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The Optimized Formulation of Tamoxifen-Loaded Niosomes Efficiently Induced
Apoptosis and Cell Cycle Arrest in Breast Cancer Cells
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Abstract. The aim, as proof of concept, was to optimize niosomal formulations of
tamoxifen in terms of size, morphology, encapsulation efficiency, and release kinetics for
further treatment of the breast cancer (BC). Different assays were carried out to evaluate the
pro-apoptotic and cytotoxicity impact of tamoxifen-loaded niosomes in two BC cells, MDA-
MB-231 and SKBR3. In this study, tamoxifen was loaded in niosomes after optimization in
the formulation. The formulation of niosomes supported maximized drug entrapment and
minimized their size. The novel formulation showed improvement in storage stability, and
after 60 days only, small changes in size, polydispersity index, and drug entrapment were
observed. Besides, a pH-dependent release pattern of formulated niosomes displayed slow
release at physiological pH (7.4) and a considerable increase of release at acidic pH (5.4),
making them a promising candidate for drug delivery in the BC treatment. The cytotoxicity
study exhibited high biocompatibility with MCF10A healthy cells, while remarkable
inhibitory effects were observed after treatment of cancerous lines, MDA-MB-231, and
SKBR3 cells. The IC50 values for the tamoxifen-loaded niosomes were significantly less than
other groups. Moreover, treatment with drug-loaded niosomes significantly changed the gene
expression pattern of BC cells. Statistically significant down-regulation of cyclin D, cyclin E,
VEGFR-1, MMP-2, and MMP-9 genes and up-regulation of caspase-3 and caspase-9 were
observed. These results were in correlation with cell cycle arrest, lessoned migration capacity,
and increased caspase activity and apoptosis induction in cancerous cells. Optimization in the
formulation of tamoxifen-loaded niosomes can make them a novel candidate for drug

delivery in BC treatment.
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INTRODUCTION

Breast cancer (BC) is one of the most prevalent
malignancies all over the world (1, 2) and is recognized as
the leading cause of cancer-related mortalities in females

aged 20 to 59 years (3). A huge body of literature has
demonstrated the role of hormones in the development of BC
and the efficiency of hormone antagonists (4, 5). Although,
hormone therapy is still the most effective management of
estrogen receptor (ER)—a positive type of BC; the treatment
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efficacy is considerably limited because of acquired endocrine
resistance to this type of treatment (6-8). Therefore, there is
an urgent need for applying novel molecular approaches to
conquer the underlying mechanisms leading to endocrine
resistance in this malignancy. As one of the most well-
recognized hormone antagonists, tamoxifen citrate is cur-
rently prescribed for treating patients with ER-positive BC
(9). Tamoxifen plays its role through interfering with cell
proliferation and growth that making it a potent agent for BC
treatment (10-12). Despite the oral bioavailability and first-
pass metabolism in the liver and intestines, the plasma protein
binding of tamoxifen and afimoxifene, particularly to albu-
min, is more than 99% (13). The peak serum level of
tamoxifen happens 3 to 7 h after intake and reaching a steady
stats level takes up to 16 weeks after regular daily adminis-
tration. The American Cancer Society lists tamoxifen as a
known carcinogen, stating that it increases the risk of some
types of uterine cancer while lowering the risk of breast
cancer recurrence (14). Besides, its long-term systemic use
leads to life-threatening hepatotoxicity (as results of oxidative
stress caused by reactive oxygen species), and increasing the
risk of liver and endometrial cancers as well (15, 16). The
above-mentioned issues lead scientists to develop novel
methods for more targeted, controllable, and precise drug
delivery system. Nanomedicine has appeared as an alterna-
tive and modern approach to overcome the current treatment
drawbacks (17-21). Nanodrug-delivery platforms facilitated
targeted delivery of medicinal products and can promote
therapeutic efficacy and reduce undesirable side effects. In
addition, targeted delivery and sustained release of medica-
tions, such as tamoxifen, improves drug pharmacokinetics
(22-25). Niosomes are brilliant examples of pharmaceutical
carriers that function as drug-encapsulating vehicles for
targeted delivery of anticancer drugs within optimized and
definite periods, from hours to weeks, in a sustained release
manner (26-28). These nanocarriers can easily be constructed
viaself-assembly of non-ionic surfactants in a bilayer scale to
generate vesicular structures, with or without cholesterol as
an additive (29, 30). These nanoparticles have many advan-
tages over conventional delivery methods comprising ade-
quate stability, biocompatibility, biodegradability, and non-
immunogenicity(31). Also, niosomes are more cost-effective
and have easier storage of the nonionic surfactants than
phospholipid-containing liposomes. Niosomes are pH-
responsive materials. An acidic pH enhances the hydrolysis
of the surfactant molecules in the periphery of the niosome,
which results in a burst release of the loaded biomolecules
(32, 33). The aim of the present study, as proof of concept,
was to optimize niosomal formulations of tamoxifen in terms
of size, morphology, encapsulation efficiency, and release
kinetics. Different assays were carried out to evaluate the
pro-apoptotic and cytotoxicity impact of tamoxifen-loaded
niosomes in two BC cells, MDA-MB-231 and SKBR3.

MATERIALS AND METHODS

Materials

Tamoxifen citrate was obtained from the Iran Hormone
Company (Tehran, Iran). The MDA-MB-231 and SKBR3 cell
lines were provided by the Pasteur Institute of Iran (Tehran,
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Iran). Dialysis membranes (MWCO 12000 Da) and acetone
were obtained from Sigma-Aldrich (St Louis, MO, USA).
Ethanol (96%), chloroform, methanol, span20, span40,
span60, span80, dimethyl sulfoxide (DMSO), isopropyl alco-
hol, Milli-Q water, sodium dodecyl sulfate (SDS), and
cholesterol (Chol, purity > 98%) were all ordered from
Merck (Darmstadt, Germany). Trypsin-EDTA, Trypan blue,
RPMI-1640 Medium, DMEM (Dulbecco’s modified eagle
medium), PBS (phosphate-buffered saline), FBS (fetal bovine
serum), MTT (dimethylthiazol-2-yl-)-2,5, and penicillin/
streptomycin(PS) 100 x were purchased from Gibco (Grand
Island, NY, USA). Annexin V-FITC flow cytometric kit was
purchased from Affymetrix Biosciences (Santa Clara, CA,
USA). Caspase 3 and caspase 9 kits were provided from
Invitrogen (Camarillo, CA, USA). Finally, RNA extraction
and cDNA synthesis kits were obtained from TransGene
Biotech Co., Ltd. (Beijing, China) (Cat No. ER101-01 and
AE301-02). All the chemicals and reagents which were used
in this study were HPLC and/or analytical grade.

Preparation of Tamoxifen Citrate-Loaded Niosomes

Different niosomal formulations according to surfac-
tant type and lipid to drug molar ratio were prepared
through the thin film hydration method as described
before. Tamoxifen citrate, 10 mg, and different spans (20,
40, 60, and 80) and various amounts of cholesterol
(Table T) were meticulously weighted and dissolved in a
chloroform/methanol mixture (9 mL; 2:1 v/v). The total
mixture was evaporated in a rotary evaporator under
reduced pressure at 60°C at 150 rpm for 30 min until a
thin film was formed. Then, the dried thin layer was
hydrated with a PBS solution (10 mL) adjusted to pH
7.2 at 60°C for 30 min, while being gently mixed at
120 rpm (Fig. 1la). Eventually, the formed niosomal
suspension was sonicated (Hielscher up50H ultrasonic
processor, Germany) for 7 min. To optimize the size of
niosomes, all the variable parameters were adjusted
accordingly.

Characterization of Tamoxifen-Loaded Niosomes

The particle size, zeta potential and polydispersity index
(PDI) of niosomal formulations were determined at 25°C
using a benchtop dynamic light scattering/electrophoretic
light scattering system (Zetasizer Nano S90, Malvern
Panalytical Ltd., Malvern, UK). Scanning electron micros-
copy (NOVA NANOSEM 450 FEI model) was utilized to
analyze the surface morphology of the prepared niosomes.
For imaging by SEM, a thin layer of gold or graphite is
deposited on the surface to make the surface conductive, and
fine samples spread on a conductive film such as aluminum
and thoroughly dried.

Entrapment Efficiency

The suspension of tamoxifen citrate-loaded niosomes
(Th10adea) Was ultra-filtered for 20 min at 4000 g through an
Amicon Ultra-15-membrane (MWCO 30,000 Da)
(Eppendorf® 580R centrifuge, Germany). In the filtration
process, drug-loaded niosomes remained in the upper
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Table I. Composition of different tamoxifen citrate-loaded niosomal formulations

Formulation ID Surfactant Chemical name Structure  HLB Lipid/drug (M ratio) Tamoxifen (mg) Span (mg) Cholesterol (mg)

F1 Span 20 Sorbitan monolaurate C;3H340¢ 8.60 10 10 46.6 52.0

F2 Span 40  Sorbitan C,,H406 6.70 10 10 54.2 52.0
monopalmitate

F3 Span 60 Sorbitan monostearate Cy4Hy606 4.70 10 10 58.00 52.0

F4 Span 80 Sorbitan monooleate  C,4sH4406 4.30 10 10 57.7 52.0

F5 Span 20 Sorbitan monolaurate C;gH3404 8.60 20 10 93.3 104.0

F6 Span 40 Sorbitan CnpH406 6.70 20 10 108.4 104.0
monopalmitate

F7 Span 60  Sorbitan monostearate C,4Hy6Og 4.70 20 10 1159 104.0

F8 Span 80 Sorbitan monooleate  Cy;H4406 4.30 20 10 115.4 104.0

HILBHydrophilic-lipophilic balance; Lipid is the total amount of cholesterol and surfactant; Tamoxifen concentration (1 mg/ml); surf/chol
(1:1 mol ratio); sonication time (7 min)

chamber, and the untrapped drug moved through the filter spectrophotometry (Jasco V-530, Japan Servo Co. Ltd.,
membrane. Then, the concentration of free drug (untrapped) Japan). Finally, Eq. (1) was used to calculate the entrapment
was measured at the wavelength of 236 nm viaUV-Vis efficiency (EE), in which, “A” refers to the amount of the
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Fig. 1. Fabrication and characterization of a tamoxifen-loaded niosomes. a Schematic representation of fabrication and characterization of a
tamoxifen-loaded niosomes; b scanning electron microscopy (SEM) image of the prepared span 80-based niosomes (F8-formulation based); ¢
size alteration during storage and stability test of tamoxifen-loaded niosomes (F8 samples) after 2 months of storage at 4 + 2°C and 25 + 2°C,
d polydispersity index, and e remaining drug in the niosomes (*p <0.05, **p <0.01, and ***p <0.001); f In vitro drug release profile of
tamoxifen from different niosomal formulations including F8 formulations with pH 7.2 (f-D), 6.5 (f-C), and 5.4 (f-B) as well as the tamoxifen
citrate solution (f-A); g Analysis of the particle size distribution of tamoxifen-loaded niosomes (F8-formulation) by dynamic light scattering
(DLS);h Cell viability of MCF10A cells after a 72-h treatment with niosomes, The data are presented as mean + SD, n =5
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initial drug used to load niosomes, and “B” denotes the
amount of the free drug passed through the membrane.

Entrapment efficiency (%) = [(A-B)/A] x 100 (1)

In Vitro Release Study and Kinetic Modeling

The release pattern of tamoxifen citrate from T, joaded
was assessed using the dialysis membrane method (MWCO
12000 Da). The samples (2 mL) were suspended in the
release medium (50 mL), containing 0.5% SDS at pH 7.2, 6.5,
and 5.4, using a magnetic stirrer at room temperature for 72
h. Then the amount of the released drug was evaluated using
236 nm UV-visible spectrophotometry.

To study the release kinetics as well as the mechanism of
drug release from the T, joaded, the data of the drug release
were mathematically analyzed based on the proportional
models in kinetic models’ equations, including zero-order
kinetics, Higuchi model, first-order kinetics, and Korsmeyer—
Peppas equation, by using linear form diagrams.

Evaluation of the Stability of Tamoxifen-Loaded Niosomes

To assess the stability of T, joadeqs the prepared nano-
particles were stored for 2 months in two different conditions
(25 + 1°C (room temperature) and 4 + 1°C (refrigerator
temperature)/60% relative humidity (RH) + 5% RH) and
physical properties such as the size (nm), PDI, and EE (%)
were evaluated at certain time points (14, 30, and 60 days).

MTT Assay

To evaluate the cytotoxicity of T joaded, the cell viability
assay was performed using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) dye reduction kit. In
brief, MDA-MB-231, SKBR3, and MCF10A cell lines were
cultured in 96-well plates at 1x10%cells/well density. After
overnight incubation, different concentrations of T, cadeds
soluble tamoxifen (T,q), Taq. combined with Ty oaded (Tagen-
loaded), and finally, the empty niosomes as vehicles were
added to the plates in eight replicates and incubated at 37°C
for 48 and 72 h. Afterward, 100 pL of MTT (0.5 mg/ml in
PBS) was added to the wells and incubated at 37°C for 4 h.
Then, the supernatants were collected, and 100 pL. of DMSO
was added to each well. The formation of purple formazan
crystals was determined via recording the absorbance at
570 nm by a microplate reader (Biotek Instruments, Winoo-
ski, VT, USA). Using Eq. (2), the percentage of cell viability
for each treatment was calculated.

Cell viability percentage

- (Alrcalmcnt_Ablank)/(Aconlml_Ablank) x 100 (2)

Annexin-PI Flow Cytometry

The impact of treatment of MDA-MB-231 and SKBR3
cells with Ty j0aqeq Were studied by the Annexin V-FITC/PI
double staining assay. In MDA-MB-231 and SKBR3 cells,
apoptotic activity was quantified through apoptosis assay by
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flow cytometry. First, cells were seeded and cultured in 6-cm
cell culture plates at a density of 5x10°cells/well for 24 h
(37°C, 5 % CO,). Then, the cells in four different groups
were treated with Ty jpaded> Tags Tag+n-loaded, and vehicle (ICsg
concentrations), for 72 h, and apoptotic cells were assessed by
Annexin V-FITC/propidium iodide assay kit (Transgene
Biotech, Beijing, China). The cells were centrifuged at 1000
rpm, followed by washing the pellet with PBS and its
resuspension in 250 pL of binding buffer. Then, they were
incubated for 10 min with 2 pL. Annexin V-FITC followed by
propidium iodide (PI) staining. After staining, the flow
analysis by FACSCalibur was used to evaluate the samples
within 1 h.

Quantitative Real-Time PCR

Sample Preparation and RNA Extraction

MDA-MB-231 and SKBR3 cells were cultured and
treated in four different groups, treated with (Tyjoadeq)s
(Tag), (Tagsn-oadea), and vehicle at the ICs, concentrations
for 72 h. The total RNA of the treated cells was extracted by
TriZol (Roche, Switzerland) according to the manufacturer’s
instructions. The quality and quantity of RNA were assessed
through gel electrophoresis and Nanodrop 2000C (Thermo
Fisher Scientific, Wilmington, DE, USA), respectively.

cDNA Synthesis and Quantitative RT-PCR

The cDNA libraries were generated, by mixing a random
hexamer and oligo-dT primers as well as reverse transcriptase
enzyme, utilizing the Prime Script II reverse transcriptase
reagent (TaKaRa, Japan) in a 20 pl total reaction volume.
Specific primers for target genes were designed with the
Allele ID software version 7 (Premier Biosoft International,
Palo Alto, CA, USA) and further blasted using NCBI Primer-
BLAST. Table II shows the primer sequences used in this
study. The real-time PCR amplification was carried out in a
Light Cycler® 96 instrument (Roche, Germany) using SYBR
Premix Ex Taq II (TaKaRa, Japan) to quantify the gene
expressions. Relative quantification of the gene expression

Table II. Primers used in the quantitative real-time PCR

Gene Primers
MMP2 F: 5- F: TTGACGGTAAGGACGGACTC-3’

R: 5- CATACTTCACACGGACCACTTG -3’
CyclinD F: 5'- CAGATCATCCGCAAACACGC-3’

R: 5'- AAGTTGTTGGGGCTCCTCAG-3'
b-actin F: 5- TCCTCCTGAGCGCAAGTAC-3’

R: 5’- CCTGCTTGCTGATCCACATCT-3’
MMP9 F: 5'- GCACGACGTCTTCCAGTACC -3’

R: 5'- CAGGATGTCATAGGTCACGTAGC -3'
Casp3 F: 5'- CATACTCCACAGCACCTGGTTA-3'

R: 5'- ACTCAAATTCTGTTGCCACCTT-3'
Casp9 F: 5-CATATGATCGAGGACATCCAG-3

R: S-TTAGTTCGCAGAAACGAAGC-3
Cyclin E F: 5'- CTCCAGGAAGAGGAAGGCAA-3’

R: 5'- TTGGGTAAACCCGGTCATCA-3'
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levels was performed via normalizing to the S-actin (ACTB)
gene as an internal control. The results were described as
relative fold changes and compared with the control groups.

Caspase activity

The caspase 3 and caspase 9 enzyme activities in the
samples (ICso concentrations) retrieved from MDA-MB-231
and SKBR3 cell lines were assessed by the enzyme-linked
immunosorbent assay (Roche, Germany) according to the
manufacturer’s instructions.

Cell Cycle Analysis

The cell proliferation assessment was accomplished using
propidium iodide (PI) staining. Cells were seeded in 6-well
plates (1 x 10° cells/well) and incubated overnight. The cells
were washed three times with PBS (1000 pL) and treated
with Tpoadea (ICso concentrations) for 72 h. Following the
incubation, the cells were fixed with 70% cold ethanol at 4°©
and stained with 500 pL of the PI solution (containing
RNase) in the dark condition for 20 min at room
temperature. Finally, the samples were analyzed by flow
cytometry. All experiments were performed in three
independent biological replications.

Scratch Assay

To investigate the anti-metastatic features of each
formulation, the “wound-healing” assay was performed. Cells
were cultured in a 6-well plate. The monolayer of cells was
gently scratched and removed using a 200-pl pipette tip. The
detached cells were washed twice with 1X PBS, and a fresh
medium was added to the culture. The Tyjoagea (ICso
concentrations) treated cells were incubated at 37°C, with
5% CO; to evaluate the migration capacity (wound healing
test). After 72 h, the cells were imaged under a fluorescence
microscope (Nikon Eclipse Ti, Nikon Instruments Inc.,
Melville, NY, USA) and compared with their pre-treatment
condition.

Statistical Analysis

In the present study, the data were analyzed and plotted
using GraphPad Prism, version 8 (GraphPad Software, San
Diego, CA). The statistical analysis was carried out using two-
way analysis of variances (ANOVA) test, followed by a post
hoc Tukey. The data were shown as the mean =+ standard
deviation (SD) and p<0.05 was considered statistically
significant. All experiments were performed in three inde-
pendent biological replications.

RESULTS

Preparation of Tamoxifen-Loaded Niosomes

As shown in Table I, the impact of the surfactant type
and lipid/drug molar ratio on the physicochemical properties
and structure of generated niosomes were analyzed for eight
different formulations. Using different commercial non-ionic
surfactants of the span family (including 20, 40, 60, and 80),
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the impact of the surfactant type on the average size and
efficiency of tamoxifen encapsulation was evaluated. More-
over, various formulations of niosomes, with different lipid/
drug molar ratios along with various surfactant types,
exhibited different sizes and PDI (results included in
Table IIT). Interestingly, among the different span surfactants
studied in this work, niosomal formulations containing span
80 appeared in the smallest size. Besides, between different
span 80-based niosomal structures, those with the formulation
of lipid/drug molar ratio of 10 (F4) were the appropriate
niosomes vesicle size. Likewise, the final sample prepared by
span 80 containing the lipid/drug molar ratio of 20 (F8)
showed the highest level of tamoxifen encapsulation
(98.30%) and was consequently considered for further
investigations. As shown in Table III, formulations with the
lipid/drug ratio of 10 were smaller in size than formulations
with the lipid/drug ratio of 20, but in the context of the
encapsulation efficiency, formulations with a lipid/drug ratio
of 20 were more effective than formulations with the lipid/
drug ratio of 10. Finally, F8 was chosen as the optimal
formulation, because of its better characteristics in terms of
the size and drug entrapment efficiency. The size of niosomes
was measured by DLS, and the dimensions reflect the
hydrodynamic diameter of the particles. The size of niosomes
obtained by SEM was less than that obtained by Nano
Zetasizer. The difference in the size measurement between
SEM and DLS methods might be due to the drying process
during the SEM imaging. In the other words, SEM represents
the size of nanoparticles in a dried form (measures exact
diameter of each particle), while DLS measures the hydro-
dynamic diameter of particles that includes core size plus any
molecule attached or adsorbed on the surface of the particle
including ions and water molecules (34, 35).

Morphological Characterization of the Optimized Niosomes

The SEM assessments confirmed that the niosomes had
smooth surfaces as well as a uniform spherical morphology.
Figure 1b demonstrates the SEM image of span 80-based
niosomes following F8 formulation. The nanoniosomes had a
diameter of <50 nm, and in reality, it was smaller than DLS-
based results (Fig. 1g).

Physical Stability, PDI, and EE of Tamoxifen-Loaded
Niosomes

After 2 months, the trend of alterations in the PDI and mean
diameter revealed that at 4 + 2°C, the rate of changes was slower
than 25 + 2°C (Fig. 1c and d). In addition, the retained drug
amount in the niosomal formulations depicted a drug leakage rate
of less than 10% at both temperatures (Fig. le). These data
showed proper physical stability and effective formulation of
generated niosomes. The niosome size and PDI values enhanced
during the storage period. Furthermore, the storage stability of
niosomes generated according to F8 formulation, at 4 + 2°C was
notably higher than that at 25 + 2°C, which might be due to
elevated hydrophobic rigidity of niosomes at the lower temper-
ature. The differences in the particle size and PDI (Fig. 1d)
between the samples stored at 4 and 25°C were only significant at
day 60 (p < 0.001), while for the EE (remained drug in niosomes),
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Table III. Niosomes size, polydispersity index (PDI), and EE% of tamoxifen citrate-loaded niosomes prepared by thin film hydration method

Formulation Vesicle size (nm) mean + SD) Polydispersity index (mean + SD) EE (%) (mean + SD)
F1 280.50+13.05 0.273+0.018 89.65+1.67
F2 227.80+7.84 0.198+0.012 90.88+2.12
F3 208.20+8.57 0.219+0.017 91.93+1.02
F4 139.20+6.66 0.228+0.007 94.86+0.73
F5 352.17+13.32 0.232+0.017 92.81+1.05
F6 281.73+15.68 0.224+0.045 92.78+1.20
F7 239.50+6.10 0.213+0.013 96.51+1.36
F8 167.47+8.64 0.208+0.033 98.30+0.97

Results are presented as mean + SD, n=3

they were significant at days 14 (p < 0.05), 30 (p <0.001), and 60 (p
< 0.001) (Fig. 1e).

The In Vitro Release Pattern of Tamoxifen From Niosomes

Figure 1f illustrates the tamoxifen release pattern from
niosomes. The release profiles showed that the niosomal
formulations at different pH values have a specific controlled
release pattern of tamoxifen over a period of time up to 24 h.
During the first 24 h, more than 90% of the drug passed
through the dialysis membrane into the phosphate buffer,
containing 0.5% SDS. Niosomes composed of span 80 and
cholesterol, generated according to the F8 formulation, at pH
7.2 showed the lowest tamoxifen release rate compare to the
same formulation (F8) at other pH values (6.5 and 5.4). This
is illustrated in Fig. 1f.

To analyze the release kinetics of the different formula-
tions, multiple kinetic models were evaluated (36)(Table IV
describes each model). In all models, the highest linear
regression coefficient (R?), close to 1, represents the most
reliable kinetic model for the release pattern of each sample.
As observed in Table IV, all samples (F8 formulation-based
Thi0adea and T,y at different pH values) in the Korsmeyer—
Peppas model exhibited n <0.45, which demonstrated the
Fickian diffusion release mechanism of this drug. This value
was used to quantify the amount of tamoxifen molecules
released from the niosomes (37).

In Vitro Cell Viability

To evaluate the cytotoxic and anti-proliferative effects
of tamoxifen in four groups, i.e., empty niosomes (vehicle),
the soluble drug (T, ), drug-loaded niosomes (Ty.ipadeda), and
the combination of T,y and Ty oadea (Tag. + Tn-ioadea: 1:2
v/v), MTT assay performed on both breast cancer (BC) cell
lines and healthy (normal) breast cell line. Treatment of both
BC cell lines with T,joagea (based on Fg formulation)
resulted in a significant decrease in cell viability compared
to Tyq. (p < 0.001) and the vehicle (p < 0.001) (Fig. 2c and d).
This result could be related to the acidic environment around
the cancer cells, which facilitates drug release from the T,
loadea and was also consistent with the drug release data at
the acidic pH (Fig. 1f). Furthermore, the combination of
Taq.+ n-loadeds 1:2 v/v had a higher inhibitory effect on the BC
cells compared to the T,y (p < 0.001) in both cell lines and
Thooaded (p < 0.001) in the MDA-MB-231 cell line. Thus, the

treatment of cancer cells with T oadea and Tagq + n-loaded
showed a better cytotoxic effect compared to the T,q treated
cells. Therefore, the encapsulation of tamoxifen by niosomes
appeared to enhance the anti-proliferative activity of the
drug. Figure 2a and b show a significant decrease (p < 0.05)
was observed in the IC50 values (Table V) of cancer cells
after 72 h in the vehicle, Ty -, Thooadeda-> and Taq 4+ n-l0aded-
treated groups compared to the 48-h treatment. The results
also indicated that the vehicle had no significant toxicity on
MCF10A cells after the 72-h treatment (Fig. 1h) that
indicating the proper biocompatibility for application as a
drug delivery system.

Quantitative Real-Time PCR

The relative expression analysis of crucial genes involved
in apoptosis, angiogenesis, cell cycle, and tumor invasion
pathways were assessed at the transcriptional levels (Figs. 3
and 5). It was demonstrated that in both MDA-MB-231 and
SKBR3 cell lines, the expression levels of caspase 3 and
caspase 9 were significantly increased in the groups, treated
with soluble tamoxifen (T ,,), tamoxifen-loaded niosomes
(Th-0adea), and a combination of both (Tag+ n-oadea) com-
pared to the untreated group. Besides, the differences
between the (Tyq. + n-oadea) group vs. (T yioadea) group were
significant (p < 0.001) for the MDA-MB-231 cells; however,
the discrepancy was not significant (p > 0.05) in SKBR3 cells.

In MDA-MB-231 cells, significant downregulation of
Cyclin D in the (T j.0adea)- and (Tag, + nooadea)-treated groups
were detected, compared to the control (p < 0.05 and p < 0.001
respectively) and between the (T,q)- vs. (Taq. + n-ioadea)-treated
groups (p < 0.01) as well. Additionally, in SKBR3 cells, the
(Taq.)'a (T n»loaded)': and (T aq. + n-loaded)'treated groups exhibited
a significant decrease in the Cyclin D expression levels
compared to the control group (p < 0.05, p < 0.001, and p <
0.001 respectively). In addition, a significant decrease was noted
in the (T n-loaded)' and (T aq. + n-loaded)'treated groups in
comparison with the (T,y)-treated group, (p < 0.001). Investi-
gating the relative mRNA expression of Cyclin E in both the
MDA-MB-231 and SKBR3 cells, we identified a significant
decrease in the (T ;.0adea)- and (T ag + n-ioaded)-treated groups vs.
controls (p < 0.01 for MDA-MB-231 cells, and p < 0.001 for
SKBR3 cells, respectively). The (T j.i0adea)- and (T aq. + n-oaded)-
treated groups showed declined levels compared to the (T, )-
treated group (p < 0.01) in MDA-MB-231 cells. Moreover, a
significant decrease was noted in the (T ,.0adea)- and (T g+ n-
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Table IV. Different kinetic models and their parameters for release pattern of tamoxifen from T, joadea

Release model Equation R? at 37°C
F8 (pH=7.2) F8 (pH=6.5) F8 (pH=5.4) T.q. (PH=72)
Zero-order C=Co+Kot R?=0.6886 R?*=0.7321 R*=0.7461 R?=0.7194
Korsmeyer—Peppas M/M, =K/ R?*=0.8568 R*=0.8915 R?=0.9269 R?*=0.9187
n*=0.4394 n#=0.3941 n*=0.3273 n*=0.3715
First-order LogC=LogC0+K/2.303 R*=0.7545 R*=0.8138 R?=0.8456 R*=0.9756
Higuchi O=Kyt R?=0.9809 R>=0.9877 R?=0.9846 R*=0.9754

*Diffusion or release exponent
R? linear regression coefficient

loadea)-treated groups in comparison with (T,q) (p < 0.001) in
SKBR3 cells (Fig. 3). The expression of MMP2 and MMP9 in
MDA-MB-231 showed reduced levels in the T .4, T n.10aded, and
T aq. + n-loaded groups vs. controls (p < 0.05, p < 0.001, and p <
0.001, respectively) and between the (T p.joadea)- and (T g, + n-
loaded)-treated groups in comparison with (T,q ) (p < 0.01). The
decreasing trend of MM P2 was also observed for SKBR3 cells in
the mentioned groups (p < 0.01, p < 0.001, and p < 0.001
respectively). Furthermore, significantly decreased levels of
MMP9 were identified in the (T ;.0adea)- and (T 4q.+ n-oaded)-

treated groups, compared to the control group, and in the (T,
loaded)' and (Taq. + n—loaded)'treated groups, Compared to (Taq.)'
treated cells in SKBR3 line (p < 0.001) (Fig. 5).

For VEGFRI, a significant reduction was observed in the
expression levels in the (Ty.j0adea)- and (Tag, + n-l0adea)-treated
groups vs. control in both the MDA-MB-231 and SKBR3
cells (p < 0.001). The differences between the (T,q)-treated
group Vs. (Thioaded)- and (Taq. 4+ n-loaded)-treated groups were
also significant (p < 0.01) for both the BC cell lines.

MDA-MB-231 SKBR3
4 a b
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Fig. 2. a, b Comparison of IC50 in different groups at 48 and 72h in a MDA-MB-231 and b SKBR3 cell
lines using MTT assay; ¢, d The effect of time on the IC50 values for different samples against c MDA-MB-
231 and d SKBR3 cell lines using the MTT assay
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Table V. IC50 calculation in different treated groups

Cell line Time (h) IC50 (pg/mL) of cancerous cells treated with
Taq. Tn-loaded Taq. + n-loaded (1:2’ V/V) Vehicle
MDA-MB-231 48 153.85+1.35 76.39+1.50 46.87+1.22 347.98+2.29
72 142.69+1.84 58.56+0.91 40.43+1.72 328.79+2.69
SK-BR-3 48 149.37+1.81 50.76+1.73 35.16+1.94 284.96+2.84
72 132.651.64 31.25+1.20 29.87+1.33 277.83+2.21

Apoptosis Evaluation, Annexin-PI Flow Cytometry

Apoptosis of breast cancer cells after treatment was
evaluated by double-staining the cells using annexin V, fluores-
cein isothiocyanate (FITC), and propidium iodide (PI). Apo-
ptosis was induced after treatment of cancer cells at the IC50
concentration for each group and analyzed 72 h after incubation.
Figure 4a and b quantified apoptosis in MDA-MB-231 cells and
SKBR3 cells. The results demonstrated that encapsulation of
tamoxifen in niosomes (T ;joadeq) and combined treatment of
cells (Taq + nioadea; 1:2 V/v) significantly enhanced the total
apoptosis rate in both cell lines compared to the soluble form
(Tag)- The analysis also showed that the apoptosis rates in the
BC cell lines treated with (T i0adea) and (Taq. + n-oadea) Were
significantly (p < 0.001) higher compared to the (T,q) and
control groups (p < 0.001) (Fig. 4a and b). The results were also
consistent with the MTT assay results.
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Cell Cycle Assessment

The impacts of treatment with T,y and Tyioagea On the cell
cycle in different groups were investigated using flow cytometry
(Fig. 4c and d). The treatment with (Tyjoadeq) and combined
treatment group (Tioadea and Tag, + nioaded; 1:2 V/V) resulted in
shifting towards a sub-G1 phase of the cell cycle in both studied BC
cells, i.e., MDA-MB-231 cells: 11.885 % for Tp0aded, and 23.575 %
for Thoaded and Tag, + nioadea; SKBR3 cells: 20.750% for T q.0adeds
and 33.370% for T ,j0adea and T o, + niioadea- These trends were in
association with the enhanced apoptosis rate, observed in MDA-
MB-231 and SKBR3 cells discussed in the previous section.

Scratch Assay

Scratch assay was employed to pursue the effect of
treatment with (Taq.)’ (Tn-loaded)v (Taq. + n-loaded), and vehicle

SKBR3

Caspase 3 Caspase 9

Cyclin D

1.2 ——y
= 3
- -
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e VEGFR-1

Fig. 3. The relative mRNA expression evaluation. a, b Caspase 3 and caspase 9, ¢, d CyclinD, and CyclinE, and e VEGFR-I genes in MDA-
MB-231 and SKBR3 cells after treatment. The Tyq + n-10adea treatment refers to the 1:2 mixture of the tamoxifen solution (T,q) and tamoxifen-
loaded niosome (T y,.0adea)- The vehicle is the niosomal formulation without drug encapsulation. The IC50 was used for each sample; (*p

<0.05, **p <0.01, and ***p <0.001).
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Fig. 4. a, b The quantitative apoptosis rate analysis of a MDA-MB-231 and b SKBR3 cells after treatment;
¢, d Cell cycle analysis of different samples for ¢ MDA-MB-231 and d SKBR3 cells (*p <0.05, **p <0.01,

and **#*p <0.001)

groups on the motility and migration capacity of the MDA-
MB-231 and SKBR3 cells. A notable reduction (p < 0.001)
was observed in the percentage of the migrated cells in Tyq.
n-loaded- aNd T joaged-treated groups compared to the T,q and
control groups (Fig. 5).

Caspase Activity

Figure 6 displays the comparison of the caspase 3 and 9
activities. In the MDA-MB-231 cells, the similar activity
pattern of both caspase 3 (Fig. 6a) and caspase 9 (Fig. 6c)
indicated the same trend. The caspase activity in the groups
treated with T,y, Thioadeds and (Tag. + n-oaded) Trevealed
significantly increased caspase 3 activity levels compared to
the control group (p < 0.001). This increased level of activity
in the Taq-, Thioaded=> and T g, 4+ nooaded-treated groups were
also significantly higher than the vehicle group (all p values
were less than 0.05). Likewise, significant upregulation of the
caspase 3 activity was observed in the (T,q. + n-loadea)-treated
group, compared to the Toq. and (Tp_joadea) groups (p < 0.05).

For the SKBR3 cells, the (Tn—loaded)' and (Taq. + n—loaded)'
treated groups displayed a significant increase in the caspase
3 activity, compared to the control group (both p < 0.001).
Further, the caspase 3 activity (Fig. 6b) in these two groups
was significantly incremented in comparison with the cells

treated with only niosomes (p < 0.001). A considerable
increase in the caspase activity observed in (Tp.oadeq)- and
(Taq + n-loadea)-treated groups vs. Tyy-treated cells (p < 0.001).

For the caspase 9 activity (Fig. 6d), upregulated levels
were seen in the T,q-treated group in comparison with
vehicle-treated cells (p < 0.01). The (Ty.joaded)-treated group
also showed a significant elevation in the caspase 9 activity
compared to the vehicle and the T,y -treated groups (p <
0.001, p < 0.001). Moreover, the caspase 9 activity in the T,q, .
n-loadea-treated group was significantly higher than the levels
of caspase 9 in the vehicle, T,q, and Ty jpageq-treated groups
(p values < 0.001, < 0.001, and p < 0.05 respectively).

DISCUSSION

One of the major challenges in the efficient treatment of
breast cancer is effective and targeted drug delivery. The
unwanted cytotoxicity is the main side effect of chemotherapy
that limits the therapeutic effects (38, 39). Recent studies
indicated that niosomes could be a promising tool for
consistent and targeted drug delivery (4). Niosomes are
synthetic nanoscale carriers for drug delivery, in which the
medication is localized inside the nano vesicular structure.
Niosomes primarily consist of an aqueous core encompassed
by bilayer, comprised of cholesterol and one or more non-
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Fig. 5. The relative mRNA expression of a, b MMP-2 and ¢, d MMP-9 genes in MDA-MB-231 and SKBR3 cells after treatment. The T,q,
n-loaded Tefers to the 1:2 mixture of tamoxifen solution (T,q) and tamoxifen-loaded niosome (Ty.0aded)- The vehicle is the niosomal
formulation without drug encapsulation. The IC50 data was used for each sample; e, f The migration rate in wound healing test quantified in
both cell lines after treatment with (Tag.), (Th-i0aded)s and (Tag. + n-loadea) and presented as bar plots. (*p <0.05, **p <0.01, and ***p <0.001); g,
h Wound healing test was used to evaluate the migration capacity of cancer cells under treatment of different formulations. Magnifications of

the images are 10x

ionic surface-active agents (40, 41). Niosomes are more cost-
effective and stable than liposomes. As a result, researchers
were encouraged to apply niosomes in their studies.
Niosomes are biocompatible, biodegradable, non-toxic, non-
immunogenic, and non-carcinogenic nanoparticles. These
features have made them promising carriers for sustained-
release of drugs (41-43). In this study, we evaluated the
impact of optimizing certain factors such as lipid:drug molar
ratio and type of surfactant on size, PDI, and entrapment
efficiency of niosomal formulations. The type and amount of
each substance determine the physicochemical characteristics
of the final product. The results of the synthesis of niosomes
showed that the formulations with span 80 and lipid: drugs
molar ratio (10 and 20) were resulted in suitable niosomes in
terms of size, PDI and EE criteria, which is due to the
increase in hydrophobic chain length in the structure of span
80 surfactant compared to span 20. The interaction of the
tamoxifen encapsulated in the structure of the niosome with
cholesterol and hydrophobic surfactant chains are the other
factors (44). In niosomal structures, due to the hydrogen
bonds between the hydroxyl groups and the alkyl chain of the
surfactant, an interaction is established between cholesterol
and the surfactant, which leads to the fluidity of the bilayer
chains by increasing the vesicle transfer temperature and
improving stability (4, 45-47). Cholesterol can also have a
stabilizing effect due to its distribution between the two layers
of the niosome membrane and increasing the entrapment
efficiency (48-50). Examination of SEM microscope images
showed differences in the size of niosomal structures com-
pared to “Nano zetasizer” results. One of the reasons for the

difference observed in the results is the drying of the samples
in the process of preparation for SEM imaging. In DLS
setting, the niosomes are hydrated, so that their hydrody-
namic diameter is measured. Hydrodynamic diameter consists
of the nucleus plus any molecule attached on the surface (ions
and water) (51-53). Studies have confirmed that niosomes
have the ability to control drug release in a two-phase process
(54-56). Initially, the drug is released from the niosomal
structure rapidly, and then, as the rate decreases, the release
is controlled. In this process, the burst release happens due to
the release of the drug from the outer surface of the
niosomes, while the second phase seeks to release the drug
through the bilayer membrane of the niosomes (55, 57).
Stability study of niosomal structures showed that the mean
diameter of the optimal formulation increased during storage
time. Also, the particle size stored at 25°C was much larger
than those stored at 4°C, and in addition, the EE% of the
drug was reported to be lower at 25°C. It may be related to
higher fluidity of lipid vesicles at higher temperature and
leads to high drug leakage. Further, application of cholesterol
in the structure of niosomes enhanced its performance in
terms of EE%, storage time, permeability, and stability (58).

In the present study, we fabricated a niosome-based
vehicle for the delivery of tamoxifen to improve the
cytotoxicity effect and apoptosis induction. The treatment
with (T pioadea and (T ag. + nooadea) Tesulted in decreased
viability and reduced the relative expression of MM P2, cyclin
D, and cyclin E. This treatment blocked the cell cycle and
induced apoptosis in the MDA-MB-231 and SKBR3 cells.
The treatment with tamoxifen-loaded niosomes also
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increased the caspase 3 and caspase 9 mRNA expression and
activity as well. Our results showed that the cytotoxic effects
of tamoxifen-loaded niosomes were significantly higher than
those in the control group. Birangi et al.(12) and Kanaani
et al.(59) also showed that niosomal formulation of anticancer
drugs could increase the cytotoxicity effects. It was also
indicated that niosomal formulation could increase apoptosis
rate and block migration capacity of BC cells (11). Moreover,
it was shown that niosomes could effectively entrapped in
cancer cells through phagocytosis and directly deliver the
loaded therapeutics to them and thereby decreasing major
side effects (4, 59). As a result, it could provide a sustained
release of the drug and lower the toxicity for the normal
neighboring cells.

The cell cycle and apoptosis induction analysis indicated
that the effect of treatment with the niosome-loaded drug was
higher than that of soluble aqueous tamoxifen. In consistence
with the previous studies, this might be because of the
structural characteristics of niosomes (4, 60), in which the
presence of cholesterol could cause structural stability and

integrity of niosomes. Cholesterol is one of the crucial factors
in the entrapment of tamoxifen and could control the release
pattern of the drug (56, 60).

Altogether, our data have shown that tamoxifen-
loaded niosomes can decrease the proliferation rate and
induce cell cycle arrest and apoptosis in BC cell lines.
However, more investigations are recommended to ex-
plore the in vivo side effects of niosomes and develop
more practical protocols. In conclusion, our study indi-
cated that tamoxifen-loaded niosomes have greater cyto-
toxicity effects and apoptosis induction compared to
soluble aqueous tamoxifen.
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