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Abstract Tin oxide nanoparticles (SnO2 NPs) demonstrate potential anti-cancer functions. How-

ever, the anti-cancer mechanisms of SnO2 NPs have not been explored in detail. In the present

study, we synthesized SnO2 NPs through laser ablation technique and examined their anticancer

mechanisms and the probable involvement of the PI3K/AKT mediated pathways in human breast

cancer cells (MCF-7) in vitro. The synthesized SnO2 NPs were characterized by transmission elec-

tron microcopy (TEM), dynamic light scattering (DLS), and Fourier-transform infrared spec-

troscopy (FTIR) techniques. Afterwards, the breast cancer cells were incubated with increasing

concentrations of SnO2 NPs, and inhibition of cell proliferation was assessed by the viability assay.

Furthermore, the quantification of reactive oxygen species (ROS) and apoptosis were examined by

flow cytometry followed by superoxide dismutase (SOD) and catalase (CAT) activity as well as

mitochondrial membrane potential assays. The expression levels of phosphoinositide 3-kinase

(PI3K), protein kinase B (AKT), mechanistic target of rapamycin (mTOR), B-cell lymphoma 2

(Bcl-2), and Bax were also assessed by western blot and quantitative real time PCR (qRT-PCR).

It was shown that SnO2 NPs, 30 nm, with potential colloidal stability selectively prevented the pro-

liferation of MCF-7 in comparison with MCF-10A cells and triggered ROS production, apoptosis,
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deactivation of SOD and CAT activity, and mitigation of mitochondrial membrane potential.

Moreover, SnO2 NPs stimulated mitochondrial-mediated apoptosis pathway by overexpression

of Bax/Bcl-2 and downregulation of p-PI3K/p-AKT/p-mTOR signaling pathway. This data eluci-

dates the possible mechanisms by which SnO2 NPs may stimulate their anticancer effects.

� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Despite the use of treatment strategies such as surgery,

chemotherapy and radiotherapy, the mortality rate in patients
with breast cancer is still high, which indicates the ineffective-
ness of these treatment strategies (Abdel-Rahman, 2018). The

destructive effect of chemotherapy and radiation therapy on
normal cells is also one of the other disadvantages of this type
of treatment (Brundha et al., 2019). Development of nano-
based platforms that have anticancer properties is effective in

preventing and reducing the incidence of cancer (Ansari
et al., 2020; Khan et al., 2020; Khan et al., 2020). According
to the mentioned points, in recent years, the tendency to use

nanoparticles (NPs) with anticancer properties is increasing
(Ansari et al., 2020; Khan et al., 2020; Khan et al., 2020).
Among these, tin oxide (SnO2) NPs have been identified as

one of the most effective anticancer compounds due to their
appropriate efficacy and potential compatibility at low concen-
trations (Ahmadabad et al., 2021). For example, it has been

shown that SnO2 NPs show potential albumin binding and
anticancer effects activity against MCF-7 cells (Ahmadabad
et al., 2021). Also, it has been shown that SnO2 NPs can be
developed as promising anticancer platforms against cervical

carcinoma (Ma et al., 2020).
There are different methods of nanomaterial synthesis such

as physical or chemical vapor deposition, sol-gel, pulsed laser

ablation, thermolysis, and solution combustion (Kolahalam
et al., 2019).

In the last few decades, the fabrication of a wide range of

NPs by pulsed laser ablation method in liquid phase has
received a great deal of interest in different biomedical areas
(Honda et al., 2017; Musaev et al., 2013). Actually, relative
to other approaches, this approach is known as a simple and

green method that normally works in various liquids (Zeng
et al., 2012), and is capable of producing NPs at a potential
rate per minute. It has been shown that liquid medium can

play a key role in the size and shape of SnO2 NPs synthesized
by pulsed laser ablation (de Monredon et al., 2002). Also, it
has been reported that optical characteristics of SnO2 NPs fab-

ricated by this method can be influenced by laser ablation time
duration and laser power (Desarkar et al., 2012).

Although it has been reported that SnO2 NPs can show

anticancer activities, the signaling pathways involved in the
antiproliferative effects of these NPs against breast cancer cells
(MCF-7) have not been fully elucidated. Therefore, the main
objective and novelty of this work is to explore the anticancer

effects of SnO2 NPs synthesized by pulsed laser ablation
method against breast cancer cells (MCF-7) through downreg-
ulation of PI3K/AKT/mTOR signaling pathway.
2. Materials and methods

2.1. Materials

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bro-

mide (MTT), Roswell Park Memorial Institute (RPMI-1640),
and fetal bovine serum (FBS) were obtained from Sigma-
Aldrich (USA).

2.2. Synthesis of SnO2 NPs

The synthesis of SnO2 NPs by pulsed laser ablation tech-
nique was done based on a previous report by Tian et al.

study (Tian et al., 2011) with some minor modifications. A
tin plate was fixed, the vessel filled by 15 ml double distilled
water (DDW), ablated for 50 min by 1064 nm Nd:YAG

laser with a 8 Hz pulse repetition rate, 5 ns pulse duration,
and 100 mJ pulse energy density (Tian et al., 2011). The
other remaining set up was similar to the Tian et al. study

(Tian et al., 2011).

2.3. SnO2 NPs characterization

Transmission electron microscopy (TEM, Zeiss, EM10C,
80KV, Germany) was used to determine the diameter and
morphology of SnO2 NPs. The synthesized NPs were diluted
with deionized water, sonicated for 30 min, dropped on carbon

coated copper grids, air-dried for 30 min, and the image was
taken. The size and charge distribution of synthesized SnO2

NPs were explored by dynamic light scattering (DLS, Broo-

khaven, Holtsville, USA). The Fourier transform infrared
(FTIR) spectroscopy (SHIMADZU, INDIA) was also done
to analyze the vibration modes of Sn-O bonds.

2.4. Cell culture

The MCF-7 and MCF-10A cells were cultured in RPMI-1640
medium containing 10% FBS, and 1% streptomycin and peni-

cillin (100U/ml) at 37 �C in a 5% CO2 humidified incubator.

2.5. MTT assay

To explore the SnO2 NPs-induced cytotoxicity on MCF-7 and
MCF-10A, the cells were incubated with varying concentra-
tions of SnO2 NPs (0.01–100 lg/mL) for 24 hrs. Afterwards,

MTT assay was done to measure the viability of cells at 570
employing an ELISA reader (Expert 96, Asys Hitch, Ec
Austria).

http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1 Primers used for qRT-PCR.

Gene Gene Primers used

PI3K F:50-GGAAGCCCTCCAGAAAGGTC-30

R:50-GCACTCGGAAGTTGAATGGC-30

AKT F:50-CAGTGGACCACCTTCGTTGA-30

R:50-ACAGAGTCGGCCACTGATTG-30

mTOR F:50-TTCCTGAACAGCGAGCACAA-30

R:50-GTAGCGGATATCAGGGTCAGG-30

Bax F:50-AGCAAACTGGTGCTCAAGGC-30

R:50-CAGGGACATCAGTCGCTTCAG-30

Bcl-2 F:50-F-CTTTGAGTTCGGTGGGGTCA-30

R:50-GGGCCGTACAGTTCCACAAA-30

b-actin F:50-TGGAACGGTGAAGGTGACAG-30

R:50-AACAACGCATCTCATATTTGGAA-30
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2.6. ROS assay

The SnO2 NPs-induced generation of intracellular ROS was
investigated based on DCFDA/ H2DCFDA - Cellular ROS
Assay Kit (ab113851). Briefly, after treatments of MCF-7 cells

with IC50 concentration of SnO2 NPs, the cells were collected,
added by 20 ll of DCFH-DA (30 lM), and incubated for
60 min. The fluorescence intensity of the samples was then
assessed using flow cytometry (FACSCalibur; BD Biosciences,

San Jose, CA, USA).

2.7. Apoptosis assay

After treatment of cells with IC50 concentration of SnO2 NPs
for 24 hrs, cells were collected, re-suspended in 400 ml of
Annexin V binding buffer, and added by 10 ml of Annexin

V-FITC and. The percentage of apoptotic cells was then deter-
mined through flow cytometry (FACSCalibur; BD Bio-
sciences, San Jose, CA, USA).

2.8. Mitochondrial membrane potential assay

The cells were washed in PBS, added by tetraethyl benzimida-
zolyl carbocyanine iodide (JC-1) solution (10 mM), incubated

for 20 min at 37 �C, washed with PBS, treated with IC50 con-
centration of SnO2 NPs for 24 hrs, and analyzed on a flow
cytometry (FACSCalibur; BD Biosciences, San Jose, CA,

USA).

2.9. Superoxide dismutase (SOD) and catalase (CAT) activity
assays

SOD and CAT assay kits (Abcam, UK) were utilized to assess
enzyme activities. Briefly, after treatment of the cells, homog-

enization, centrifugation, the protein concentration in the
supernatant was determined by BCA kit (Sigma, USA). After-
wards, 50 ll of kit reagent was added to 30 mg protein and
mixed for 30–60 s at 500 rpm. The absorbance was then read

using an ELISA reader (Expert 96, Asys Hitch, Ec Austria).

2.10. Quantitative real time PCR (qRT-PCR) analysis

After treatment of cells, total RNA was extracted using
TRIzol reagent (Thermo Fisher Scientific, USA) followed by
synthesis of cDNA (RevertAid first-strand cDNA synthesis

kit, Takara). The primer sequences are tabulated in Table 1.
qRT-PCR was carried out using an ABI Detection System

(Thermo Fisher Scientific) with SYBR� Premix TaqTM II

(Takara). The relative expression levels of studied mRNA were
normalized relative to GAPDH as a housekeeping gene. The
2�DDCT method was used to report the data.

2.11. Western blot analysis

After treatment of the cells, homogenization, and centrifuga-
tion at 12,000 rpm for 15 min, protein concentration was cal-

culated by BCA protein assay kit (Thermo, USA).
Afterwards, proteins were isolated with SDS-PAGE followed
by transferring to polyvinylidene fluoride (PVDF) membrane,

soaking in skim milk (5%) for 3 hrs, dipping in primary anti-
bodies (b-actin, Bax, Bcl-2, p-PI3K, p-AKT, p-mTOR,
1:1000, Abcam, UK) diluted with 5% serum protein, shaking

for 12 h, and finally incubating for 2 hrs with the secondary
antibodies (1:2000, Abcam, USA). After washing, the mem-
brane was used to express the level of proteins using a chemi-

luminescent imaging analysis system (Thermo Fisher
Scientific, USA).

2.12. Statistical analyses

One-way analysis of variance (ANOVA) was performed by
using SPSS and the data were displayed as mean ± SDs. All
data were reported as mean ± SD, n = 5.

3. Results

3.1. Characterization of synthesized SnO2 NPs

The diameter and morphology of SnO2 NPs synthesized by

pulsed laser ablation technique in DDW were determined by
TEM technique as shown in Fig. 1a. It was shown that synthe-
sized SnO2 NPs have a size of around 30 nm (based on average

diameter of around 200 NPs) with a uniform distribution and
spherical morphology. DLS study showed that the size of fab-
ricated SnO2 NPs in the aqueous solution was around

119 ± 19.37 nm (Fig. 1b) with a zeta potential of around
�28.03 ± 7.93 mV (Fig. 1c), revealing the moderate colloidal
stability of fabricated NPs. Fig. 1d also displayed the FTIR
spectrum of synthesized SnO2 NPs. It was determined that

the bands at 790 and 588 cm�1 are associated with the SnAO
and OASnAO stretching and bending modes of SnO2 NPs,
respectively (Chand, 2019).

3.2. MTT assay

Fig. 2 displays a concentration-dependent growth inhibition

of MCF-7 and MCF-10A cells, whereas this inhibitory
effect was more pronounced against MCF-7 cells. The
IC50 values were determined as 10.03 ± 1.96 lg/mL for

SnO2 NPs -treated MCF-7 cells and > 50 lg/mL for
SnO2 NPs -treated MCF-10A cells. Therefore, for further
experiments, the MCF-7 cells were treated with 10 lg/mL
of SnO2 NPs.



Fig. 1 (a) TEM image, (b) hydrodynamic radius, (c) zeta potential, (d) FTIR spectrum of SnO2 NPs synthesized by pulsed laser ablation

technique.
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3.3. ROS and apoptosis assay

The ROS assay demonstrated that the DCF intensity in MCF-

7 cells exposed to IC50 concentration of SnO2 NPs (10 lg/mL)
for 24 hrs increases, whereas this increase in DCF intensity was
inhibited in the presence of NAC (20 lM) (Fig. 3a). Statistical

analyses indicated there was a significant increase
(***P < 0.001) in the generation of ROS upon incubation
Fig. 2 Effect of SnO2 NPs on cell viability of MCF-7 and MCF-

10A cells. After treatment with different concentrations of SnO2

NPs ranging from 0.01 mg/ml to 50 mg/ml for 24 hrs, the cell

viability was assessed by MTT assay. All data were reported as

mean ± SD from five independent experiments. *P < 0.05,

**P < 0.01, ***P < 0.001 relative to the control group.
of cells with SnO2 NPs, which was remarkably (##P < 0.01)
reversed upon co-incubation of SnO2 NPs-treated cells with
NAC (Fig. 3d). Apoptosis induction in MCF-7 cells by SnO2

NPs was further assessed by flow cytometry assay. Fig. 3C dis-

plays that control cells did not show any significant increase in
Annexin V fluorescence intensity, whereas SnO2 NPs -treated
cells become apoptotic after 24 hrs as evidenced by a signifi-

cant increase in the percentage of Annexin+ cells (Fig. 3d).
Similarly, co-incubation of SnO2 NPs-treated cells with NAC
resulted in a significant (##P < 0.01) inhibition of apoptosis

through reduction of percentage of Annexin+ cells (Fig. 3 c,d).

3.4. Enzyme activity and mitochondrial membrane potential
assays

The SOD (Fig. 4a) and CAT (Fig. 4b) activities were signifi-
cantly decreased (**P < 0.01 or ***P < 0.001) in cells
exposed to SnO2 NPs for 24 hrs compared to control cells.

Also, the membrane potential was greatly decreased after incu-
bation of MCF-7 with SnO2 NPs for 24 hrs (Fig. 4c). However,
it was seen that the reduction in antioxidant enzyme activity

and membrane potential was reversed in the presence of
NAC. These results are consistent with ROS and apoptosis
assays, suggesting the possible role of ROS in inducing

mitochondrial-mediated apoptosis in MCF-7 cancer cells.

3.5. Molecular mechanism

3.5.1. Targeting PI3K/AKT/mTOR signaling pathway

The inhibition of the PI3K/AKT/mTOR pathway could be a
potential strategy for cancer treatment (Antonsson, 2001;



Fig. 3 Effect of the SnO2 NPs (10 mg/ml) for 24 hrs on ROS production and apoptosis in MCF-7 cells as quantified by flow cytometry.

(a) DCF plot, (b) statistical analysis of DCF intensity, (c) Annexin intensity, (d) statistical analysis of Annexin+ cells. ***P < 0.001

relative to the control group; ##P < 0.01 relative to SnO2 NP-treated group.

Fig. 4 Effect of the SnO2 NPs (10 mg/ml) for 24 hrs on SOD and CAT activity as well as mitochondrial membrane potential in MCF-7

cells. (a) SOD activity, (b) CAT activity, (c) mitochondrial membrane potential. **P < 0.01, ***P < 0.001 relative to the control group;
#P < 0.5, ##P < 0.01 relative to SnO2 NP-treated group.
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Sharifi et al., 2020; Porta et al., 2014). We have explored the
expression of PI3K, AKT, and mTOR mRNA in the MCF-7

upon incubation with SnO2 NPs for 24 hrs (Fig. 5a). Our data
showed that the MCF-7 cells treated with SnO2 NPs showed
enhanced level mRNA expression for PI3K, AKT, and mTOR

(Fig. 5a). Conversely, the expression pattern of protein



Fig. 5 Effect of the SnO2 NPs (10 mg/ml) for 24 hrs on mRNA and protein expression in MCF-7 cells. (a) qRT-PCR, (b) western blot.

*P < 0.05, **P < 0.01, relative to the control group.
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p-PI3K, p-AKT, p-mTOR is downregulated in MCF-7 cells
(Fig. 5b).

3.5.2. Targeting mitochondrial dysfunction and apoptosis

Targeting mitochondria can be employed as a promising ther-
apeutic approach for development of anticancer platforms
(Costa et al., 2018; Tewari et al., 2019; Mkandawire et al.,

2015). In our study, we have examined the probate changes
involved in the mRNA and protein expression of Bcl-2 and
Bax for MCF-7 upon incubation with SnO2 NPs for 24 hrs

(Fig. 5 a, b). These proteins play a key role in regulating the
apoptosis via the mitochondria (Mallick et al., 2018). In our
study, the mRNA and protein expression levels of the Bcl-2
was significantly downregulated, whereas, the expression levels

of Bax were found to be upregulated upon addition of SnO2

NPs (Fig. 5 a, b), indicating the probable mitochondrial-
mediated apoptosis.
4. Discussion

SnO2 NPs synthesized by different routes have shown potential

anticancer effects (Ahmadabad et al., 2021; Rivas-Garcı́a
et al., 2021; Azimian et al., 2018), but the potential mechanism
underlying the cytotoxicity of SnO2 NPs on breast cancer cells

is not well-explored. In our study, a MCF-7 cell was applied to
examine cytotoxicity and mechanism of SnO2 NPs. The out-
comes showed that exposure to SnO2 NPs could lead to cyto-

toxicity, generate high level of ROS, and cell apoptosis, which
was evidenced by flow cytometry assay and changes in mRNA
and protein expressions of Bax, Bcl-2, PI3K, AKT, mTOR, p-
PI3K, p-AKT and p-mTOR.

The MTT results showed that SnO2 NPs significantly miti-
gated cell proliferation in a dose-dependent fashion. Neverthe-
less, the effects of 0.01 mg/ml and 0.1–10 mg/ml SnO2 NPs on

MCF-7 and MCF-10A cell viability were not statistically sig-
nificant relative to untreated cells. This data suggests that
breast cancer cells may be more sensitive than normal cells

in terms of the action of SnO2 NPs. This selective anticancer
effect of SnO2 NPs can be associated with the mildly acidic
microenvironment of cancer cells which result in peroxidase/
nanozyme-like activity of NPs (Tammina et al., 2017; Khan

et al., 2018; An et al., 2013; Yim et al., 2020).
In order to study whether the increase of cell mortality was
linked with the apoptosis induced by Ni NPs through genera-
tion of ROS, quantification of ROS, mitochondrial membrane

potential, SOD and CAT activity, and detection of apoptosis
of MCF-7 cells stained with Annexin-V-FITC were done.
Experimental outcomes demonstrated that SnO2 NPs could
induce ROS generation, mitigation of mitochondrial mem-

brane potential, inactivation of SOD and CAT and cell apop-
tosis, which were reversed in the presence of NAC as a
potential antioxidant which was similar to Ahmadabad, Akh-

tar, Wason and Ahamed’ research findings (Ahmadabad et al.,
2021; Sharifi et al., 2020; Khan et al., 2020; Akhtar et al.,
2012), that was, the apoptosis of cancer cells was induced by

different inorganic NPs in such a similar way.
Apoptosis is regulated by exogenous and endogenous path-

ways, among which mitochondrial-mediated endogenous path-

way is known as one of the pivotal pathways of apoptosis
(Singh et al., 2019). Bcl-2 protein family can regulate the per-
meability of the mitochondrial inner membrane (Singh et al.,
2019). Bcl-2 protein can mitigate the induction of apoptosis,

whereas Bax proteins can elevate apoptosis (Singh et al.,
2019). Thus, the ratio of Bax/Bcl-2 can regulate the apoptosis
in different cells upon incubation with external stimuli (Singh

et al., 2019; Antonsson, 2001). In this study, in comparison
to negative untreated cells, the expression of Bax increased,
while that of Bcl-2 decreased after exposure to SnO2 NPs.

Meanwhile, cell apoptosis was triggered via mitochondrial -
mediated pathway. This data is consistent with the outcomes
of other researchers (Liao et al., 2015; Harini et al., 2019).

Numerous studies show that the cytotoxic effects of NPs

are induced by regulating the PI3K /AKT/mTOR signaling
pathway (Balakrishnan et al., 2017; Duan et al., 2014). Lack
of regulation of this pathway leads to the onset of several

responses such as growth, proliferation, survival and cell
motility, and eventually tumor progression (Porta et al.,
2014; Morgensztern and McLeod, 2005; Lee et al., 2015;

Zhou et al., 2018). In this study, the anticancer effects of
SnO2 NPs based on the PI3K/AKT/mTOR signaling pathway
were investigated. A review of various studies confirms the

anticancer effects of NPs by suppressing PI3K activity and
then inhibiting AKT activity. Inactivation of this pathway
leads to inhibition of other signaling pathways, including
mTOR and NF-jB pathways (Morgensztern and McLeod,
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2005; Lee et al., 2015; Chan et al., 2019). Inhibition of mTOR
and NF-jB activities reduces growth, proliferation, cell inva-
sion, and metastasis (Morgensztern and McLeod, 2005; Lee

et al., 2015). Also, downregulation of PI3K/AKT/mTOR sig-
naling pathway in cancer cells inhibits angiogenesis (Tan
et al., 2018; Zhu et al., 2020). In the present study, we found

that SnO2 NPs, as active anticancer compounds, can be effec-
tive in the prevention and treatment of cancer by downregula-
tion of the PI3K/AKT/mTOR signaling pathway.

Therefore, we speculate that SnO2 NPs may inhibit the
expression of cytokines or signaling transduction pathways
based on activating PI3K, which may mitigate the downstream
AKT kinase function, and relevant reactions stimulated by

AKT. As a result, the limited activation of PI3K/AKT/mTOR
pathway leads to over-expressions of proteins including Bax,
but down-expression of Bcl-2, eventually leading to apoptosis.

Therefore, the use of SnO2 NPs can be suggested as a treat-
ment with other pharmacological agents.

5. Conclusion

In conclusion, we synthesized SnO2 NPs as an efficient and
potential nanoplatform for inhibition of the PI3K/AKT/

mTOR signaling pathway in MCF-7 cells. The most important
outcomes of this study are as follows: (i) Synthesized SnO2

NPs exhibited a selective anticancer effect against MCF-7 cells.

(ii) Synthesized SnO2 NPs have stimulated a mitochondrial-
dependent pathway triggering apoptosis. (iii) Synthesized
SnO2 NPs induced their potency in MCF-7 apoptosis through
enhanced levels of intracellular ROS generation, deactivation

of antioxidant enzymes and decreased mitochondrial potential.
(iv) Synthesized SnO2 NPs inhibited the PI3K/AKT/mTOR
signaling pathway in MCF-7 cells. Taken together with these

data, we believe that SnO2 NPs can be used as a potential
NP in the development of anticancer systems.
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