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Abstract

Signal Transducer and Activator of Transcription 3 (STAT3) phosphorylation plays a key role in the transformation and
proliferation of breast cancer cells. According to previous studies, STAT3 phosphorylation can be inhibited by curcumin in
various cancer cells. Even so, its use is restricted due to low oral bioavailability. This study aimed to enhance curcumin
solubility and bioavailability by loading it on Folic Acid-Selenium nanoparticles and determine their effect on STAT3
activation in breast cancer cell line. The synthesized nanoparticles were characterized by Fourier-transform infrared
spectroscopy, Dynamic light scattering, and transmission electron microscope. MTT and western blotting methods were
applied to determine the viability and protein level of MCF cell line. The size and zeta potential of nanoparticles were
found to be about 130 nm and — 45 mV, respectively. The results indicated a reduction of 49.62 £ 1.85% (p < 0.05) in
the viability and 79% (P < 0.0001) in the phospho-STAT3 (p-STAT3) level in the cell line tested. Curcumin-loaded folic
acid conjugated nanoparticles could be an effective drug for breast cancer chemotherapy. Though, subsequent in vivo

research is required to determine its efficiency and safety in clinical applications.
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Introduction

According to the World Health Organization (WHO),
breast cancer (BC) continues to be the most important
cancer that kills women worldwide [1]. Many cases have
been reported, and more than 450,000 women die each year
from breast cancer [2]. A multidisciplinary method is
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employed to treat breast cancer, a combination of radiation,
surgical and medical oncology.

Surgery combined with chemo-radiation is applied to
treat early-stage breast cancer. Meanwhile, chemotherapy
is mostly performed and has been developed as a crucial
treatment for women with breast cancer [3], but these
methods often non-specifically kill healthy cells and cause
side effects for patients [4]. So, there is a necessity to
establish new chemotherapy approaches to target cancer
cells through active (receptor-mediated) or passive means.
Nanoparticle (NP) mediated drug delivery has great
potential to solve these problems. The developed NPs can
potentially deliver therapeutic drugs to the intended site of
action.

Natural compounds in dietary constituents have been
shown potential as therapeutic agents against cancer, and
other diseases [5]. Although their success in clinical trials
has not been significant, in part owing to the low
bioavailability of these compounds. Thus, to overcome this
disadvantage, natural product-based nano-formulations
have recently been considered. Curcumin (CUR) is a
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lipophilic polyphenolic pigment extracted from Curcuma
longa. In various studies, it has shown chemo-preventive,
anti-cancer, radio, and chemo-sensitization characteristics
[6]. Safety, extensive availability, low cost, and various
anti-cancer roles of CUR justify its application in the
treatment of cancer.

The anti-cancer ability of CUR is demonstrated by
modulating several intracellular signaling pathways
responsible for cell proliferation, migration, inflammation,
and apoptosis [7]. It has also been shown that CUR exerts
its anti-inflammatory and anti-cancer effects by targeting
STAT3 signaling.

STAT3, as a signaling center where various carcino-
genic signals converge, represents a potentially attractive
target to make tumor cells prone to growth inhibition or
apoptosis [8]. It has been shown that STAT3 protein is
constitutively active in many tumor tissues, including those
derived from BC patients [9, 10]. STAT3 protein can be
involved in breast tumor formation through various path-
ways [11, 12]. This protein can be activated by the leu-
kemia inhibitory factor (LIF) in normal breast cells, while
it is triggered by IL-6 stimulation in BC [13]. Additionally,
intrinsic kinases such as epidermal growth factor receptor
(EGFR) and vascular endothelial growth factor receptor
(VEGFR) can cause abnormal phosphorylation of STAT3
in BC [14]. Once activated, this transcription factor can
regulate growth, survival, and metastasis in BC, as well as
result in resistance to chemotherapy and radiotherapy. So,
the therapeutic inhibition of STAT3 signaling may be
efficient in BC [15].

Despite the safety of CUR at very high concentrations,
its therapeutic potential is restricted due to low bioavail-
ability. Insufficient absorption, rapid metabolism, and rapid
systemic elimination might explain the reason for its poor
systemic availability when administered orally. Nano-for-
mulation of CUR is an efficient approach to improve its
bioavailability and pharmacokinetics, which enhances its
therapeutic advantages and betters its binding, internal-
ization, and tumor-targeting properties. For this reason,
various nanostructures designed to carry CUR, such as
nano-capsules, have been studied and their anti-cancer
effects have been investigated [16]. Nano-capsules have
shown a significant decrease in IC50, indicating an increase
in the anti-cancer activity of curcumin after encapsulation
[17, 18]. Carbon-based nanomaterials have also been used
as carriers of CUR [19], which have been shown relatively
high toxicity against breast cancer cells [20]. Recently,
selenium (Se) NPs have received a great deal of attention in
the field of anticancer drug carriers. The role of Se in
cancer prevention and reduction of drug toxicity make Se
NPs superior to existing approaches including biogenetic
and synthetic [21].
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Targeted delivery is an important issue for cancer
therapy and diagnosis. The high affinity of folic acid (FA)
to folate receptors on the surface of various cancer cells
makes this active targeting ligand as the first candidate for
selective localization of therapeutic or diagnostic agents in
cancer cells [22].

This prompted us to synthesis the CUR-loaded FA
conjugated NPs and examine whether it could efficiently
inhibit aberrantly activated STAT3 in breast cancer
(MCF7) cells (Fig. 1).

Experimental
Materials

CUR, sodium selenite (Na,SeOs), and FA were obtained
from Sigma (St. Louis, MO, USA). Ascorbic acid was
purchased from Carl Roth GmbH + Co. KG. The primary
antibodies (B-Actin (C4): sc-47778, p-Stat3 (B-7): sc-8059,
and Stat3 (F-2): sc-8019) and secondary antibodies (mouse
anti-rabbit IgG-HRP: sc-2357) were obtained from Santa
Cruz Biotechnology, Inc. Fetal bovine serum (FBS),
Penicillin—Streptomycin (PEN/STREP), trypsin, and RPMI
medium were purchased from Bioldea, Iran.

Synthesis and Characterization of FA-Se@CUR
NPs

FA-Se NPs were synthesized as previously reported by
Shahverdi et al. [23] with some modifications. Briefly, a
2.6 mL FA solution (1 g/L) and 300 pL. Na,SeO; solution
(50 mM) were mixed. A 2.4 mL aqueous ascorbic acid
solution (50 mM) was added dropwise to the above mix-
ture with magnetically stirring for 30 min at room tem-
perature. Finally, the reaction mixture was centrifuged at
8000 rpm for 10 min and washed three times with double-
distilled water to remove unreacted materials. Afterward,
4 mg of CUR was dissolved in 100 pl of dimethyl sul-
foxide (DMSO) and then added into FA-Se NPs solutions
under stirring for 30 min to make FA-Se@CUR NPs. The
chemical structure of nanoparticles was characterized by
Fourier-transform infrared spectroscopy (FTIR), Dynamic
light scattering (DLS) analysis, and transmission electron
microscope (TEM).

FTIR

The formation of covalent bonds between Se-NPs and CUR
was assessed by FTIR spectroscopy. The FTIR sample
spectrum was obtained by Potassium Bromide (KBr) disk
technique on a single beam Perkin Elmer Spectrum II
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Fig. 1 Schematic illustration of the synthesis of FA-Se@CUR NPs and their mechanism of action
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The average particle diameter and zeta potential of NPs
were defined by DLS using NP size, zeta potential, and
molecular weight analyzer SZ-100 HORIBA Scientific.
Measurements were performed automatically in triplicates
with a temperature of 25 °C and a dispersion medium
viscosity of 0.89 mPa-s.

TEM

The size and morphology of NPs were determined by
TEM. First, the NPs were dissolved in water at a concen-
tration of 1 mg/ml by sonication. Next, a drop of the
solution was placed over carbon-coated copper grids and
air-dried at room temperature. The micrographs were
obtained on a TEM (Leo 906 E TEM, Zeiss, Germany)
operated at an accelerating voltage at 100 kV.

Cell Line and Cell Culture

The MCF-7 cancer cell line (ATCC® HTB-22TM) was
purchased from the cell bank at the Pasteur Institute

(Tehran, Iran). All the reagents and mediums were pre-
pared immediately before application in the current work.

MCEF-7 cells were cultured in RPMI medium supple-
mented with 10% FBS, PEN/STREP (1% v/v). Then, the
cells were incubated at 37 °C in 5% CO2.

MTT Assay

The effects of CUR and NPs on the viability of the MCF-7
cells were evaluated using MTT assay. In brief, the cells
were seeded onto a 96-well culture plate containing 100 pl
of growth medium at a density of 5000 cells per well and
then incubated for 24 h in 5% CO2 at 37 °C. Next, cells
were exposed to CUR, Se-Cur, and FA-Se@CUR at dif-
ferent concentrations: 0 pM, 10 pM, 30 pM, 60 pM,
120 uM for 24 h at 37 °C in 5% CO2. The old medium
was substituted with 20 pl of MTT solution (0.5 mg/mL).
After a 3.5-hour incubation, the formazan precipitate was
dissolved in 200 pl of DMSO. Lastly, the absorption of the
solution was quantified by an ELISA reader (State Fax®
2100, Awareness, USA) at 570 nm. The percentage of
cytotoxicity was calculated with the following equation:

%Cytotoxicity = (100 x (control — sample))/sample

The half-maximal inhibitory concentrations (IC50) were
determined as pg/ml.
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Preparation of Cell Lysates and Western Blot

After 24-h treatment with CUR, Se-Cur, and FA-Se @CUR,
cells were collected and washed with cold PBS and
resuspended in ice-cold EBC lysis buffer (500pL Tris—
HCL, pH 8, 0.08gr NaCl, 0.003gr EDTA, 0.025gr Sodium
Deoxycholate, 0.01gr SDS, and 10 pl NP-40/Triton X-100)
containing protease inhibitor cocktail (1 tablet). After cell
lysis and centrifugation at 12,000xg for 10 min at 4 °C,
the resulting supernatant was gathered as the whole cell
lysate. Proteins were quantified using the Bradford assay,
then separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene difluoride (PVDF) membranes (EMD Mil-
lipore). PVDF membranes were incubated overnight with
primary antibodies at 4 °C. The next day, after incubation
with peroxidase-conjugated anti-rabbit IgG at 37 °C for
2 h, protein levels were visualized by electrochemilumi-
nescence. Untreated MCF-7 whole cell lysate was consid-
ered as a control group.

Statistical Analysis

All the experiments were repeated three times indepen-
dently and the data has been expressed as mean £ SD.
Statistical analysis was done using SPSS software ver. 26.0
(IBM, Armonk, NY, USA) and one-way ANOVA test was
used to compare a difference between the control and
treatment groups. A p value of < 0.05 is regarded as
significant.

Results
Characterization of FA-Se@CUR Nanoparticles

FTIR absorbance spectrum was utilized to verify the suc-
cessful modification of Se NPs with FA and CUR mole-
cules (Fig. 2). The FT-IR spectrum of FA-Se@CUR NPs
indicated a carbonyl band at 1630.44 cm™' and a peak at
3434 cm™' for phenolic hydroxyl groups.

The size and surface charge (zeta potential) of NPs can
affect their cellular internalization. So, the size and zeta
potential of NP were determined using DLS. The size of
FA-Se@CUR NPs was found to be ~ 130 nm (PI - 0.27).
Also, the zeta potential of NPs was ~ 45 mV (Fig. 3a).
Figure 3b shows the average size of the NPs lacking CUR
to compare with FA-Se@CUR NPs. In previous studies
[23, 24], the average size of Se NPs and Se-FA NPs were
about 60 and 100 nm, respectively.
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The particle morphology by TEM (Fig. 4) for NPs were
found to be spherical. Also, the FA-Se@ CUR NPs
obtained were in the size range of 50-200 nm (Fig. 4).

The Results of the MTT Test

The MTT test indicated that increasing concentrations of
drugs (CUR, Se-Cur, and FA-Se @CUR) gradually increase
cytotoxicity. However, at a concentration of 60 uM, FA-
Se@CUR reduced cell viability rate up to 49.62 £+ 1.85%
(p < 0.05), which was more than Se-Cur (36.19 4 5.63%)
and CUR (31.44 &+ 8.96%). The IC50 value for FA-
Se@CUR NPs was considered 60 pM (20 pg/ml), which
inhibits cell growth by 50%. Figure 5 presents the cyto-
toxicity effect of drugs on cells after treatment for 24 h.

STAT3 Protein Analysis with Western Blot

To specify whether treatment of FA-Se@CUR NPs influ-
ences the expression of the STAT3 or its phosphorylation
in MCF-7 cells, the expression of STAT3 and p-STAT3
was quantified by western blot analysis. In the present
study, we found that the level of both p-STAT3 and STAT3
were reduced in FA-Se@CUR NPs exposed cells (Fig. 6a).
At concentration of 60 uM FA-Se@CUR, the downregu-
lation of total STAT3 was achieved to be 1.5-fold
(P <0.0001) while p-STAT3 indicated 4.8-fold
(P < 0.0001) reduction (Fig. 6b). Also, compared with the
control group, the quantity of STAT3 and p- STAT3 was
decreased up to 1.26 and 2.17 or 1.25 and 2.63 after
treatment with CUR and Se-CUR NPs, respectively.

Discussion

Breast cancer ranks fifth in cancer mortality globally and is
also the most frequent cause of cancer death for women
worldwide [25, 26]. The high cost and side effects of
chemotherapy for treating breast cancer have made this
disease one of the most controversial health problems. So,
there is still a need to search for low-cost treatments with
fewer adverse effects.

Persistent activation of STAT3 is found with high fre-
quency in all breast cancer subtypes. The results obtained
from modulating STAT3 constitutive activation using
genetic and pharmacological methods in various experi-
ments have provided convincing evidence for STAT3’s
important function in the development and progression of
BC [27, 28]. STAT3 activation occurs following phos-
phorylation of tyrosine 705 (Tyr705) residue, which leads
to dimerization and transport of STAT3 from the cyto-
plasm to the nucleus, where its binding to target genes
stimulates the transcription [29]. STAT3 promotes



The Cytotoxicity Effect of Curcumin Loaded Folic Acid Conjugated-Nanoparticles on Breast Cancer... 2041

@ (b) s
§ 75
@
H
= - 70]
= &
2
g <6
g g
= £ 60
Z 53
=
A . L . A . ) B 5
4000 3500 3000 2500 2000 1500 1000 500
‘Wavelength 45
(cm)
40
33
4000 3500
(c)
55
s 50 y
= 45 IS g T
; 40 VY
s 3B
§
Z 25
£ 20
B
10

5
4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm™)

3000 2500 2000 1500 1000 500
Wavelength (cm™)

82

81
o
=
<
e 1630.44cm-1,75.99%T
~
2 8 ,
= .
E 7
=
E 2922.8
g 7
= 3433.62cm-1,71.59% T
& s

74

73

7]

4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm™)

Fig. 2 FTIR absorbance spectrum of a CUR, b FA, ¢ Se NPs, and d FA-Se@CUR NPs

(a)

$.8.3

Frequency (%)

-2.7.5.8.5.
1
8

1 1 10 100

Diameter (nm)

Intensity (a.u.)

1.0+
09’
08"
0.7-
o6
05
04
03

Zeta Potential (mV)

Undersize (%)

(b)

140 -

120 4

100 +
80 A
60 -
40 4
20 A
0

SeNPs FA-Se NPs FA-Se@CUR NPs

Average Size (nm)

Fig. 3 a Particle size and zeta potential distribution of FA-Se@CUR NPs, and b comparison of the size of CUR-containing NPs with CUR-free

NPs

malignancy by deregulating main proteins that control
proliferation (Bcl-xL, Bcl-2, Mcl-1, survivin, cyclin D1/
D2, and c-Myc), angiogenesis (VEGF), and epithelial-
mesenchymal transition (MMP-2, MMP-9) [30, 31]. The

vital role of STAT3 in cancer progression and tumorigen-
esis makes it a promising molecular target for cancer
treatment. So, it is necessary to find a strong small mole-
cule that can significantly inhibit STAT3 activation.
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Although various studies have shown that CUR is a safe
and effective inhibitor of STAT3 in several tumors
[32, 33], its poor bioavailability inhibits its chemothera-
peutic application [34]. Nanotechnology has been
employed to solve this problem. For this reason, we
introduced the FA-Se@CUR NPs as a cancer-targeting
delivery system to attain enhanced anticancer efficacy. The
present study hypothesized that the surface binding of
curcumin over FA-Se NPs may provide stable NPs with a
high-surface negative-charge. Furthermore, the stable,
nano-sized, colloidal particles may cause the solubility of
curcumin in the aqueous media, as opposed to CUR, which
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is virtually insoluble in aqueous media. Moreover, the
results of previous studies have demonstrated that FA
surface modification significantly increases the cellular
uptake of NPs in folate receptor over-expressed cancer
cells including MCFE-7 cells [35, 36]. Overexpression of
folate receptors on the surface of various tumor types can
be used to target therapeutic compounds directly to
cancerous tissues in many ways. Therefore, in this study,
folate was loaded on the surface of the NPs to facilitate the
active transport of NPs to the cell. The synthesis of FA-
Se@CUR NPs was performed by reducing Na,SeO5 to Se”
by ascorbic acid, and curcumin was attached to Se’ by
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forming the Se-O co-ordinate bonds and physical adsorp-
tion. According to the DLS results, the average size of the
prepared NPs was 130 nm, and their small size may
enhance their therapeutic ability mainly due to better pas-
sive targeting. They were also monodispersed and dis-
played a high absolute zeta potential value of -45 mV
(Fig. 3 & 4). The Negative value of the zeta potential of the
NPs is probably due to the ionized carboxylic groups of
FA. Also, the large amount of surface charge may prevent
the accumulation of NPs by generating electrostatic
repulsion, which increases the colloidal stability of NPs.
According to a study by Duffy et al., the suspensions with
an absolute zeta potential value of more than 30 mV are
considered stable [37].

Furthermore, in the present study, the effects of nano-
formulated CUR on MCF7 cell line viability were inves-
tigated. According to the results, at a concentration of
60 uM, FA-Se@CUR NPs reduced cell viability rate up to
49.62 + 1.85%, which was more than by Se-Cur
(36.19 £ 5.63%) and CUR (31.44 &+ 8.96%). This
demonstrates that FA-Se@CUR has more potential to
induce cytotoxicity in MCF7 cell line than curcumin and
Se-Cur NPs. Also, the more reduction in survival in cells
exposed to FA-Se@CUR than in cells exposed to Se-Cur
may be due to greater uptake of folate conjugated NPs into
cells via the folate receptor. According to previous studies,
MCEF-7 cells present the constitutive activation of STAT3.
So, MCF-7 cells were treated with FA-Se@CUR, Se-CUR,
Se-FA, and CUR at a concentration of 60 uM for 24 h, and
the level of STAT3 and the activated form of STAT3
(pSTAT3) were checked by immunoblotting. Cells treated
with FA-Se@CUR showed a stronger decline in levels of
STAT3 (up to 33.5%) and p-STAT3 (up to 79%) than
control (untreated) as well as other treated groups. In the
group treated with Se-CUR, the amount of STAT3
decreased by 20% and p-STAT3 by 62% compared to the
control. Interestingly, the results obtained are in accor-
dance with those of the MTT test. These findings suggest
that STAT3 phosphorylation is more effectively inhibited
by nano-formulated CUR, which is comparable to results
previously proven for CUR [38]. A study by Song Y et al.
showed that constant expression of active STAT3 increases
matrix metalloproteinase-9 (MMP-9) mRNA levels in
MCEF-7 cells, suggesting that it is also regulated by STAT3
[39]. Also, while testing the effect of hydrazine-curcumin
(HC), a synthetic curcumin analog, suppression of STAT3
phosphorylation in breast cancer cell lines (MDA-MB-231,
MCF-7) reduced the expression of c-Myc, Bcl-xL, Bcel-2,
Mcl-1, cyclin D1/D2, VEGF, MMP-2, and MMP-9 [34].

Therefore, this drug may alter the expression of some
important genes in carcinogenesis by significantly reducing
the amount of phosphorylated STAT3, which has not been
evaluated in this study due to financial constraints.

Conclusion

The ability to inhibit STAT3 phosphorylation suggests that
FA-Se@CUR could be an alternative or additional option
in the treatment of breast cancer.
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