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Abstract
Objective: The aim of this study was to synthesize chitosan nanoparticles (Cs NPs) for resveratrol (RSV) delivery and
assess their effectiveness in inducing autophagy in MDA-MB 231 cells.

Materials and Methods: In this experimental study, Pure and RSV-loaded Cs NPs (RSV. Cs NPs) were prepared via
the ionic gelation method, and their physicochemical properties were characterized using standard techniques, and
RSV release was measured in vitro. MDA-MB 231 cells were incubated with RSV, Cs NPs, and RSV. Cs NPs and
Half-maximal inhibitory concentration (IC,;) values were calculated following the MTT test. Cell viability was assessed
by lactate dehydrogenase (LDH) assay, and autophagy was evaluated using the real-time polymerase chain reaction
(PCR).

Results: NP formation was confirmed with the analysis of FTIR spectra. Pure and RSV. Cs NPs had 36.7 and 94.07 nm
sizes with 18.3 and 27 mV zeta potentials, respectively. Above 60% of RSV entrapped within NPs was released in an
initial burst manner followed by a gradual release till 72 hours. Cs and RSV. Cs NPs restrained cell proliferation at lower
concentrations. RSV. Cs NPs showed the highest anticancer effect and stimulated autophagy, indicated by increased
Beclin-1 ATG5, ATG7, LC3A, and P62 expression.

Conclusion: RSV. Cs NPs show promising effects in inhibiting invasive breast cancer (BC) cells in vitro by inducing

autophagy.
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Introduction

Breast cancer (BC) is the most diagnosed cancer globally,
involving one in eight newly diagnosed cases with a total
of 2.3 million, and ranks as the fifth most lethal cancer in
both sexes (1). BC is also the most common cancer among
females worldwide, with an incidence rate of 25% and a
mortality rate of 16%. According to a report by the World
Health Organization (WHO), 685000 women died from
BC in 2020, and the BC burden is estimated to grow by
over 3 million new cases and 1 million deaths in a year By
2040 (2, 3). BC is also among highly prevalent cancers
in Iranian women aged 40-50 years, with 16967 newly
diagnosed cases in 2020 (1).

Conventional strategies for overwhelming BC
involving surgical resection, adjuvant and neo-adjuvant
chemotherapy, radiation therapy, and endocrine therapy
are restricted by low drug solubility, bioavailability,

poor gastrointestinal permeability, adverse side effects,
toxicities, and disease relapse and recurrence (4).
Phytochemicals are naturally occurring active compounds
from fruits, vegetables, grains, nuts of daily diet, and
traditional medicine herbal plants with a long history in
cancer research with chemopreventive effects against
BC while reducing the dose of administered anticancer
drugs and their systemic toxicities (5). Phytochemicals
have a wvariety of pharmaceutical, biological, and
health-promoting benefits, such as anti-inflammatory,
antioxidant, anticancer, anti-diabetic, cardiovascular, and
neuroprotective effects (6, 7).

Resveratrol (RSV, 3, 5, 4’-trans-trihydroxystilbene) is
a polyphenolic compound from the stilbene family that
abundantly exists in grapes, berries, nuts, and tea (8).
Anticancer effects of RSV could be attributed to various
mechanisms like inducing apoptosis, cell cycle arrest,
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autophagy, and modulating kinase signaling pathways
(9). Despite beneficial pharmaceutical effects, low water
solubility, weak bio-availability, and structural instability
under physiological conditions entangle the administration
of phytochemicals in the native form (10). Over the past
few decades, nanotechnological advancements have
established nanocarrier systems for the specific delivery
of phytochemicals to overcome these challenging issues
and enhance their therapeutic efficacy (11).

Nanocarrier-based delivery systems prolong the drug’s
half-life under the physiological milieu, improve its
penetration into the target site, and provide a constant
local concentration in situ (12). Nanocarriers augment
their cargo’s bioavailability and antitumor efficacy while
reducing the dose of therapeutics required for the expected
effective clinical outcome. Some nanocarrier-based
therapeutic strategies are currently being investigated
in the clinic for BC treatment (13). Among various
nanocarriers used for drug delivery, nanoparticles (NPs)
are advantageous for controlling drug distribution and
release in the body (14).

Chitosan (Cs) is a deacetylated derivative of chitin, a
biopolymerextracted fromthe crustacean exoskeleton, with
unique properties like biodegradability, biocompatibility,
safety, non-toxicity, and non-immunogenicity, making
it an ideal candidate for NP synthesis and biomedical
applications (15). Cs NPs have been widely investigated
for the delivery of chemotherapeutic agents like docetaxel
(16), doxorubicin (17), and phytochemicals such as
curcumin (17) and quercetin (18) for targeted BC therapy.
In the present study, we aimed to synthesize RSV. Cs
NPs and evaluated their anticancer effect against BC via
inducing autophagy.

Materials and Methods

This experimental study was confirmed by the
Ethical Committee of the Kermanshah University of
Medical Sciences, Kermanshah, Iran (IR. KUMS.MED.
REC.1401.250).

Nanoparticle synthesis and characterization

Pure and RSV. Cs NPs were synthesized using a
previously described ionic gelation technique with some
modifications (19, 20). Cs (Low molecular weight, Cat
no. 448869, Sigma, Germany) and Tripolyphosphate
(TPP, Cat no. 238503, Sigma, Germany) solutions were
prepared in acetic acid (0.5% v/v) and deionized water
and ultrasonicated to obtain homogenized solutions. Pure
Cs NPs were formed by dropwise mixing 1.25 mg/ml of
TPP solution (pH=4) with 2 mg/ml of Cs solution (pH=5)
under constant stirring at 700 RPM for 30 minutes (Cs:
TPP ratio: 10:1). RSV. Cs NPs were synthesized by adding
3 mg/ml RSV to the Cs solution. NP suspensions were
centrifuged at 15000 RPM for 15 minutes at 4°C, pellets
were washed in deionized water three times, followed by
overnight drying at 40°C (19).
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NP formation and their chemical compositions were
confirmed by the Fourier transform infrared (FTIR)
spectroscopy at 400-4000 cm?! wavelength using
the Nexus670 Thermo Nicolet FTIR spectrometer
(Gaithersburg, USA). NP suspension was analyzed to
determine particle mean size, distribution, and zeta
potential using the dynamic light scattering (DLS) method
in a Malvern Zetasizer instrument (Malvern Panalytical
Ltd, United Kingdom) at room temperature and a
scattering angle of 90°. Morphological characteristics
of dried NPs were evaluated using the scanning electron
microscope (TESCAN ORSAY HOLDING, Brno-
Kohoutovice, Czech Republic) following gold coating
at 15kV accelerating voltage. The RSV entrapment
efficiency (EE) was computed by reading the absorbances
of RSV. Cs NP suspension (total RSV) and NP-free
supernatants (free RSV) at 310 nm in the Unico 2800 UV/
Visible spectrophotometer machine (UNICO, Dayton,
NJ, USA). EE was calculated according to the following
equation:

Entrapment efficiency(%) =Total RSV- Free RSV/Total
RSV x 100

To evaluate RSV release from NPs, RSV. Cs NPs
were suspended in PBS (pH=7.4) and incubated at 37
°C for different time points up to 48 hours. Half of the
supernatant was collected and replaced with fresh PBS
at each time point. The absorbance of the collected
supernatant was read at 310 nm using the Unico 2800
UV/Visible spectrophotometer.

Cell line preparation and culture

The human BC cell line (MDA-MB231, NCBI Code:
C578) was purchased from the Pasteur Institute of
Iran (Tehran, Iran) and cultured in DMEM-F12 media
supplemented with 10% fetal bovine serum (FBS, Gibco
Invitrogen, USA), 100 U/ml penicillin, and 100 pg/ml
streptomycin and incubated in a humidified chamber
under 37 °C and 5% CO, pressure conditions. Culture
media were changed every three days until cells reached
80% confluency.

Cell proliferation and IC_ calculation

an MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) was performed to evaluate
the effect of NPs on MDA-MB 231 cell proliferation (21).
MDA-MB 231 cells were cultured in 96-well plates at
10* cells/well density. Cells were treated with RSV, Cs
NPs, and RSV. Cs NPs (0, 25, 50, 100, 200 pg/ml) for
24, 48, and 72 hours. At each time, culture media were
discarded, each well was added 200 pLL MTT reagent (0.5
mg/ml, in PBS), and the plate was incubated at 37 °C for
three hours. After MTT was removed, 200 uL DMSO was
added to wells, and optical density (OD) was read at 570
nm using the ELISA reader system (Biorad, Hercules,
CA, USA). Cell proliferation was computed according to
the equation:
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Cell (%) = (OD,)/(OD,) x 100

OD, is the OD of treated cells, and OD,. is the OD of
untreated cells.

Half-maximal inhibitory concentration (IC,) values
were computed by plotting the dose-response curves in
GraphPad Prism 7 software (GraphPad Software, San
Diego, CA, USA).

Cell viability

The lactate dehydrogenase (LDH) assay was used to
evaluate MDA-MB231 cell viability. LDH is a cytosolic
enzyme excreted into the culture media upon cell
membrane damage, which could be measured to determine
cell damage. After MDA-MB231 cells were cultured at
10* cells/well density, they were treated with RSV, Cs
NPs, and RSV. Cs NPs (0, 25, 50, 100, and 200 pg/ml)
for 24, 48, and 72 hours. An additional group of cultured
cells was regarded for measuring Total LDH. LDH was
assessed by the LDH assay kit (Kiazist, Iran) according
to the manufacturer’s recommendation. Total LDH was
extracted by adding 20 pL. Permisolution and incubating
the plate for an hour at 25°C. Then, 50 pL supernatant
from each well of the Total LDH, control, and treatment
groups was collected, mixed with 50 pL working buffer,
and incubated at 37°C for 30 minutes. The OD of samples
was read at 545 nm using the ELISA reader system, and
cell viability was calculated as follows:

Cell viability (%)= 1-(OD,_-OD__)(OD

oD x100)

Control )

, 1s the OD

Total ~

oD, 1s the OD of treated cells, and OD on
of untreated cells.

1ro.

Autophagy measurement

The expression of autophagic genes was assessed
using a quantitative two-step Real-time polymerase
chain reaction (PCR) technique described elsewhere
(19). For this purpose, MDA-MB cells were treated
with IC,  concentrations of RSV, Cs NPs, and RSV. Cs
NPs were incubated under standard culture conditions
for 48 hours. Cells that did not receive any treatments
were regarded as the control group. After incubation,
cell pellets were collected following trypsinization
and centrifugation and transferred into Rnase-free
microtubes. Total RNAs were extracted using a Trizol
agent (Life Biolab, Heidelberg, Germany), and their
concentrations were measured using the NanoDrop
2000 Spectrophotometer (Thermo Scientific, Germany,
Deutschland). cDNA was synthesized from 1pg RNA
using the RevertAid First Strand cDNA Synthesis Kit
(ThermoFisher Scientific Inc., Porto Salvo, Portugal), as
the manufacturer recommended. cDNA was employed
for the Real-time polymerase chain reaction (PCR)
using the high-ROX SYBR green PCR Master Mix
(RealQ Plus 2x Master Mix, Ampliqon, Denmark) in
Step One Real-time PCR machine (Applied Biosystems,
USA). The obtained comparative threshold cycle (Ct)
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was normalized against the glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), and relative gene expression
was calculated as the fold change=2", The forward
and reverse primers are listed in the following Table
S1 (See Supplementary Online Information at www.
celljournal.org).

Statistical analysis

Experiments were performed in triplicates (n=3), and
quantitative data were reported as Mean £ S.D. A one-way
analysis of variance (ANOVA) followed by Tukey’s test
was performed in GraphPad Prism 7 software (GraphPad
Software, San Diego, CA, USA) at significant levels
P<0.001 and P<0.010.

Results
Nanoparticle synthesis and characterization

In the current experiment, we used a simple ionic
gelation technique for synthesizing highly pure and
appropriate particle-size blank Cs and RSV. Cs NPs.
NP formation was approved visually by appearing as an
opaque solution after the dropwise addition of TPP into
the Cs solution. The observational data were confirmed
by analyzing the chemical structure of NPs using
FTIR (Fig.1). Cs FTIR peaks in Cs NPs were detected
at 1639 cm, 2924 cm”, and 3437 cm’, belonging to
C=0 stretching (amide I), C-H symmetric stretching,
and O-H stretching, respectively. TPP peaks in Cs NPs
were detected at 1150 cm™ and 1207 cm™ attributed to
P=0 bonds and asymmetric stretching of the PO, group.
Cross-linking between Cs and TPP was observed as a
peak at 1572 em’!, correlated to N-O-P stretching. In the
case of RSV. Cs NPs, additional small peaks at 1386.8
cm!, 1512 cm, and 1581 cm™ were attributed to RSV
structure, including C=O stretching, benzene ring, and
aromatic ring C=C stretching.

The morphological evaluation of NPs with SEM is
shown in Figure 2A. Dried NPs were highly agglomerated,
while single NPs (yellow arrows) were spherical with
smooth surfaces distributed in nanometric dimensions.
NP size, distribution, and surface charges measured by
DLS/ Zeta potential are depicted in Figure 2B. The mean
hydrodynamic diameters are 36.7 nm and 94.07 nm, and
the polydispersity index (PDI) is 0.2 and 0.33 for Cs NPs
and RSV. Cs NPs. Low PDI values demonstrated the
homogenous distribution of NP suspensions. PDI value for
RSV. Cs NPs was higher due to a minimal agglomeration
observed during the measurement. Zeta potential values
were 18.3 and 29.7 for Cs NPs and RSV. Cs NPs. RSV
entrapment efficiency (EE) was 63 + 0.45%, reflecting
more than 60% of initial RSV was entrapped in Cs NPs.
The data for the RSV release is presented in Figure 2C.
Upon the incubation of NPs in PBS at 37°C, an initial
burst RSV release was observed in 3 hours when more
than half of RSV (57.62 + 3.5%) was released. Then, a
sustained release was recorded up to 72 hours, reaching
93.7 £2.9%.
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Cell proliferation and IC_ calculation

The MTT assay was performed to evaluate the inhibitory
effects of RSV, Cs NPs, and RSV. Cs NPs on MDA-
MB231 cell proliferation at 24, 48, and 72 hours (Fig.3).
The data showed that all treatment groups inhibited cell
proliferation in a concentration and time-dependent
manner. Cs NPs and RSV. Cs NPs significantly reduced
cell proliferation compared to the RSV group, among
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which RSV. Cs NPs had the highest antiproliferative
effect (***P<0.001). Following the MTT assay, dose-
response curves were plotted for each treatment group,
and IC, values were calculated. Dose-response curves
and IC,, graph are shown in Figure 4. IC, values at 24,
48, and 72 hours are 204.5, 122.4, and 64.82 pg/ml for
RSV, 56.35, 23.65, and 13.9 for Cs NPs, and 33.75, 22.6,
and 11.48 pg/ml for RSV. Cs NPs.
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Fig.1: Chemical bonds related to Cs, TPP, RSV, and TPP Cross-linking were detected in synthesized NPs. FTIR; Fourier-transform infrared spectroscopy, Cs;

Chitosan, TPP; Tripolyphosphate, RSV; Resveratrol, and NPs; Nanoparticles.
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Fig.2: Morphological evaluations and size distribution analysis of Cs and RSV. Cs NPs. A. SEM micrographs of NPs with spherical shapes and smooth
surfaces (yellow arrows, scale bar: 1 um, 40000x). B. DLS data. C. In vitro RSV release. Cs; Chitosan, RSV; Resveratrol, NPs; Nanoparticles, SEM; Scanning

electron microscope, and DLS; Dynamic light scattering.
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Fig.3: MTT data of MDA-MB231 cells treated with RSV, Cs NPs, and RSV. Cs NPs for 24, 48, and 72 hours. ***; P<0.001, MTT; 3-(4,5-Dimethylthiazol-2-yl)-
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Cell viability results showed that cell viability was reduced in all
. . _ treatment groups due to concentration and time. Cs
The cytotoxic effect of treatments against MDA NPs and RSV. Cs NPs had higher toxicity than RSV,

MB231 cells was evaluated by the LDH assay and - .
AR . but significant differences were observed between
reported as cell viability percentage (Fig.5). The RSV and RSV. Cs NPs (***P<0.001, ***p<0.010).
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Fig.5: LDH assay and cell viability measurements of MDA-MB231 cells treated with RSV, Cs NPs, and RSV. Cs NPs for 24, 48, and 72 hours. ***; P<0.001,
**. P<0.01, LDH; Lactate dehydrogenase, RSV; Resveratrol, Cs; Chitosan, and NPs; Nanoparticles.
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Fig.6: The assessment of autophagy induction in MDA-MB231 cells treated with IC_ concentrations of RSV, Cs NPs, and RSV. Cs NPs for 48 hours using real-time
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Autophagy measurement

The expression of Beclin-1, ATG-5, ATG-7, LC34, and
P62 autophagic genes was assessed in MDA-MB231
cells treated with IC,, concentrations of RSV, Cs NPs,
and RSV. Cs NPs for 48 hours using the real-time PCR
(Fig.6). The melting curves of genes of interest are shown
in Figure S1 (See Supplementary Online Information at
www.celljournal.org). Beclin-1 expression was higher in
treatment groups than in control (untreated) cells. Beclin-1
expression was much higher in Cs NPs (4.47 folds) and
RSV. Cs NPs (10.15 folds) than RSV (1.93 folds), and
remarkable differences were observed among treatment
groups (***P<0.001). ATGS expression was significantly
enhanced in treatment groups than in control (untreated)
cells. ATG5 expression was boosted in cells incubated
with Cs NPs (15.345 folds) and RSV. Cs NPs (41.93 folds)
than RSV (2.25 folds), and all groups remarkably differed
from each other (***P<0.001). ATG7 was expressed at
higher levels in the treatment groups than in the control
group. ATG7 levels increased in cells treated with Cs
NPs (5.8 folds) and RSV. Cs NPs (7.25 folds) than RSV
(2.53 folds), and notable differences were observed
between groups (***P<0.001). LC3A overexpressed
in treatment groups, and the highest expressions were
observed in RSV. Cs NPs (38.55 folds), Cs NPs (22.9),
and RSV (18.6), respectively. LC3A levels significantly
differed between treatment groups (***P<0.001). P62
expression increased in treated cells in comparison with
untreated cells. P62 values upgraded 33.4 folds in RSV.
Cs NPs, 20.35 folds in Cs NPs, and 4.33 in RSV, where
P62 expression remarkably differed between groups
(***P<0.001). The results showed that Cs NPs and RSV.
Cs NPs were more potent in inducing autophagy in MDA-
MB cells than RSV.

Discussion

In the present study, we synthesized Cs NPs carrying
RSV, a plant-derived polyphenol, using a simple ionic
gelation method, characterized their physicochemical
and biological properties, and evaluated their potential to
inhibit MDA-MB231 BC cells by regulating autophagy.
MDA-MB231 cells are a highly aggressive cell line
established from a 51-year-old pleural effusion with a
wide application in various aspects of BC research, like
metastasis and drug resistance (22).

In our recent work, we showed that RSV. Cs NPs
effectively suppressed MDA-MB231 cell growth by
activating the intrinsic apoptotic pathway (19). However,
the role of RSV in inducing cytoprotective or cytotoxic
autophagy remains controversial, requiring more
investigation. We used Cs NPs as appropriate carriers for
the delivery, preserving the structural stability of RSV
while providing a sustained release for up to 72 hours. Our
findings showed that loading RSV into Cs NPs resulted in
a synergistic anticancer effect with increased proliferation
inhibition and autophagy stimulation. Although the
interplay between Cs NPs and their cargos has not yet been
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elucidated, Cs nanostructures could inhibit tumorigenesis
by enhancing the drug/gene-targeted delivery and
aggregation in tumor cells (23).

From FTIR data, peaks at 1207 cm™” were detected
belonging to cross-links between cationic amino groups
of Cs and anionic phosphate groups of TPP, indicating Cs
NPs were formed (24). Peaks at 3400 cm™!' are attributed
to the stretching of hydroxyl groups and intramolecular
hydrogen bonds. RSV incorporation resulted in much
stretching reflecting hydrophobic interactions of RSV
with NP components, and more hydrogen bonds were
formed (25). Particle size is crucial in determining NP
biocompatibility, bioactivity, anticancer effects, and
intratumoral accumulation potential. Our results showed
that NPs were morphologically sphere-shaped with
smooth surfaces, and their size was less than 100 nm,
appropriate for drug delivery and cellular penetration.
NPs greater than 300 nm are unsuitable as they would
be detected by the immune system and cleared from the
blood circulation (26).

Zeta potential is a simple way to characterize the
surface charge of nanosuspension colloids that could
influence the structural stability and pharmacokinetic
properties of NPs and their interactions with biological
systems and cellular uptake (26). NPs had positive zeta
potentials because of positively charged amino groups in
the Cs matrix. Cs NPs could electrostatically interact with
negatively charged phospholipid bilayer membranes and
penetrate cells (16).

RSV entrapment efficiency was more than 60%, higher
than our previous report, possibly due to the increased
initial RSV concentration. This finding is consistent
with an earlier study indicating that increasing initial
concentrations led to higher amounts of ferulic acid
entrapping within Cs NPs (25). The assessment of RSV
release showed that more than half of RSV released from
NPs within 3 hours, followed by a gradual release up to
72 hours. The burst release might be a function of RSV
molecules’ desorption, diffusion, and dissolution on the
surface of NPs. In contrast, gradual release depends on
the excretion of RSV molecules within the NP matrix
27).

MTT data showed that Cs NPs were more efficient
in inhibiting cell growth than the equivalent quantities
of RSV. Also, IC, values significantly reduced in pure
and RSV. Cs NPs compared to RSV, suggesting that
nanoformulations augmented the antiproliferative effects
of RSV by improving physicochemical and biological
properties, including bioavailability and dissolution,
and providing controlled release (28). Cs NP had a more
substantial impact in suppressing cell proliferation even
at low concentrations, which was attributed to higher
reactive oxygen species (ROS) production (29).

Autophagy is a highly conserved metabolic pathway
in eukaryotic cells associated with degrading damaged
organelles and cytoplasmic components like lipids,



proteins, and inclusion bodies and recycling them
into whole organelles (30). The role of autophagy in
progressing or inhibiting BC remains controversial; on
the one hand, autophagy protects cells from death by
removing damaged cellular components and regulating
the cell cycle. On the other hand, autophagy hyperactivity
and broad depletion of cytoplasmic constituents give rise
to apoptosis and necrosis. However, evidence suggests
that autophagy might act as a tumor suppressor in fully
transformed cells, and defective autophagy is linked to
malignant transformation and carcinogenesis (31).

The gene expression evaluations showed that
treatment with either RSV or NPs could increase the
autophagy-related expression of Beclin-1, ATG-5,
ATG-7, LC34, and P62. NPs had a more potent effect
in inducing autophagy in which RSV. Cs NPs had the
most significant impact. A previous study showed RSV
could induce autophagy in 4T1 BC cells by upregulating
the SIRT3/MAPK signaling pathway (32). Beclin-1 is
a haploinsufficient tumor suppressor participating in
initial phagophore complexes and is deleted in 40-75% of
sporadic breast and ovarian cancer cases in a monoallelic
manner (33). Treatments enhanced Beclin-1 expression,
consistent with a previous study that showed RSV could
induce Beclin-1 and LC3B in A459 lung cancer cells by
upregulating the NGFR-AMPK pathway and inhibiting
the mTOR pathway (34).

ATG-5 is a critical protein in extending phagophoric
membranes activated by ATG-7 and could also act as a
pro-apoptotic molecule. ATG-5 inhibition is linked to
increased BC cell proliferation, migration, and invasion
(35). In our study, high ATG-5 and ATG-7 expression
was observed in cells treated with NPs, demonstrating the
nanocarriers’ potential to enhance the therapeutic effects
of RSV. RSV-mediated ATG-5 expression resulted in the
activation of caspase cascades and apoptosis induction in
ovarian cancer cells (36).

LC3A is a key protein involved in autophagosome
formation and elongation that converts into LC3B as a
function of ATG-5/ATG-7 complex activity. Our results
revealed that LC3A overexpressed in cells treated with
RSV, Cs NPs, and RSV. Cs NPs. We believe that abnormal
overexpression of LC3A reflects that intracellular
components are degrading at high rates, which impairs the
balance between degradation and recycling rates. Finally,
unlimited destruction of cytoplasmic components drives
cell death and apoptosis.

P62 is a scaffolding protein responsible for transferring
ubiquitinated proteins into autophagosomes. In our
experiment, P62 expression increased markedly, which
could lead to accumulating P62/ubiquitinated protein
complexes within autophagosomes. Some phytochemicals
have been found to prevent P62 degradation by reducing
the expression of lysosomal proteases and cathepsins.
P62 aggregation is associated with ROS production
and apoptosis-mediated cell death (37). RSV was
demonstrated to induce P62 accumulation-mediated ROS
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generation and apoptosis in chronic myeloid leukemia
cells by upregulating the JNK signaling pathway (38).

Conclusion

Cs NPs are efficient delivery systems for increasing RSV
bio-availability and augmenting its anticancer effects by
stimulating autophagy in BC cells in vitro, which could be
considered novel future therapeutic strategies. Also, novel
multi-drug delivery systems and combination strategies
of NPs with conventional therapeutics are suggested to
be explored. However, more in vitro and in vivo pre-
clinical studies are highly recommended to uncover all
aspects of the safety, efficacy, and long-term outcomes of
administered NPs.
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