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Abstract

Background Quercetin (QC) is a naturally occurring flavonoid found in abundance in fruits and vegetables. Its anti-cancer and
anti-inflammatory properties have been previously demonstrated, but its low bioavailability hampers its clinical use. Triple-
negative breast cancer is a subtype of breast cancer with a poor response to chemotherapy. This study investigates the anti-
cancer effects of quercetin-solid lipid nanoparticles (QC-SLN) on the triple-negative breast cancer cell line MDA-MB231.
Materials and methods MCF-7 and MDA-MB231 cells were treated with 18.9 uM of QC and QC-SLN for 48 h. Cell viabil-
ity, apoptosis, colony formation assay, and the anti-angiogenic effects of the treatment were evaluated.

Results QC-SLN displayed optimal properties (particle size of 154 nm, zeta potential of —27.7 mV, encapsulation efficiency
of 99.6%, and drug loading of 1.81%) and exhibited sustained release of QC over 72 h. Compared to the QC group, the
QC-SLN group showed a significant decrease in cell viability, colony formation, angiogenesis, and a substantial increase
in apoptosis through the modulation of Bax and Bcl-2 at both gene and protein levels. The augmentation in the proportion
of cleaved-to-pro caspases 3 and 9, as well as poly (ADP-ribose) polymerase (PARP), under the influence of QC-SLN, was
conspicuously observed in both cancer cell lines.

Conclusions This study showcases quercetin-solid lipid nanoparticles (QC-SLN) as a promising therapy for triple-negative
breast cancer. The optimized QC-SLN formulation improved physicochemical properties and sustained quercetin release,
resulting in reduced cell viability, colony formation, angiogenesis, and increased apoptosis in the MDA-MB231 cell line.
These effects were driven by modulating Bax and Bcl-2 expression, activating caspases 3 and 9, and poly (ADP-ribose)
polymerase (PARP). Further in vivo studies are needed to confirm QC-SLN’s efficacy and safety.
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Introduction

Cardiovascular disease is the leading cause of death globally,
with cancer following as the second most common cause.
Among various cancer types, breast cancer has emerged as a
significant cause of cancer-related mortality among women
and the most frequently diagnosed cancer worldwide. In
2020 alone, breast cancer accounted for approximately 14%
of all female malignancies and led to the deaths of 685,000
women. Although chemotherapy and radiation therapy are
potent treatments for breast cancer, they are associated with
several side effects [1-4]. Consequently, recent research
efforts have focused on identifying safe and effective natural
remedies to mitigate these complications [5-7].

Quercetin (QC), a potent flavonoid with anti-
inflammatory and anti-cancer properties, can be found
in a variety of fruits and vegetables, such as citrus fruits,
apples, radish leaves, and red onions. Previous studies have
demonstrated that QC exhibits cytotoxic effects on numerous
cancer cell types [8—13]. However, the clinical applications
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of QC have been limited due to its low solubility and poor
bioavailability [14, 15]. To overcome these limitations,
researchers have developed various drug delivery systems,
including liposomes, polymers, and solid lipid nanoparticles
(SLNs), which could enhance solubility and bioavailability.
Recent studies have particularly focused on employing SLNs
as carriers for both chemical and natural drugs, including
flavonoids [16-22]. For instance, tamoxifen-loaded SLNs
have been shown to effectively reduce breast cancer [23],
and pomegranate extract-loaded SLNs can efficiently
inhibit the growth of various cancer cells, such as those in
prostate, breast, and liver cancers [24]. SLNs can enhance
drug effectiveness by protecting the drug from chemical
degradation, increasing its half-life, and facilitating slow
release [25-27].

While several investigations have been conducted on the
anti-tumor effects of various natural remedies in SLN-loaded
formulations [23], the cytotoxic mechanisms underlying
these effects have received less attention. Overcoming
cancer cells’ resistance to apoptosis is a significant
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challenge in cancer treatment; therefore, any therapeutic
strategy that can address drug resistance will be valuable.
Previous studies have shown that drugs loaded with SLN
could partially overcome drug resistance, suggesting that
this type of treatment could improve the success of drug
therapy. The present study aimed to investigate the cytotoxic
and apoptotic effects of quercetin-loaded SLNs (QC-SLNs)
on highly invasive MDA-MB231 breast cancer cells.

Natural substances like quercetin can trigger apoptosis by
modulating essential proteins in the apoptotic pathway. The
regulation of Bcl-2 family proteins, including pro-apoptotic
Bax and anti-apoptotic Bcl-2, is one such process that plays
a critical role in determining cellular outcomes. Moreover,
caspase activation, particularly for caspase-3 and caspase-9,
is crucial initiating and carrying out apoptosis [28]. The
cleavage of poly (ADP-ribose) polymerase (PARP), a
target of caspase-3, marks the beginning of apoptosis
[29]. By regulating apoptosis-inducing proteins, QC-SLN
can demonstrate improved anticancer effectiveness and
ultimately trigger apoptosis in cancer cells.

In light of this situation, our objective was to clarify the
capacity of QC-SLNs to induce apoptosis and be cytotoxic
in MDA-MB231 breast cancer cells, thereby addressing the
knowledge gap concerning the cytotoxic processes involved.
Consequently, we examined the regulation of crucial
proteins in the apoptotic pathway by QC-SLNs, which
may offer valuable information regarding their therapeutic
potential in the treatment of breast cancer.

Materials and methods
Preparation of QC-SLN

4.75 g of Campritol 888 ATO (Glyceryl Dibehenate,
Gattefossé, France) were heated to 75 °C and mixed with
100 mg of QC. In a separate beaker, 0.25 g of oleic acid and
0.5 g of lecithin were added to heated (80 °C) deionized
water, stirred for 5 min, and then completely mixed with
the previous solution using a sonicator (Elmasonic S60H,
Global Industrial, USA). To generate the nanoemulsion, 4
mL of 1% polyvinyl alcohol (PVA) at 3 °C was added to
the prior solution and homogenized at 10,000 rpm using
a homogenizer (Heidolph, Germany). The suspension was
centrifuged twice at 5 °C and 25,000 RCF for 20 min. The
QC-SLNs were stored in sealed containers at refrigerated
temperatures until used.

Fourier transform infrared (FTIR)
Following QC loading into the SLN, the FTIR spectra

(VERTEX 70v, Bruker, USA) were analyzed to confirm
intermolecular interactions. Pellets were prepared by

compressing QC, QC-SLN, and blank-SLN at 200 kg/cm2 with
KBr. The FTIR spectra of the aforementioned materials were
obtained in the range of 400—4,000 cm™! with a resolution of
lem™L

Transmission electron microscopy (TEM)

The morphology of the SLN was examined using transmission
electron microscopy (TEM). A droplet of the SLN was placed
onto a carbon-coated copper grid to form a thin liquid layer.
Excess samples were collected on filter paper and allowed to
air-dry at room temperature for 5 min. The morphology of the
SLN was assessed using TEM (ZEISS LEO 906 E).

Particle size and zeta potential

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

Encapsulation efficiency (EE) and drug loading (DL)

To initially determine the encapsulation efficiency (EE), the
separation of free (untrapped) quercetin (QC) from QC-solid
lipid nanoparticles (SLN) in the suspension was performed
by centrifugation at 25,000 rpm for 25 min. The QC content
of the supernatant was then measured at 256 nm using a UV
spectrophotometer. The EE was calculated using the following
formula [30, 31].

EE(%) = 100(Di — Df)/Di.

Here, Di and Df represent the initial (total) and free
(untrapped) drug concentrations, respectively. By dissolving
QC-SLN in methanol and measuring its QC content with a
spectrophotometer at 256 nm, it was possible to calculate
the drug loading (DL): DL (%)= 100 (loaded drug/weight of
lipid).

In vitro drug release

The dialysis bag method (MW cut-off of 12,000 Da, Sigma-
Aldrich, USA) [32] was employed to evaluate QC release
from QC-SLNs in phosphate-buffered saline (PBS) (pH 7.42)
as the receptor phase at 37 °C. Samples were collected at
predetermined intervals (from 5 min to 72 h), and their QC
content was assessed spectrophotometrically (Ultrospec 3000,
Pharmacia Biotech, USA) at 256 nm.
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Cell culture
Design of experiments

Breast cancer cell lines MCF-7 and MDA-MB231, along
with MRCS5 normal lung fibroblast cells, were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) high glucose
medium supplemented with streptomycin (100 U/mL), fetal
bovine serum (FBS) (10%), and penicillin (100 mg/mL), and
obtained from the Iranian Pasteur Research Center. The cells
were maintained in an incubator at 37 °C, 95% humidity,
and 5% CO,. Different concentrations of QC (0—400 uM),
QC-SLN (based on QC concentration), and blank SLN
(2.5-50 M) were used to determine the ICs, after 24 and
48 h of incubation.

Cell viability

The MTT assay was utilized to evaluate the effect of the
treatment on cell viability. After culturing breast cancer
cells and MRC5 cells (4 x 10° cells/well) in 96-well plates
for 24 and 48 h, each well was incubated with 0.5 mg/mL
MTT solution for four hours at 37 °C. The supernatant was
removed from each well, and 100 pL of dimethyl sulfoxide
(DMSO) was added. The absorbance of the sample was then
measured at 570 nm using an Elisa reader (BioTek, ELx800,
USA).

Clonogenic assay

The clonogenic assay was employed to assess the anti-
proliferative effect of QC and QC-SLNs on MCF-7 and
MDA-MB-231 cells. A total of 2000 cells were seeded
into six-well plates and incubated with 18.9 uM of QC,
QC-SLNs, and blank-SLN for MCF-7 and 13.4 uM of QC,
QC-SLNs, and blank-SLN for MDA-MB 231 for 48 h.
The medium containing treatments was then replaced with
fresh complete media (DMEM with 10% FBS plus 1%
penicillin/streptomycin) without any treatment, and the
cells were grown for 14 days. The colonies were fixed with
formaldehyde, stained with 0.5% crystal violet in PBS, and
counted using a light microscope.

Flow cytometry analysis

A total of 4x10° MCF-7 and MDA-MB-231 cells were
cultured in a six-well plate and treated with QC and
QC-SLN for 48 h. Following this, the percentage of
normal, apoptotic, and necrotic cells was determined
using the Annexin V-FITC/Propidium iodide assay kit (IQ
Products, Rozenburglaan, Netherlands) according to the
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manufacturer’s instructions. In brief, the cell pellets were
resuspended in 200 pl of binding buffer after rinsing with
PBS, and 5 pl of Annexin V-FITC was incubated with 5 pl
of Propidium iodide (PI) for 10 min. The samples were then
diluted to 200 pl with binding buffer and analyzed using
a flow cytometer (Becton Dickinson, San Jose, California,
USA).

Real-time polymerase chain reaction

In accordance with the manufacturer’s instructions, 1% 10°
cells were utilized for RNA extraction, and total RNA was
isolated using RNX-Plus Solution. The purity and integrity
of the RNA were assessed by the A260/A280 ratio and
agarose gel electrophoresis. The isolated RNA was stored
at—70 °C in 50 pl of DEPC-treated water. A cDNA synthesis
kit was employed to perform reverse transcription in a 20 pl
reaction mixture, following the manufacturer’s protocol.
SYBR Green qPCR Master Mix (Yekta Tajhiz Azuma,
Tehran, Iran) was used to quantify Bax, Bcl-2, and GAPDH
gene expression. The PCR program was executed as follows:
10 min at 96 °C, 40 cycles of 15 s at 95°C, 30 s at 60 °C, and
34 s at 60 °C. GAPDH served as a housekeeping gene for
normalizing expression levels. Fold changes were calculated
using the 2724CD method. Primer sequences are provided
in Supplementary Table S1.

Western blot analysis

Treated breast cancer cells were thoroughly washed in
cold PBS (pH 7.42) and subsequently harvested in a RIPA
(radioimmunoprecipitation) lysis solution containing
protease inhibitors. After performing SDS-PAGE and
blotting, the PVDF membrane was blocked with 5% non-
fat milk. The membrane was then incubated with primary
antibodies for 24 h and secondary antibodies for 1 h. Primary
(anti-Bax, anti-Bcl-2, anti-Caspases 8, 9, 3, anti-PARP, and
anti-o-Tubulin antibodies) and secondary antibodies were
obtained (Santa Cruz Biotechnology and Cell Signaling
Technology Inc., USA). Protein bands were visualized
using the ECL kit (Abcam, USA), and band density was
determined using Image J software (National Institutes of
Health, Bethesda, United States).

Chorioallantoic membrane assay (CAM assay)

The CAM assay was conducted to assess angiogenesis
in vivo. Chicken eggs, provided by Ahvaz University’s
Department of Poultry, were randomized and divided into
four groups (control, blank SLN, QC, and QC-SLN 130
uM; n=3 per group) and incubated at 37 °C with 55-60%
humidity. On day three of incubation, a 1-2 cm square
window was created on the top of each viable eggshell, and
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1.5 ml of albumin was removed from the opposite side of
the eggs. As chorioallantoic membrane (CAM) maturation
occurs on day five, drug-loaded sterile methylcellulose
discs were placed on the CAMs at that time. The eggs
were incubated for an additional 48 h following drug
administration. After the removal of filter discs, CAM tissue
was fixed in 4% formaldehyde, and images were captured at
150x magnification using a stereomicroscope (Leica Zoom
2000). The Wimasis Image Analysis Software, available
online, was employed for image analysis. Angiogenesis was
evaluated based on the total vessel branch points and total
vessel network lengths.

Statistical analysis

Each experiment was performed independently three times,
and results are presented as mean + standard deviation
(SD). GraphPad Prism 8 (California, USA) was utilized
for statistical analysis. Experimental group findings were
compared using one-way ANOVA and LSD posthoc tests,
with P values < 0.05 considered significant.

Results

FTIR

As seen in Supplementary Fig. 1, multiple distinct bands
exist in the QC-SLN spectra, including O-H stretching
(3850 to 3200 cm™!), C-O stretching (1635 cm™), C-C
stretching (1659 cm™!), C—H bending (1463, 1379 cm™),
C-O stretching inside the ring structure (1262 cm™), and

.
*

Fig.1 The TEM micrograph of
QC-SLN. Scale bar: 150 nm

C-O stretching the ring structure (1109—1056 cm—1). The
FTIR spectra confirm the interaction between QC and SLN.

Characterization of QC-SLNs

The negative zeta potential of the nanoparticles was approxi-
mately —27.7 mV, preventing aggregation and ensur-
ing long-term stability. The PDI value for QC-SLN was
0.50+0.04, indicating a uniform distribution of nanopar-
ticles. Encapsulation efficiency was 99.6%, and drug load-
ing was 1.81%. Transmission electron microscope (TEM)
images revealed that the nanoparticles were spherical and
smooth (Fig. 1), with an average size of 154 +22.5 nm. This
size corresponds with particle sizes obtained via dynamic
light scattering (DLS), which measured 156 nm. The data
demonstrated that the majority of particles were smaller than
156 nm.

Drug release profile

Supplementary Figure 2 demonstrates that the release
characteristics of the quercetin (QC) solution differ
significantly from those of the QC-loaded solid lipid
nanoparticles (QC-SLN). While the QC solution exhibits
rapid drug release, reaching approximately 100% within
5 h, the QC-SLN displays a sustained release profile that
continues for 3 days. Within the first 12 h, QC-SLN releases
65% of the QC, and over the subsequent 72 h, the release
gradually increases to 90%.

150 nm
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Cell viability and proliferation

The viability of two cancer cell lines (MCF-7 and MDA-
MB-231) and one normal cell line (MRC-5) was assessed
after 24 and 48 h of treatment with QC (20-400 uM),
QC-SLN (2.5-50 uM, based on QC), and Blank-SLN
(0.2-6.66 mg/ml) using an MTT assay. Supplementary
Fig. 3 displays the results, and the ICs, values are pre-
sented in Supplementary Table S2. Notably, the con-
centrations for the blank were chosen based on the lipid
concentration in the QC-SLNs used in the preparation of
concentrations of 20—400 uM (based on QC). As depicted
in Supplementary Fig. 3, both QC and QC-SLN decrease
the viability of cancer cells without significantly affect-
ing normal cell viability at concentrations below 50 uM.
Blank-SLN does not impact cell viability in either cancer-
ous or normal cells. The ICs, values of QC-SLN (Sup-
plementary Table S2) for MCF-7 and MDA-MB231 after
48 h of treatment are 18.9 uM and 13.4 uM, respectively
(Fig. 2).

Clonogenic assay

Figure 3 A presents photographs of MCF-7 and MDA-
MB231 colony formation in untreated and treated condi-
tions. The quantification of colony formation assays in
both cell lines is depicted in Fig. 3B and C. For both cell
lines, Blank-SLN has an insignificant effect on colony
formation, and QC-SLN significantly decreases the col-
ony number compared to the QC group.

Fig.2 Cell viability of MCF-7
and MDA-MB231. The MTT
assay was used to determine cell
viability after 48 h treatment
with 18.9 uM of Blank SLN,

MCF7

MDA-MB231

QC, and QC-SLN for MCF-7
and 13.4 uM of Blank SLN,
QC, and QC-SLN for MDA- 100
MB-231. The data were shown
as mean + SD. ***P <0.001 é
against control group and ## - %
P <0.01 against QC group are = 75 252525
considered as significant -é 2 :
S
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Annexin V-FITC/propidium iodide apoptosis assay

Figure 4 shows that in the free QC treatment, a high
percentage of necrotic cells is observed in both MCF-7
(76.9%) and MDA-MB231 (55.3%) cell lines. Blank-SLN
has no apoptotic effect on the cells. QC increases the
apoptosis rate in MCF-7 by approximately 7.5% and in
MDA-MB231 by 10.09%. QC-SLN significantly enhances
the apoptotic effect on MCF-7 and MDA-MB231 com-
pared to QC by 29.38% and 40.41%, respectively.

Quantitative real-time RT-PCR

In MCF-7 cells, blank-SLN has an insignificant influence on
gene expression. In the QC group, increased gene expression
of Bax is observed without any significant effect on Bcl-2
expression compared to the control group. In QC-SLN, a
considerable reduction in the gene expression of Bcl-2 and
an increase in Bax expression compared to the QC group
are observed (Fig. SA). In MDA-MB231 cells, no signifi-
cant change in gene expression is seen in the Blank-SLN
and QC groups. However, under QC-SLN treatment, signifi-
cant decreases and increases in Bcl-2 and Bax gene expres-
sion compared to the QC group are revealed, respectively
(Fig. 5B).

Western analysis

Figures 6 and 7 demonstrate that Blank-SLN does not exert
a considerable influence on protein expression in either cell
type. Figure 6A displays the protein expression of PARP,
caspases 8, 9, 3, Bcl-2, and Bax in MCF-7 cells. In this
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Fig.3 Colony formation assay of MCF-7 and MDA-MB231. Pho-
tograph of colony formation of both cell lines in the untreated and
treated groups with blank SLN, QC, and QC-SLN for 48 h (A). The
mean + SD of colony number in the untreated and treated groups was

instance, Blank-SLN does not significantly affect protein
expression. In the QC group, a rise in Bax protein expres-
sion can be observed without a notable alteration in PARP,
caspases 8, 9, 3, and Bcl-2 levels. Contrarily, the QC-SLN
group exhibits a marked increase in PARP, caspases 9, 3,
Bax expression, and a decrease in Bcl-2 expression without
a significant change in caspase 8 when compared to both the
control and QC groups (Fig. 6B).

Figure 7A illustrates the protein expression of PARP,
caspases 8, 9, 3, Bcl-2, and Bax in MDA-MB231 cells. In
this case, no significant changes in protein expression are
observed in the Blank-SLN and QC groups. Nevertheless,
the QC-SLN group shows significant increases in PARP,
caspases 9, 3, Bax expression, and decreases in Bcl-2
expression when compared to the control and QC groups.
However, the expression of caspase 8 in the QC-SLN group
remains unaltered relative to the control and QC groups
(Fig. 7B).
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##%%P <0.0001; compared with the control group, ## P<0.01, ###
P <0.001 compared with the QC group

CAM assay analysis

The anti-angiogenic potential of QC-SLN and QC was
assessed using the chorioallantoic membrane (CAM) assay.
Figure 8A displays the angiogenesis of the CAM assay in
different groups in the first row and the interpretation of
these data by the Wimasis program in the second row. Fol-
lowing treatments, the same pattern is observed in both
angiogenesis indices: total number of branch points and total
length of the vessel network (Fig. 8B and C). The patterns
indicate that QC and QC-SLN treatments result in a consid-
erable reduction of these markers compared to the control.
The proportion of this reduction is significantly higher in the
QC-SLN treatment compared to the QC group.

@ Springer



9424 Molecular Biology Reports (2023) 50:9417-9430

A

Control Blank SLN QC QC-SLN
! T @2 ' Ja @ @2 M a2
0 0 0.046 0.046 712 27 258
0 10
= x z =
2 10° 2 10° E @]
] 3
Q3 Q3 Q3
0.033 0.092 038
) 0t o 10t 0*
FL1-H FL1-H
Control Blank SLN QC QC-SLN
0t 3 @ 10 Iy Q2
0092 0037 197 201
m’ = W: - 5

z z T »

z 2 g 2
=
~
W
o

Q3
0

[+
(=}
1

MCF-7 ==

MDA-MB231 £

% Total apoptos

w
o
g g aaaaal e g e a2

o
|

Control Blank-SI.N

Fig.4 Flow cytometry analysis of apoptosis in MCF-7 and MDA-
MB231. The assays used the ICy, values, which were 18.9 uM for
MCF-7 and 13.4 uM for MDA-MB231 cancer cells. Dot plot charts
of flow cytometry analysis for control, Blank-SLN, QC, and QC-SLN

Discussion

In the current study, quercetin (QC) was effectively
incorporated into solid lipid nanoparticles (SLN) using the
emulsification method. The resulting QC-SLN exhibited
remarkable stability and a uniform size distribution. The
in vitro release profile demonstrated a sustained release
of QC throughout the treatment period. This sustained
release is anticipated to enhance quercetin’s bioavailability
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and, consequently, its therapeutic efficacy. Our findings
are consistent with previous research [30, 33], showing
that QC-SLN significantly increased the bioavailability
of quercetin, making it an ideal candidate for sustained
drug release in cancer therapy, particularly breast cancer
treatment.

Our results indicate that QC-SLN successfully reduced
the total number of MCF-7 and MDA-MB231 cells by
inhibiting cell growth and inducing cell death. Previous
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of PARP, caspases 8, 9, 3 Bcl-2 and Bax in MDA-MB231 (B). The

studies have reported the inhibitory effect of QC on the
viability of these cells [34-36]. According to our findings,
the ICy, concentrations of QC after 48 h of treatment
were 93 uM and 183 uM for MCF-7 and MDA-MB-231
cells, respectively. Our ICs, result for MCF-7 deviates
slightly from the data published by Lin et al. (2013) and
Firoozeh Niazvand et al. (2018), which could be attributed
to differences in QC purity and quality [33, 34]. The IC;,
values of QC-SLNs on MCF-7 and MDA-MB 231 were 18.9
UM and 13.4 uM, respectively, which are considerably lower
than the ICs values of QC alone. This finding suggests that
QC-loaded nanoparticles exerted a stronger cytotoxic effect
on MCF-7 and MDA-MB231 cells without significantly
impacting MRCS5.

Numerous studies have demonstrated that SLN serves
as an effective carrier for anticancer drugs and flavonoids.
Berberine, oridonin, and resveratrol encapsulated in SLNs
exhibited enhanced antitumor effects on breast cancer
cell lines [19, 36-38]. Zhuang et al. (2012) reported that
breast cancer treatment with anticancer drugs loaded into
SLN, such as mitoxantrone and methotrexate, could be
more effective than treatment with the drugs alone [36].
Conversely, Abbasalipourkabir et al. (2016) showed that
tamoxifen loaded into SLNs had a similar effect on breast
cancer in rats as free tamoxifen [39]. More recently,
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data was shown as the mean+SD. **P <0.01; ****P <(0.0001 com-
pared to the control group.# P<0.05## P<0.01, ## P<0.001,
####P < 0.0001 compared to the QC group

Firoozeh Niazvand et al. (2019) demonstrated that
QC-loaded SLNs had a stronger impact on breast cancer
than QC alone [33]. This phenomenon could be attributed
to the lipophilic nature of the carrier, which promotes
cellular uptake and consequently enhances the growth-
inhibitory effect of QC-SLNs on cancer cells. In a study
conducted by Vijayakumar et al., QC-SLN improved the
solubility of QC in distilled water, and SLN significantly
increased the cellular uptake of QC [30]. Sun et al. (2014)
found that QC-loaded lipid carriers significantly improved
the solubility and stability of QC, resulting in an increased
presence of QC in MCF-7 cells. Their findings revealed that
enhanced cytotoxicity was accompanied by increased QC
uptake by MCF-7 cells [22].

The clonogenic assay results indicated that QC reduced
the colony counts of MCF-7 and MDA-MB231 cells by 35%
and 25%, respectively, while these reductions for QC-SLN
were 90% and 80% for MCF-7 and MDA-MB231 cells,
respectively. This finding further supports the enhanced
efficacy of QC-SLN compared to QC alone. Our results
are in line with previous research, which demonstrated that
QC-SLN significantly reduced colony numbers compared to
both control and QC [33].

Apoptosis and cell viability are commonly used methods
to assess the effectiveness of anti-tumor drugs. In many
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instances, anticancer drugs can destroy proliferating cells
through apoptosis [40-42]. Our flow cytometry results
demonstrated an increase in total apoptosis (early and late)
in MCF-7 and MDA-MB231 cells treated with QC compared
to the control group. This enhancement was significantly
greater for QC-SLN than for QC alone. These findings are
in agreement with previous studies by Jain et al. (2014)
and Firoozeh Niazvand et al. (2019), which reported that
QC-SLN promotes DNA damage and apoptosis in cancer
cells [33, 43]. In our study, we found that free QC treatment
resulted in a high percentage of necrotic cells in both MCF-7
and MDA-MB231 cell lines. This observation could be
attributed to the cytotoxicity of free quercetin, which may
induce oxidative stress and interfere with cellular functions,
ultimately leading to necrosis [44]. Additionally, the cellular

75000

45000
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15000+

Total Vessels Network Length (um)

Control Blank- SLN

QC 130pM
130aM 1304M
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on total branch points (B) and total vessel network length (C). The
results are presented as the mean+SD of at least three independent
experiments. **P<0.01, ***P<0.001, and ****P<0.0001 com-
pared with control, and ## P <0.001, #### P <0.0001 compared to
the QC group

uptake and intracellular distribution of free quercetin might
differ from QC-SLN, further contributing to the observed
differences in cell death modes [45] .Our findings are in line
with those from Haghiac M. et al. (2005), who discovered
that QC causes both necrosis and apoptosis in SCC-9 oral
cancer cells and breast cancer cells [33, 46].

To confirm apoptosis, we assessed the gene and protein
expression of Bax and Bcl-2, two key regulatory proteins of
the intrinsic apoptosis pathway [33]. In both breast cancer
cell lines, QC increased Bax expression and decreased Bcl-2
at gene and protein levels. These changes in expression
were more pronounced in QC-SLN treatment than in QC
alone. As a result, QC-SLNs might potentially promote the
intrinsic apoptotic pathway in breast cancer cells, leading to
cell death. This part of our study’s findings aligns with those
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of Lee et al. (2008), who discovered that QC played a role
in the pathway leading to apoptosis in prostate cancer cells
[47]. Our results are also consistent with Duo J et al. (2012),
who showed that QC, through the modulation of Bax and
Bcl-2 expression, can stimulate apoptosis in MCF-7 cells
and inhibit their proliferation [48].

The findings of our research do not align with previous
studies on caspase 8 [49]. This discrepancy may be attributed
to the employment of QC-SLN in our investigation,
which could have altered quercetin’s bioavailability and
cellular uptake, consequently impacting the activation of
caspases. Nanoformulations have the potential to enhance
the solubility, stability, and cellular internalization of
compounds, as well as modify their interactions with target
proteins and signaling pathways.

In our study, we observed an increase in the cleavage
of caspases 3 and 9, as well as PARP, which is in
agreement with previous research [50]. This suggests that
QC-SLN likely stimulates the intrinsic apoptotic pathway,
circumventing caspase-8 activation.

The regulation of cell survival and death is influenced by
the cleavage of PARP, which has a role in both apoptosis
and necrosis [51]. When PARP becomes hyperactivated due
to significant DNA damage or oxidative stress, the cell’s
energy resources become depleted. This depletion can lead
to the collapse of ion gradients, loss of membrane integrity,
and ultimately, necrotic cell death [52, 53]. Research has
demonstrated that the inhibition or genetic elimination of
PARP-1 provides protection against necrosis, emphasizing
its critical function in this form of cell death [54]. Our
hypothesis, derived from flow cytometry data, suggests
that the observed increase in late apoptosis and necrosis
may result from PARP hyperactivation in response to DNA
damage or oxidative stress.

We performed the chorioallantoic membrane (CAM)
assay as an in vivo angiogenic test, and the number of
total branch points and total vessel network lengths were
employed as markers of angiogenesis to analyze the effects
of QC and QC-SLN on angiogenesis. Treatment with QC
resulted in a reduction in both angiogenic indices compared
to the control group, although QC-SLN decreased the
indices more substantially and significantly than QC. This
finding is in line with the results of Sanaei et al. (2021), who
demonstrated that QC reduced both indices, and this effect
was confirmed with human umbilical vein endothelial cells
(HUVECS) culture [55].

@ Springer

Conclusion

Our study demonstrated the therapeutic potential of QC-SLN
in overcoming resistance in breast cancer, particularly in
enhancing the cytotoxic effect on MCF-7 and MDA-MB231
cells, the latter being triple-negative with invasive properties
and resistance to chemotherapy. The QC-SLN encapsulation
promotes apoptosis primarily through the intrinsic pathway,
as evidenced by upregulated Bax, downregulated Bcl-2, and
activated caspases 3, 9 and PARP while also significantly
reducing angiogenesis, as shown by the CAM assay. These
findings emphasize the multifaceted approach of QC-SLN,
targeting apoptosis, angiogenesis, and bioavailability, and
highlight the need for complementary in vivo experiments
to further validate its efficacy in conquering resistance in
triple-negative breast cancer.
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