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Abstract

Myricetin is a flavonoid with anticancer properties. This study aimed to formulate
myricetin in the form of solid lipid nanoparticles (SLN), decorated with chitosan (CS)
and active-targeted with folic acid (FA). After characterization, the in vitro release,
cytotoxicity, antioxidant, and ability of the formulation to induce apoptosis using flow
cytometry, fluorescent microscopy, and real-time gPCR were examined. Then in vivo
anti-angiogenesis on chick chorioallantoic membrane (CAM) and antitumor activities
on mice bearing tumor models were investigated. The present study showed that the
size of 310 nm and zeta potential of 430 mV were acceptable for oral administration.
The Michaelis—-Menten model fitted the drug release pattern with lag during 144 h

of the study. The cytotoxicity assay showed that myricetin-SLN-CS-FA significantly
killed cancer cells at the concentrations of 6.25, 12.5, 25, 50 and 100 ug/mL (*p <0.05,
**p<0.01, and ***p<0.001). The highest level of apoptosis was shown at the concen-
tration of 45 pg/ml in flow cytometry, and fluorescent studies. These results showed
the anticancer properties of myricetin-SLN-CS-FA in a dose-dependent manner. The
real-time results also indicated that the formulation exerted its cytotoxic effect by
activating apoptosis genes. The DPPH, ABTS, and FRAP studies also demonstrated the
significant antioxidant properties of the myricetin-SLN-CS-FA (*p < 0.05, **p <0.01, and
***p <0.001). The anti-angiogenic activities of the formulations depicted in the CAM
assay significantly decrease the number and length of the vessels (*p <0.05, **p <0.01,
and ***p < 0.001), and also affect VEGF and VEGFR, genes involved in angiogenesis
(**p<0.01,and ***p <0.001). The antitumor studies indicated the statistically significant
effects of myricetin-SLN-CS-FA on reducing tumor volume (*p < 0.05 and ***p <0.001).
The H&E staining of the liver and monitoring of the animal weights also indicated

the safety of the formulation. The analysis of mRNA expression in liver and tumor
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demonstrated that myricetin-SLN-CS-FA exerts its antitumor activities by modulating
the inflammatory and oxidative responses in the tissues.

Keywords: Solid lipid nanoparticle, Breast cancer, Myricetin

Introduction

Cancer therapy is an application of one or combination of chemotherapy, radiotherapy,
and surgery, most commonly used to treat the disease. Several factors limit the efficacy
and selectivity of conventional chemotherapies, including high drug resistance, a lack of
tissue tolerance to the drugs, and poor effectiveness (Zhu et al. 2017). To increase the
bioavailability of anticancer agents, several nano-drug delivery systems have been inves-
tigated over the last few decades. There are several ways in which nanoparticles may be
used in the fields of biology, medicine, electrical engineering, and chemistry. Nanoparti-
cles are primarily determined by their size and shape, which are the main determinants
of their performance (6). Solid lipid nanoparticles (SLNs) and polymer nanoparticles are
potential drug delivery systems (Rahmati et al. 2022; Nasirizadeh and Malaekeh-Nikouei
2020). There are several advantages of SLNs, such as increased ability to load medi-
cine, increased blood circulation period, and regulation of release kinetics, as well as an
enhanced ability to treat cancer with anticancer medicines. Furthermore, the embedded
compound is protected from chemical degradation by the lipids of the SLNs (Wang et al.
2018; Stella et al. 2018).

SLN residence time could be increased by mucoadhesive interaction in the tumor
microenvironment (TME) to further improve the stability of these colloidal systems:
mucoadhesion would result in a further decrease in nanoparticle removal from the
TME and a simultaneous increase in internalization in tumor cells (Sandri et al. 2010).
A cationic polysaccharide, chitosan (CS), has excellent mucoadhesive characteristics,
enhances penetration across various tumor types, and inhibits enzyme activity against
various proteolytic enzymes (Hamedinasab et al. 2020).

In cancer treatment, tumor-targeted drug delivery systems are emerging as a prom-
ising strategy due to their ability to the efficient delivery of their content to the site of
action and avoid most of the harmful side effects typically associated with conventional
chemotherapy (Mashreghi et al. 2018). The delivery of cytotoxic cargo to cancerous tis-
sue is enabled by targeting specific biomarkers overexpressed on tumor cells, thereby
reducing harmful side effects and increasing therapeutic effects (Valeur et al. 2017).
In recent years, there has been great interest in the folate receptor (FR). The elevated
expression of FR on various cancer cell types makes FR a promising candidate for deliv-
ering a compound to tumors via tumor-targeted delivery through its ligand folic acid
(FA) (Fernandez et al. 2018).

The flavonoids in plants are non-toxic molecules with a variety of biological actions.
Flavonoids, including myricetin (3,5,7,3/,4’,5'-hexahydroxyflavone) are present in many
edible plants, including berries, oranges, grapes, and herbs (Feng et al. 2015). Recent
studies have shown that myricetin is an antitumor in several cancers (Shiomi et al. 2013).
Apoptosis resistance and cell cycle arrest result from the activation of oncogenes and/
or the inactivation of tumor suppressor genes that cause uncontrolled growth, inva-
sion, and migration of cancer cells (Sarkar et al. 2013). Apoptosis-promoting and cell

cycle pathways are mainly inactivated by inactivating apoptosis-promoting genes. Thus,



Khatamian et al. Cancer Nanotechnology (2023) 14:9 Page 3 of 21

myricetin is a known apoptotic promoter through its ability to regulate signaling path-
ways, induce ROS-mediated stress, and damage DNA via endoplasmic reticulum stress
(Semwal et al. 2016). Aside from regulating inflammation, myricetin induces protective
autophagy, arrests the cell cycle, inhibits invasion, and inhibits migration (Zhang et al.
2018a; Cao et al. 2018).

The aim of this study was to prepare myricetin-loaded SLN (myricetin-SLN). Then
modification of the SLN surface using CS and confer its targeted abilities by adding FA
(myricetin-SLN-CS-FA) on the surface of the nanoparticle. After characterization of the
SLN-CS-FA, the in vitro and in vivo anticancer effects of formulation were evaluated.

Materials and methods

Materials

Myricetin, stearic acid, lecithin, folic acid, NHS, EDC, chitosan (low molecular weight),
Tween 80, ABTS, DPPH, and ferric tripyridyl triazine (Fe** TPTZ), 4/, 6-diamidino-
2-phenylindole (DAPI), propidium iodide (PI), acridine orange (AO), and MTT were
purchased from Sigma Aldrich (Darmstadt Germany). Human breast carcinoma MCF-7
and human foreskin fibroblast HFF cell lines were obtained from Ferdowsi University
of Mashhad cell bank, Iran. All materials and reagents needed for cell culture were pro-
vided by Gibco (USA).

Myricetin-loaded SLN nanoparticle preparation

A high-pressure homogenization followed by ultrasound was used to prepare SLN-NPs
containing myricetin. In preparation of nanoparticles, myricetin, stearic acid (30 mg),
and lecithin (60 mg) were combined with an aqueous phase composed of water (10 ml)
and Tween 80 (2% w/v). Next, 10 mg of the myricetin was dissolved in 1 ml of DCM
and added to the solution containing stearic acid—lecithin, and immediately the aqueous
phase was added to the organic phase and the resulting solution was homogenized. With
the help of a high-speed centrifuge, the nanostructures were separated from the sur-
rounding liquid after 24 h of incubation. The amount of drug encapsulation was assessed

in the supernatant liquid using HPLC.

Surface decoration of myricetin-loaded SLN with FA-CS

Following the loading of myricetin on SLN-NPs, FA-bound CS was attached to the sur-
face of nanoparticles via EDC and NHS. First, EDC:NHS (1:2 molar ratio) was added to
the solution of FA (1% in DMSO) as the starting material. Then acetic acid 1% and CS
(8 mg) were added to the mixture, followed by incubation for 24 h. After adjusting the
pH of the solution to 9, the FA-CS precipitate was formed. After dialysis, the precipitate
was lyophilized in order to remove the free FA. As a next step, the CS-FA precipitate was
dissolved in 1% acetic acid and then added to the myricetin-SLN solution dissolved in
distilled water. After two hours, the reaction was centrifuged and lyophilized. To meas-

ure FA binding, the supernatant was collected.

Characterization of myricetin-SLN-CS-FA
The dynamic light scattering (DLS) method was used to assess the size, distribution,
and zeta potential of myricetin-SLN-CS-FA. As part of the measurement, nanoparticle
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suspensions were prepared in colloidal suspensions, and then dilution and dispersion
of nanoparticles in solvents were measured three times with a Malvern Zetasizer. Scan-
ning electron microscopy (SEM) imaging of the myricetin-SLN-CS-FA was performed
to determine their size and morphology. A drop of myricetin-SLN-CS-FA was placed on
a grid and allowed to dry at room temperature. Images were taken after nanoparticles
were dried and coated with gold. In order to ensure drug loading and surface modifica-
tion of nanoparticles, the HPLC and FTIR methods were used, respectively. In order to
perform a spectroscopic analysis of nanoparticles, compressed tablets containing nano-
particles and KBR were prepared and analyzed using FTIR.

Release study

A dialysis method and an absorption spectrophotometer were used to investigate the
release profile of free myricetin and myricetin from nanoparticles. For this purpose,
one milliliter of myricetin-SLN-CS-FA was poured into the dialysis bag (12,000—14,000
molecular weight cut-off), and the bag was soaked into phosphate buffer saline (PBS)
with pH 7.4 and stirred at 37 °C and 100 rpm. For free myricetin, 1 ml of free myrice-
tin (2 mg/ml in PBS pH 7.4) was poured in dialysis bag and the bag soaked into PBS as
mentioned above. After a specified period of time, 1 ml of the solution was removed for
analysis, and 1 ml of fresh PBS was added. A release curve was drawn by calculating the
release rate and using the myricetin standard absorption chart to determine the myri-
cetin release rate. The prediction of the release model was performed using free, open-
source software KinetDS® based on the calculation of the coefficient of determination
(R2) (Hamedinasab et al. 2020).

Cytotoxicity assay

The cytotoxicity effect of free myricetin and myricetin-SLN-CS-FA was evaluated
against human breast cancer MCF-7 and human foreskin fibroblast HFF cells using the
MTT assay. The cells were seeded into 96-well plates (5000 cells\well), and after 24 h,
they were treated to serial concentrations of free myricetin and myricetin-SLN-CS-
FA. For free myricetin after 48 h and for myricetin-SLN-CS-FA after 24, 48 and 72 h,
the treatment medium was removed, and 100 uL of MTT solution was added to each
well. After 240 min of incubation, the formazan crystals were dissolved in DMSO, and
adsorption of the samples at 570 nm was evaluated (Stat fax 2100). The cell viability was
calculated using the following formula (Soltani et al. 2015):

Cell viability (%) = (OD treated cells /OD un - treated cells) x 100.

Anti-apoptotic activities

For analyzing the cell cycle, MCEF-7 cells were treated with different concentrations of
Myricetin-SLN-CS-FA for 48 h, and after that, the treatment medium was drained. The
cells were separated from the plate bottom by using trypsin EDTA to separate them from
the plate bottom. After the suspension of cells had been transferred to the microtube, it
was centrifuged to separate the cells. Following the washing process, the supernatant
was removed from the samples, and 400 pL of PI dye was added to the cell sediment;
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10 min later, the cells were analyzed by a flow cytometer (FACSCalibur, Becton Dickin-
son, USA) (Alhajamee et al. 2021).

To stain the MCEF-7 cells with fluorescent dyes, they were cultured in 6-well plates and
treated with MTT assay concentrations after 24 h. After 48 h, the treatment medium
was drained, and 1 ml of the dye was added to each well. Images were taken under a flu-
orescent microscope after 48 h. 2 pl of AO and PI (3 mg/ml) were added to 1 ml of PBS
to prepare AO/PI dye solution. DAPI dye solution was prepared by adding 1 puL of DAPI
dye (1 mg/ml) to 1 ml of PBS.

Real-time qPCR

In order to assess the expression of apoptosis-related genes (Cas3, Cas9, Bax, and Bcl-
2), real-time qPCR was used. The list of primers is described in Table 1. A variety of
concentrations of myricetin-SLN-CS-FA were exposed to MCF-7 cells for 48 h. After
incubating, a Biofact kit was used to extract the total RNA from the cells. In the follow-
ing steps, RNA was evaluated using a nanodrop, cDNA was synthesized using RNA, and
real-time qPCR was performed using Biorad-CFX96.

Assessment of antioxidant activities

The antioxidant activities of the myricetin-SLN-CS-FA were evaluated by DPPH, ABTS,
and FRAP assay. To determine the inhibitory effect of free myricetin and myricetin-SLN-
CS-FA on ABTS and DPPH free radicals, different concentrations of free myricetin and
myricetin-SLN-CS-FA were prepared. Then an equal volume of the desired free radical
was added to each microtube. Inhibition percentage was evaluated by substituting num-
bers in the following formula:

% Free radicals scavenging = OD Control — OD Sample/OD Control x 100.

Free myricetin and myricetin-SLN-CS-FA reducing power was determined by measur-
ing the iron chloride, TPTZ, and sodium acetate buffer concentrations in the FRAP rea-
gent (10:1:1). A mixture of 20 ul of free myricetin and myricetin-SLN-CS-FA was mixed
with 280 pl of FRAP reagent. After 10 min of incubation, the samples were measured for

Table 1 List of primers for real-time PCR

Test Gene Forward 5-3’ Reverse 5-3’

In vitro cytotoxic effect  Bax TTTGCTTCAGGGTTTCATCCA CTCCATGTTACTGTCCAGTTCGT
Cas3 CTGGACTGTGGCATTGAGAC ACAAAGCGACTGGATGAACC
Cas9 CCAGAGATTCGCAAACCAGAGG GAGCACCGACATCACCAAATCC
Bcl-2 CATGTGTGTGGAGAGCGTCAAC CAGATAGGCACCCAGGGTGAT
GAPDH  TGCTGGTGCTGAGTATGTCG GCATGTCAGATCCACAACGG

CAM assay VEFG-A  GACCTGTAAATGTTCCTGCAA AGAAATCAGGCTCCAGAAACA
VEGFR-2 TCACGCCTTACAGACACCCT AGGGAGATGTTACGGAGAATG
B-actin AGACAGCTACGTTGGTGATGAA TGCTCCTCAGGGGCTACTCT

In vivo antitumor activity TNFa TTCTGTCTACTGAACTTCGGGGTGATCGGT  GTATGAGATAGCAAATCGGCT

CcC GACGGTGTGGG

IL-6 CAAATTCGGTACATCCTC CTGGCTTGTTCCTCACTA
SOD AGCATGGGTTCCACGTCCA CACATTGGCCACACCGTCCT

HER2 GCAGCTTCATGTCTGTGCC ACAGAGACTCAGACCCTGGC

Page 5 of 21
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absorbance at 593 nm. The standard curve at 593 nm was prepared using different con-
centrations of FeSO4 (Tuekaew et al. 2014).

Chick chorioallantoic membrane (CAM) assay and in vivo gene expression analysis

The eggs were produced by Toos Mashhad Company and incubated at 37 °C in a humid
environment of 55-70% for 48 h after disinfection. After incubation, a window was cre-
ated by removing part of the eggshell and blocking it with paraffin and glue. On day 8,
the glue and paraffin were removed, and a small portion of the gelatin sponge made from
agar and egg white was placed on the membrane. The sponge was loaded with different
concentrations of myricetin-SLN-CS-FA, and the eggshell was sealed. After 4 days in the
incubator, the window in the shell was opened to image the gelatin sponge area, and the
effects of treatment were evaluated. Calipers and scales were also used to measure fetal
weight and height.

For gene expression analysis, Liquid nitrogen was used to pulverize the chorioallantoic
membrane of each sample. In the following steps, total RNA from tissue samples was
extracted, cDNA was synthesized as a template, real-time qPCR was performed, and the
amount of VEGF and VEGER gene expressions were evaluated. The sequences of prim-
ers are described in Table 1.

In vivo antitumor and histological evaluations

Female BALB/c mice (6—8 weeks old) were obtained from the Pasteur Institute of Iran,
Tehran, Iran. Afterward, 100 pl of a TUBO cell suspension containing 3 x 10° cells in
PBS were injected subcutaneously into the right flank of each animal. 7 days later, when
the tumors were palpable, the samples were divided into four groups, including a con-
trol group that received PBS and three experimental groups, including free myricetin,
SLN-25, and SLN-50. The formulations were then administrated using oral gavage for
26 days post tumor inoculation and every two days. There was a group of healthy mice
in which no tumor inoculation was performed on them. The size and weight of tumor
samples were recorded on the day of treatment. For histopathological examination and
RNA extraction, mice were euthanized, and their tissues and tumors were isolated and
transferred to 10% formalin and phosphate buffer, respectively. The liver and tumor tis-
sues were stained using hematoxylin and eosin (H&E) staining and analyzed using light
microscopy. The expression levels of superoxide dismutase (SOD) and interleukin-6 (IL-
6) genes were also evaluated in the liver. The tumor tissue tissues assessed the expres-
sion levels of tumor necroses factor alpha (TNF-a) and human epidermal growth factor
receptor 2 (HER2). The sequences of primers are described in Table 1. Tumor volume
can be calculated by multiplying the length* width?/2 (Alizadeh et al. 2018). All animal
experiments were approved by the Institutional Ethical Committee and Research Advi-
sory Committee of Islamic Azad University and all animal experiments and methods
were carried out in accordance with the relevant guidelines and regulations approved by
the ethical committee and ARRIVE guidelines (Percie du Sert et al. 2020).

Statistical analysis
All results were analyzed with three replications using GraphPad prism software ver-
sion 9 (GraphPad Software, Inc., San Diego, CA, USA). One-way ANOVA was used to
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examine the differences between statistical groups at significance. p <0.05 was consid-
ered statistically significant.

Results

Characterization of myricetin-SLN-CS-FA

According to the DLS results (Fig. 1A), there were particles forming with hydrodynamic
diameters of 310.6 nm and PDI of 0.22. Figure 1B shows that the zeta potential of the
SLN-CS-FA was 30.0+4.8 mV. Figure 2 shows the SEM micrograph of the SLN-CS-FA,
which indicates the spherical morphology of the formulation. The amount of FA binding
to the CS was calculated using HPLC, which was 55%. Figure 3A and B demonstrates the
FTIR results of the myricetin-SLN and myricetin-SLN-CF-FA, respectively. Strong peaks
at 1595 cm ™! (bending mode of UN-H vibration) and 1661 cm™" (stretching vibrational
frequency peak of UC=0) confirm that the FA-CS is formed and CS successfully modi-
fied SLN. The percentage of myricetin encapsulated in the myricetin-SLN-SF-FA was
obtained by calculating the difference between the total myricetin added and the myri-
cetin encapsulated in SLN using HPLC. The encapsulated efficiency was calculated at

83%.
Cumulants method
A Zaverage (nm): 310.61
Dv10: 223.93 Dv50:  354.91 Dv90: 616.76 PDI: 0.2250
Dmean Intensity: 356.34 Dmean volume: 394.60 Dmean number: 195.20

Size dispersion by Intensity

Intensity (u.a.)

10 100 1000 10000
size (nm)

10 100 90 80 70 60 50 40 30 20 -0 0 10 20 30 40 SO 6 70 8 9 100 110 120
Zeta Potential in mV

Fig. 1 Results of size and zeta potential. A The results of size by DLS demonstrated the size of 310 nm and
PDI of 0.22 for myricetin-SLN-CS-FA. B The zeta potential of the myricetin-SLN-CS-FA was around + 30 mV
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Fig. 2 Electron micrograph of the myricetin-SLN-CS-FA. The SEM image of the myricetin-SLN-CS-FA indicated
the spherical morphology of the NPs (white arrow)
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Fig.3 FTIR spectrum. A The FTIR of the myricetin-SLN, which demonstrated the successful coating and B
the FTIR of the myricetin-SLN-CS-FA The presence of strong peaks at 1595 cm~' (bending mode of UN-H
vibration) and 1661 cm™" (stretching vibrational frequency peak of UC=0) confirm that the FA-CS is formed
and CS successfully modified SLN
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Fig. 4 Release study. The release profile of free myricetin and myricetin-SLN-CS-FA. The release study was
performed in PBS until 144 h. The data are presented as mean 4= SEM. The test was performed in triplicate

Release study

Figure 4 shows the release profile of free myricetin and myricetin from SLN-CS-FA

nanoparticles. After 144 h, the cumulative release percentage of the drug is 88.7%. The

initial burst release occurs in the early hours, and then the release pattern plateaus

Page 8 of 21
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until 144 h have passed. Based on the drug release kinetics and mechanism models,
the myricetin-SLN-CS-FA release pattern was fitted by the Michaelis—Menten model
with lag during 144 h of the study. Drug release rate from an aqueous solution of free
myricetin was very quick, and after 3 h all of the drug completely moved across the
dialysis bag.

Cytotoxicity study

MTT method was used to evaluate the anticancer activity of free myricetin for 48 h
against MCEF-7 cells and myricetin-SLN-CS-FA during 24, 48, and 72 h against HFF and
MCE-7-NCF-NPs against MCF-7 cancer cells. Figure 5 shows the inhibitory effect of
free myricetin in a concentration-dependent manner. Then, the carcinogenic effect of
myricetin-SLN-CS-FA against HFF and MCF-7 cells is shown in Fig. 6A and B. As dem-
onstrated, the myricetin-SLN-CS-FA had no cytotoxic effects against HFF normal cells,
while the cytotoxicity of formulation against MCF-7 cells was in a time- and concen-
tration-dependent manner. At concentrations of 6.25, 12.5 and 25 pg/ml the differences
with cells without treatment at 48 and 72 h were significant (*p <0.05 and ***p <0.001),
while at concentrations of 50 and 100 pg/ml the differences of 24, 48 and 72 h were sta-
tistically significant (***p <0.001).

Anti-apoptotic study

By studying the cell cycle using flow cytometry, myricetin-SLN-CS-FA inhibited cell
growth and proliferation. With increasing concentrations of myricetin-SLN-CS-FA, the
effect of the treatment on cell cycle arrest in the SubG1 phase increases (Fig. 7A-D).
It can be seen that in the control sample, only 2.5% of the cells are in the SubG1 phase,
whereas in the treated samples at concentrations of 25, 35, and 45 pg/ml of myricetin-
SLN-CS-FA, 29, 54, and 79% of the cells are in the SubG1 phase. It has been confirmed
that myricetin-SLN-CS-FA induces apoptosis in treated cells.

Based on the results of the AO/PI analysis, it is evident that cells treated with myrice-
tin-SLN-CS-FA at various concentrations exhibit cytotoxic and apoptotic effects (Fig. 8).
These treated cells exhibit morphological changes, such as a reduction in size and a
change in shape to a spherical shape, which are characteristics of apoptotic cells. The

150
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Cell viability (%)
3
1

0.00 6.25 1250 25.00 50.00 100.00
Concentration (pug/ml)
Fig. 5 Cytotoxicity of the free myricetin. The cytotoxicity effects of free myricetin against the MCF-7 cell line
were evaluated in which the cells were killed in a concentration-dependent manner. The data are presented
as mean =+ SEM. The test was performed in triplicate
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Fig. 6 Cytotoxicity of the myricetin-SLN-CS-FA during 72 h. A The cytotoxicity effects of myricetin-SLN-CS-FA
against the HFF cell line were evaluated. No sign of cytotoxicity was observed in these concentrations and
the study times. B The cytotoxicity effects of myricetin-SLN-CS-FA against the MCF-7 cell line were evaluated
in which the cells were killed in a concentration and time-dependent manner. The data are presented as
mean = SEM. The test was performed in triplicate. (*p <0.05 and ***p <0.001)

images also show germination of the plasma membrane and shrinkage of the cells. Con-
trol cells emit uniform green fluorescence from the nucleus and cytoplasm, indicating
that the cells have not undergone any morphological changes. In contrast, treated cells
emit red fluorescence, which means the penetration of the PI dye into damaged cells
increases the incidence of apoptosis as the concentration of the treatment increases.
Fluorescence microscopy and the DAPI method confirmed the change in density and
fragmentation of the nucleus in the treated cells. As the concentration of treatment
increases, bright spots indicate the nuclei of apoptotic cells. Apoptosis increases as treat-

ment concentration increases, as shown in these images.

Real-time qPCR

It has been shown that the expression of the studied genes has changed over time, which
indicates that the internal apoptosis pathway of the cells has been activated (Fig. 9). An
apoptotic mechanism of action for myricetin-SLN-CS-FA can be described as follows:
treatment with myricetin-SLN-CS-FA has been associated with an increase in Bax,
Cas3, and Cas9 gene expression and a decrease in Bcl-2 gene expression, leading to the
release of cytochrome C from the mitochondria into the cytoplasm. There is evidence
that increased levels of cytoplasmic cytochrome are associated with activation of cas-
pase-dependent downstream pathways, promoting intrinsic apoptosis.
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Fig. 7 Apoptosis analysis with flow cytometry. Increasing the percentage of SubG1 phase cells indicates the
occurrence of apoptosis in MCF-7 cells treated with myricetin-SLN-CS-FA. A control without treatment, B
25 pg/ml, € 35 pug/ml, and D 45 pg/ml of the myricetin-SLN-CS-FA

Control

DAPI

Control 25,ug/ml

Fig. 8 A DAPIand B AO/PI staining of MCF-7 cells treated with different concentrations (25, 35, and 45 pg/
ml) of myricetin-SLN-CS-FA

Assessment of antioxidant activities

As can be seen in Fig. 10A and B, free myricetin and myricetin-SLN-CS-FA inhibit the
oxidative stress caused by free radicals such as ABTS and DPPH. ABTS free radicals
as well as DPPH free radicals, can be inhibited by free myricetin and myricetin-SLN-
CS-FA in a concentration-dependent manner. The results below show how myricetin-
SLN-CS-FA is more effective at inhibiting ABTS radicals with a higher power than
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DPPH. As a result of these findings, it appears that nanoparticles have an antioxidant
effect in vitro.

Figure 10C and D illustrates how free myricetin and myricetin-SLN-CS-FA is capa-
ble of reducing iron ions compared to FeSO4. It can be seen from the diagram that the
FRAP value increases with increasing concentration of myricetin-SLN-CS-FA, and the
highest amount of FRAP value (0.68) was obtained when the concentration of myricetin-
SLN-CS-FA was 2 pg/ml. The capabilities of the free myricetin in reducing iron ions was
weaker than myricetin-SLN-CS-FA.

CAM assay and in vivo gene expression
A microscopic examination of the treated area confirms that the number of blood vessels
has decreased (Fig. 11A). Myricetin-SLN-CS-FA showed significant anti-angiogenesis
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performed in triplicate

effects in all three concentrations when compared with the control and laboratory con-
trol groups. Using Image ] software, the number and length of blood vessels were quanti-
tatively analyzed. Data analysis showed no statistically significant difference between the
control and lab control groups. In contrast, in all three groups treated with concentra-
tions of 250, 500, and 1000 pg/ml, a significant decrease (***p <0.001) in the number and
length of blood vessels was observed compared to the control (Fig. 11B, C). Myricetin-
SLN-CS-FA-treated samples showed changes in embryonic growth factors compared to
control samples in length and weight measurements (Fig. 11D, E). Among control, lab
control, and treated samples, the differences in embryo lengths were statistically signifi-
cant (*p<0.05. **p <0.01, and ***p <0.001).

The expression of VEGF and VEGER is crucial for the formation and germination
of blood vessels. As shown in Fig. 11F, both genes were expressed less in the samples
treated with myricetin-SLN-CS-FA. The rate of reduction of both genes in all experi-
mental groups was significant compared to the control (**p <0.01 and ***p <0.001).

In vivo antitumor activities

Figure 12A and B shows the effects of formulations on the tumor volume and ani-
mal weight, respectively. As indicated, both doses of myricetin-SLN-CS-FA (25 and
50 pg/kg) showed significant effects in the treatment groups than the free myrice-
tin (p <0.05), indicating that the formulation was more effective in inhibiting tumor
growth than the free form of the drug. As shown, the weight of no animal fell below
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80% of the initial weight. On day 26, the tumors were removed and weighted. The
results also indicated that the weights of the tumors were significantly decreased in
all treatment groups compared to the control group (see Fig. 12C). According to the
H&E staining images on healthy liver samples (Fig. 13), the treated groups showed
no pathology changes, indicating no toxicity of myricetin-SLN-CS-FA on cells. A
comparison of tumor samples in the control group (untreated) and the treated group
(treated) showed significant tissue changes. Apoptotic cells appear dark, spherical,
and small in the treated samples. As myricetin-SLN-CS-FA concentrations increase,
more apoptotic islets are present, indicating that the treatment is effective. Figure 14A
shows the results of gene expression for IL-6 and SOD in the tumor tissues, which
demonstrated the highest levels of the expression of both genes in the free myricetin
group, while these expressions were the lowest in the SLN-50 (p <0.001). In the liver
(Fig. 14B), there was the lowest expression of the TNF-a and HER2 which were statis-
tically significant (p <0.001).

Mvricetin Control

SLN-25

SLN-50

Fig. 13 H&E staining of liver and tumor from TUBO tumor model, which subcutaneously inoculated
in the right flank of mice. The animals were treated with free myricetin and doses of 25 and 50 mg/

kg of myricetin-SLN-CS-FA (SLN-25 and SLN-50). The samples were investigated under 100x and 400 x
magnification fields



Khatamian et al. Cancer Nanotechnology (2023) 14:9 Page 16 of 21

IL-6 SOD
5 67 5 87 *kk
€ ok £
8 8
2 2 64
24 H
® ®
® ©
o 2+ =
s & 2+
S S
2 dekk dekk k] *k * *k
o [<]
£ od oo
& & 4 & 5 & o > S
& S & %\}0 K < & § 3 N
& 3 &
o N &6‘ Q&q} p &
Q( Q\
TNFa HER2

1.6

°

b4
o

Fold change releative to control
Fold change releative to control

0.0

& & & &€ o &
o &
<& <
Fig. 14 Changes in the expression of inflammatory and antioxidant genes from the liver (IL-6 and SOD) and
tumor (TNFa and HER2). The expression levels of IL-6 and SOD were also compared with healthy mice with no
tumors (*p<0.05, p<0.01, and ***p <0.001). The data were presented as mean = SD. The test was performed

in triplicate

>
d

<) N

&

Discussion
This study examined using FA-bound CS to modify the myricetin-containing containing
SLN. As a result of its cationic nature, CS significantly improves the internalization of
drugs into cancer cells due to its ability to change the surface charge of NPs from nega-
tive to positive (Ying et al. 2011). Alternatively, FA can target FA receptors on the surface
of cancer cells and increase cell uptake and treatment efficacy (Monteiro et al. 2020).

SLN was used in the current study to encapsulate myricetin. Then the formulation was
surfaces modified using CS and active-targeted with FA. A high entrapment efficiency
83%, a particle size of 310 nm, and a positive zeta potential value were obtained based on
measurements of particle size and entrapment efficiency. SEM illustrates the spherical
shape of the particles. Nanoparticles synthesized in this study had a PDI of 0.22. A par-
ticle’s average diameter and PDI play an essential role in the stability of a formulation. In
other words, particles with smaller diameters and narrow distribution ranges are more
stable and have a slight tendency to aggregate (Bahari and Hamishehkar 2016). In the
preparation of SLNs for the delivery of myricetin, stearic acid could be used as a matrix
material. Stearic acid, as an antioxidant, is an ideal material for use in SLNs. Stearic acid
has a melting point of 69.6 °C. It is possible to use stearic acid as a lipid matrix material
in nanoparticles because its melting point is much higher than that of the human body
(Kumar and Randhawa 2015). Here lecithin and Tween 80 were used as emulsifiers and
helped the formation of the SLN and higher EE% of the drug (Luo et al. 2006).

In this study, CS has been used to surface-modify the SLNs due to its low toxicity, good
biocompatibility, and absorption-enhancing properties (Sogias et al. 2008). The coating
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with CS, a natural cationic polysaccharide derived from chitin by partially deacetylating
its acetamide groups, to nanoparticle surfaces might increase drug penetration in cells,
especially in mucosal surfaces (Fonte et al. 2011). Furthermore, the high binding affinity
of FA for the FRs, which are overexpressed on human adenocarcinoma (MCF-7) cells,
malkes it an attractive target ligand. The functionalization of SLN with FA has been pro-
posed as an active tumor targeting strategy. FA binds to the FR on tumor cells, resulting
in its internalization by receptor-mediated endocytosis (Granja et al. 2022). Here the FA
was bound to the CS using EDC/NHS coupling chemistry and then decorated on the
surface of SLN. The results of HPLC indicated that the binding efficiency was 55%, and
the surface modification was confirmed using FTIR. The results of the present study are
inconsistent with the results of a study that used FA as an active targeting ligand on the
surface of SLN, which was confirmed by FTIR (Pawar et al. 2016).

The release of myricetin from SLN was evaluated during 144 h. The results demon-
strated the burst release (50%) of myricetin during the first 4 h, followed by the plateau
pattern until 144 h. the kinetic analysis indicated that the Michaelis—Menten model with
lag fitted the release of myricetin from the SLN. In some cases, burst release is an opti-
mal delivery method. To exert gradual anticancer effects, as demonstrated by the release
study, some drugs require an initial burst followed by a prolonged release, producing an
immediate dose and a prolonged release (Cam et al. 2020).

The results of this study showed that free myricetin has cytotoxic activity against the
MCE-7 cell line. It was suggested that myricetin exerts cytotoxic activity through bind-
ing to the oncogene Moloney murine leukemia virus 1 (PIM-1) binding site and inhib-
iting its kinase activity (Ye et al. 2018). In breast cancer, particularly in triple-negative
tumors, the oncogene PIM-1 is upregulated. Furthermore, it contributes to tumorigen-
esis, drug resistance, and poor prognoses (Chen and Tang 2019). The cytotoxicity effects
of myricetin-SLN-CS-FA were investigated against HFF normal and MCEF-7 carcinoma
cells. The results demonstrated the cytotoxic effects of formulations against MCE-7 cells,
whereas the formulation had no cytotoxic effects against normal cells at the correspond-
ing concentrations. These results indicated that formulating the myricetin in the form
of SLN could protect normal cells against cytotoxic effects of myricetin up to 100 pg/
ml concentration. The possibility of this formulation reducing the adverse effects of the
drug at the cellular level is worth considering (Patra et al. 2018).

Flow cytometry showed that the cells treated with myricetin-SLN-CS-FA significantly
increased in the subG1 phase compared to the control. The cells exposed to the SLNs
had a higher rate of apoptosis. Additionally, the subG1 peak intensified as the SLN
concentration increased. Compared to lower concentrations, 35 pg/ml dramatically
increased the rate of apoptotic cells, showing dose-dependent effects. As demonstrated
by the fluorescent staining of the myricetin-SLN-CS-FA in the current study, the myrice-
tin-SLN-CS-FA induced apoptosis dose-dependently. An AO/PI fluorescent microscopic
image revealed morphological changes such as shrinkage of cells, fragmentation of
nuclear nuclei, condensation of chromatin, and membrane blebbing indicative of apop-
tosis (Sharifalhoseini et al. 2021; Zhang et al. 2018b).

Cell proliferation and death are interdependent, so inducing apoptosis could be a valu-
able strategy for treating cancer. The cancer cells, however, have developed numerous
mechanisms to resist apoptosis. The cancer cells, however, have developed numerous
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mechanisms to resist apoptosis. Apoptosis resistance is caused by the overexpression of
anti-apoptotic Bcl2 family proteins, which decreases the effectiveness of therapeutics. In
mitochondrial cells, the Bcl2 family of proteins regulates intrinsic apoptosis. Bcl2 inhib-
its the formation of pores and the release of cytochrome c by binding to pro-apoptotic
members like Bax.

On the other hand, the increase in expression of Bax results in the elimination of
tumor cells as a result of cell death. Our results supported that myricetin-SLN-CS-FA
induces mitochondrial apoptosis through the Bcl2 and Bax proteins, which have been
implicated in many tumor cells (Naseri et al. 2015). As a result of oxidative stress, ROS
are produced in the cell, or the redox balance is disrupted, which promotes apoptosis
and interferes with cell proliferation. Caspases and HSP70 are vital components of apop-
tosis in mammals (Ramesha et al. 2015). As demonstrated here, myricetin treatment
of cells at 25—-45 pg/ml increased gene expression of apoptosis-inducing proteins and
enzymes such as Cas3 and Cas9 mRNA levels in a dose-dependent manner.

ABTS and DPPH free radicals were inhibited by myricetin-SLN-CS-FA in vitro
(Fig. 10A) and FRAP free radicals (Fig. 10B), indicating the antioxidant activity of the
formulation. Myricetin-SLN-CS-FA can inhibit free radicals and prevent oxidative dam-
age in natural conditions but is pro-oxidant in cancer cells and can induce apoptosis
(Soltani et al. 2021).

Study results in the CAM model showed that myricetin-SLN-CS-FA inhibited the
growth of blood vessels, as well as inhibiting the production of embryonic growth fac-
tors. Study findings showed that myricetin-SLN-CS-FA treatment decreased the expres-
sion of angiogenesis-related genes (VEGF and VEGF-R). In all parameters, including the
number and length of blood vessels and the length and weight of the embryos, all con-
centrations of myricetin-SLN-CS-FA significantly showed anti-angiogenic activities. It
was demonstrated that myricetin induces apoptosis and procaspase-3 cleavage by gener-
ating reactive oxygen species (ROS). A significant reduction in PI3K/Akt/mTOR signal-
ing was observed in HUVECs following treatment with this compound, which indicated
its anti-angiogenic activity (Kim 2017). As shown here, the reduction in expression lev-
els of VEGF and VEGEFR, the genes involved in angiogenesis, indicated the anti-angio-
genesis effects of formulation.

The antitumor activity study showed that in both doses of 25 and 50 mg/kg of the
myricetin-SLN-CS-FA, there was a decline in the tumor volume compared to the free
myricetin and control group. In addition, both doses had no significant effects on the
animal weights, implying the safety of these doses (Mashreghi et al. 2021). The tumor
weights’ results also indicated the formulation’s antitumor activities in decreasing tumor
growth rates in both doses of myricetin-SLN-CS-FA-25 and -50 (Mirzavi et al. 2022).
The H&E staining of tumor tissues also indicated the antitumor activities of myricetin-
SLN-CS-FA on histological parameters of tissue, in which histological damage and dark
apoptotic and necrotic sites were observable (Katifelis et al. 2020). No signs of pathohis-
tological damage in the livers of all groups also indicated the safety of the formulations
(El-Sayyad et al. 2009). Compared with free myricetin, myricetin-SLN-CS-FA reduced
inflammatory and antioxidant gene expression in the treated samples’ livers. In addition,
myricetin-SLN-CS-FA reduced expression levels of TNF-alpha and HER2 in tumors,
decreasing the inflammatory response (Semwal et al. 2016; Chen et al. 2020).
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Conclusion

In the present work, myricetin-SLN decorated with FA-bound CS was prepared by
homogenizing and ultrasonically mixing. Myricetin-SLN-CS-FA was evaluated in vitro
and in vivo and showed higher toxicity on cancer cells than on free myricetin. Apop-
totic genes were altered, and antioxidant gene expression decreased in treated cells,
confirming the activation of the intrinsic apoptotic pathway. A CAM method and
molecular analysis confirmed the anti-angiogenesis effects of myricetin-SLN-CS-FA,
and histopathological staining and molecular analysis confirmed the antitumor impact
of myricetin-SLN-CS-FA in vivo. Based on our in vitro and in vivo findings, myricetin-
SLN-CS-FA is effective in treating breast cancer, and this formulation can be recom-
mended for further studies.
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