the cancer therapy will be optimized. Chemotherapy, as one of the most important strategies
in cancer treatment, is associated with a variety of side effects, so researchers are now focusing on
natural remedies. One of these natural components is QC, which, according to previous studies,
has inhibitory effects on CSCs [4,31]. A critical problem of QC that limits its clinical application
and effectiveness is its low bioavailability. The current study demonstrated that using QC-SLN
improves bioavailability and, as a result, the inhibitory effect of QC on EMT, the processes
involved in CSC generation, and CSC viability.

The EMT process is recognized for its ability to facilitate the generation of CSCs from epithelial
cells and is regulated by two critical signaling pathways: Wnt/B-catenin and TGFB/Smad 2,3. Two
key transcription factors, p-catenin and p-Smad 2,3 play a significant role in promoting the
transcription factors associated with the EMT process, such as ZEB1, and CSC markers such as
E-cadherin, vimentin, and CDa4 [32].

Previous studies have reported that QC treatment can reduce the expression of the 3-catenin gene
and protein, as well as the phosphorylation of Smad 2,3. In this current study, we aimed to
investigate the effects of QC in both nanoformulations, specifically QC-SLN. Our findings
demonstrated that QC treatment resulted in a reduction of p-Smad 2,3 in both MCF-7 and MDA-
MB231 breast cancer cell lines, which is consistent with previous research [33,34]. Importantly,
we observed that the inhibitory effects of QC-SLN were significantly greater than those of QC
alone, indicating that QC-SLN is a more potent inhibitor of EMT regulators than QC.

The assessment of gene expression of ZEB1, E-cad, N-cad, and CDa44 as indices of EMT and CSCs
provided further evidence supporting our findings. Specifically, treatment with QC resulted in
decreased expression of ZEB1, N-cad, and CDa4 genes and increased expression of the E-cad gene,
likely due to the reduction in B-catenin expression and phosphorylation of Smad 2,3, which is
consistent with previous studies [31,32]. Notably, all of these changes in gene expression were
observed in response to treatment with QC-SLN and were more pronounced and potent than those
observed with QC alone, underscoring the role of QC-SLN in inhibiting the generation of CSCs.

The sphere formation assay was then performed to assess the effect of the changes in protein and
gene expression induced by QC and QC-SLN treatments. The assay demonstrated that QC
treatment reduced the number of sphere structures composed of CSCs, which is consistent with
the findings of previous studies by Xiuli Li et al. and Kashyap A. et al., who reported the inhibitory
effect of QC on the proliferation of breast cancer stem cells and downregulation of CDa4 gene
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expression in the stem cell population [4,31]. The reduction in sphere structures was more
significant with QC-SLN treatment than with QC treatment, further indicating the potent effect of
QC-SLN in inhibiting the generation and viability of CSCs.

To assess the impact of QC on cell migration, we conducted a wound-healing assay, which is a
critical characteristic of CSCs. Our results showed that QC treatment effectively impeded wound
closure, a marker of cell migration, especially at 24 hours in both MCF-7 and MDA-MB231 cells.
These findings are in line with a recent study by Roshanazadeh et al. (2021), which demonstrated
that QC can suppress the migration of MDA-MB-231 breast cancer cells [35-37]. Importantly,
QC-SLN treatment significantly and potently hindered the migration of both cell lines, particularly
at 24 and 48 hours, compared to QC treatment, indicating the superior potency of QC-SLN in
inhibiting migration.

Conclusion

This study highlights the potential of QC-SLN as a therapeutic agent for breast cancer stem cells.
The results suggest that QC-SLN is a more potent inhibitor of EMT regulators and CSC generation
than QC alone, likely due to its improved bioavailability. These findings suggest that natural
remedies like QC may offer a promising avenue for cancer therapy. Further in vivo studies are
needed to assess the safety and efficacy of QC-SLN in breast cancer treatment. Overall, this study
contributes to a growing body of research on natural compounds as potential cancer therapies and
underscores the importance of exploring new and innovative approaches to cancer treatment.
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Highlights

QC-SLNs significantly reduced cell viability, migration, and sphere formation in MDA-MB231
cells.

QC-SLNs reduced the protein expression of f-catenin and p-Smad 2 and 3, and gene expression
of CDaa, zinc finger E-box binding homeobox 1 (ZEB1), and vimentin, while increasing the gene
expression of E-cadherin.

SLNs improved the cytotoxic effect of QC in MDA-MB231 cells by increasing its bioavailability
and inhibiting epithelial-mesenchymal transition (EMT), thereby effectively inhibiting CSC
generation.

SLNs could be a promising new treatment for triple-negative breast cancer (TNBC), but more in
vivo studies are needed to confirm their efficacy.
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