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Inorganic nanoparticles restrict viability of metastatic
breast cancer cells in vitro
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Abstract
Available cancer therapies are limited due to undesirable side effects, non-specific cellular toxicity as well as treatment failure.
Therefore, there is urgent need for newer treatment strategies. In this study, we comparatively determined the in vitro anti-cancer
potential of inorganic nanoparticles (NPs) in MDA-MB-231 cancer cells. Flow cytometry, confocal microscopy, and reactive
oxygen species (ROS) assays were employed to probe likely mechanism of anti-cancer action of NPs. Study demonstrated dose-
dependent toxicity of NPs to MDA-MB-231 cells. The NPs promoted production of ROS and might have caused early apoptotic
clearance of MDA-MB-231 cells. Considered together, the findings support anti-cancer potential of inorganic NPs. Furthermore,
preliminary evidence suggests that the anti-cancer potential of these NPs may be linkedwith capacity to cause ROS production as
well as cellular apoptosis. Further studies to clearly define the mechanistic cellular actions of these nanoparticles are warranted.
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Introduction

Aside lung cancer, breast cancer is a leading cause of death in
women (Center for Disease Control and Prevention 2018). The
likelihood of women dying from breast cancer is put at 1 in 38
(American Cancer Society 2018). As a result, there are aggres-
sive research efforts and measures targeted at reducing cancer-
relatedmortality. Some of thesemeasures include early diagnosis
of breast cancer, chemotherapy, radiotherapy, surgery, hormonal
therapy, and more recently, targeted therapy, which involves the
inhibition of growth factors on tumor cells (Thoidingjam and
Tiku 2017; Moses et al. 2016; Wang et al. 2017). However, all
of the current treatment strategies have yet to produce the desired
outcome. In addition, there are cases of undesirable side effects
with increased chances of the malignant cells developing resis-
tance to the available therapy (Wang et al. 2017), thus making
current therapeutic methods unreliable.

Perhaps, the limitations of available cancer therapies under-
score the continuing efforts for exploring available avenue to
identify better treatment strategy for breast cancer. Lately, the
application of nanoparticles (NPs) for biomedical purposes in-
cluding cancer therapy has been receiving wider attraction. This
is because the small size of NPs gives them the ability to attain
quantum dimensions with associated characteristics, thus,
possessing distinctive electronic, photochemical, magnetic,
chemical, and optical properties (Kumar and Yadav 2009).
Previous studies have demonstrated the cytotoxic effect of NPs
on human breast cancer cell lines, specifically, MDA-MB-231
human isolates (Azizi et al. 2017; Gurunathan et al. 2013;
Krishnaraj et al. 2014; Wang et al. 2017). Some of the NPs with
implication for breast cancer therapeutic potential include iron
and palladium NPs (Thoidingjam and Tiku 2017; Yuan et al.
2017). Furthermore, investigations have revealed the apoptotic-
inducing tendency of albumin-coated copper and cadmium NPs
in MDA-MB-231 (Azizi et al. 2017, 2018). In addition, gold
NPs (AuNPs) conjugated with Boswellia sacra and
Commiphora myrrha extracts was recently reported for toxicity
against MDA-MB-231 and MCF-7 cells (Moses et al. 2016).
Likewise, silver NPs (AgNPs) produced from Bacillus funiculus
were indicated for growth inhibition of MDA-MB-231 cells
(Gurunathan et al. 2013). In the present study, we comparatively
evaluated the cytotoxic action of Ag, Au, andAg/AuNPs alloy in
MDA-MB-231 cells.
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Materials and methods

Materials

The nanoparticles (Au, Ag, and Ag/AuNPs) were gifted by a
nanomedicine and biomedical research group, Department of
Biochemistry and Microbiology, Rhodes University,
Grahamstown, South Africa. The procedures for preparation
and characterization are as previously reported elsewhere
(Adeyemi and Whiteley 2013, 2014). All other reagents were
of analytical grade and used as supplied.

Assay for viability of cells

MDA-MB-231 cells (ATCC®, USA) were maintained in
culture media containing Dulbecco’s Modified Eagle
Medium (DMEM), glutamine (2 mM final concentra-
tion; Gibco, Invitrogen, UK), 5% (v/v) fetal calf serum
(Gibco, Invitrogen, UK), and penicillin/streptomycin
(100 U/ml; Biowhittaker, UK) and incubated at 37 °C
and 5% CO2 atmosphere. Cells were grown to 70%
confluence, collected by centrifugation and seeded at a
density of 6 × 104 cells per well in a 96-well plates.
After overnight incubation, graded doses (0–100 μM)
of NPs prepared in culture medium were added to the
wells. The culture medium without NPs was added to
the negative control well. After a 96-h incubation, via-
bility of cell was determined by MTT assay (Roche
Diagnostics, South Africa) as per the manufacturer’s in-
structions. The absorbance reading was recorded at
595 nm on a microplate reader (Biotek Epoch, USA).
The cell viability was determined relative to negative
control cells, arbitrarily taken as 100%. The biological
assay was performed separately three times and in
triplicate.

Determination of reactive oxygen species (ROS)
in cells

The level of ROS was determined in cells as previously de-
scribed (Warleta et al. 2011). The assay depends on the oxi-
dation of dichlorodihydro- fluorescein diacetate (DCFH-DA,
Molecular Probes, USA) to dichlorofluorescein (DCF), a fluo-
rescent compound. Briefly, cells were seeded at a density of
5 × 104 cells per well in 96-well plates and incubated over-
night. Thereafter, cells were treated with graded doses (0–
100 μM) of NPs. After 24-h incubation, the culture medium
was removed and PBS containing DCFH-DA (100 μM final
concentration) was added. After a 30-min incubation at 37 °C,
fluorescence was recorded on a fluorometer (BioRAD, USA).
Excitation was set at 485 and emission at 530 nm.

Apoptosis detection in MDA-MB-231 cells

The cellular apoptosis was detected by using apoptosis
detection kit (Annexin V - FITC; Santa Cruz Biotech.
Inc., Heidelberg, Germany) and following manufacturer’s
instructions. Briefly, MDA-MB-231 cells were seeded on
a sterile glass coverslip at a density of 5 × 104 cells/mL.
After overnight incubation, NPs (100 μM final concen-
tration) and a MEK inhibitor, U0126 (apoptosis positive
control) were added and incubation continued for addi-
tional 36 h. Thereafter, cells were stained with Annexin
V and Hoescht 33342 (Sigma Aldrich, St. Louis, MO,
USA) and the coverslips air dried. Capturing of stained
nuclei was performed on a confocal laser microscope
(Zeiss LSM 510, Germany) and analyzed using Zen soft-
ware (Zeiss Inc. Germany).

Annexin V and PI apoptosis analysis of cells

The MDA-MB-231 cells were seeded at 1 × 105 cells/
mL in a 12-well plate. After overnight incubation, cells
were dosed with NPs (100 μM final concentration) pre-
pared in culture medium and incubation continued for
additional 24 h. Then, cells were collected by centrifu-
gation and stained for apoptosis detection and quantifi-
cation by using apoptosis detection kit (Santa Cruz
Biotech. Inc., Heidelberg, Germany) and following the
manufacturer’s instructions. Briefly, cells were washed
in cold PBS and re-suspended in 1× binding buffer at
1 × 106 cells/Ml. Thereafter, 5 μL FITC annexin V and
PI were added and cells were gently vortexed and incu-
bated in the dark. After 15 min, 400 μL 1× binding
buffer was added to each sample, and analysis was per-
formed on a FACS Aria III flow cytometer (BD
Biosciences, USA). A total of 10,000 events were ac-
quired for each sample. The unstained cells and cell
samples stained with one marker only were used to set
fluorescence compensations for each assay, and all data
acquired by flow cytometry were analyzed with FlowJo
software.

Statistical analysis

Data were analyzed by a one-way analysis of variance
(GraphPad Prism 5, USA). Mean values were compared
by using a Dunnett Post-hoc test. Concentrations of the
NPs that reduced cell viability by 50% (i.e., EC50 val-
ue) was estimated from a dose-response curve and the
curve fitted with a non-linear regression analysis. The
results are presented as mean ± standard error of mean
(SEM). Values at p < 0.05 are taken as significant.
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Results

The cellular viability of MDA-MB-231 in the presence of Ag,
Au, and Ag/AuNPs at different concentrations was deter-
mined in triplicates following 96-h incubation (Fig. 1). NPs
dose dependently reduced cell viability. The cytotoxicity by
NPs was observed at all doses and while AuNPs showed
moderate cellular toxicity, Ag and Ag/AuNPs exhibited pro-
nounced toxicity at higher doses. The IC50 (dose that inhibit
50% growth of MDA-MB-231 cells) was estimated from the
dose-response curve as 2.61, 13.89, and 1.12 μM for Ag, Au,
and Ag/AuNPs, respectively.

The production of ROS due to NPs in MDA-MB-231 cells
was measured by fluorescence after 24-h treatment (Fig. 2a–c).

In order to compare the influence of the metal NPs on the
generation of ROS in MDA-MB-231 cells, the fluorescence
gradient was calculated and plotted (Fig. 2d). Together, Ag,
Au, and Ag/AuNPs caused significant production of ROS by
MDA-MB-231. Viability of NPs-treated cells after ROS deter-
mination was ≤ 50% (Fig. 2e) thus suggesting ROS interplay in
the cytotoxic action of NPs. Further, when treated cells were
observed under light microscope, distortion of cellular mor-
phology and lesser cell density were observed compared with
the untreated (Fig. 3a–g). NPs caused shrinkage and detach-
ment of cells as well as reduced cell-to-cell contact compared to
the untreated cells. This do not only support the reduction in
viability of MDA-MB-231 cells by NPs but the impact was
dose-dependent. Furthermore, cellular analysis by laser

Fig. 1 Viability of human MDA-
MB-231 breast cancer cells in the
presence of nanoparticles.
Viability of cells was determined
by using a MTT reagent kit
(Roche Diagnostics, South
Africa). The data represent the
means of three independent ex-
periments ± SEM (standard error
of mean)

Fig. 2 Fluorescence measurement of intracellular reactive oxygen
species (ROS) in humanMDA-MB-231 breast cancer cells in the absence
and presence of a AgNPs, b AuNPs, and c Ag/AuNPs. d Gradient fluo-
rescence measurement of intracellular reactive oxygen species (ROS) in
human MDA-MB-231 cells exposed to nanoparticles. e Cell viability

after ROS measurement. Fluorescence was measured using a spectroflu-
orometer with excitation at 485 and emission at 530 nm. The data repre-
sent the means of three independent experiments ± SEM (standard error
of mean)
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microscopy revealed mild apoptosis caused by NPs relative to
the untreated control (Fig. 4a–e). Quantitatively, the apoptotic

percentage caused by Ag, Au, and Ag/AuNPs was 3.33 ± 1.67,
3.6 ± 1.59, and 36.43 ± 8.73, respectively. The apoptotic

Fig. 3 Light microscopy of
MDA-MB-231 breast cancer cells
in the absence and presence of
nanoparticles. aUntreated cells. b
10 μM AgNPs. c 100 μM
AgNPs. d 10 μM AuNPs. e
100 μM AuNPs f 10 Ag/AuNPs.
g 100 Ag/AuNPs

Fig. 4 Fluorescence measurement by confocal microscopy of stained
human MDA-MB-231 cells. a Untreated cell (negative control) no stain-
ing. b MEK inhibitor (U1026) treated (positive control). c AgNPs

treatment. d AuNPs treatment. e AgAuNPs treatment. Top panels show
the total number of cells (Hoescht 33342 staining) while the bottom
panels show the apoptotic cells (Annexin V staining)
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percentage of positive (MEK inhibitor) and negative control
was 50.47 ± 5.40 and 4.7 ± 0.82, respectively. In addition, anal-
ysis of treated cells by flow cytometry confirmed the tendency
of NPs to induce apoptosis in MDA-MB-231 cells (Fig. 5a–e).
To validate the assay, triton X-treated cells which was included
as positive control had > 23% apoptosis (data not shown).

Discussion

Reports have demonstrated the cytotoxic action of AgNPs and
AuNPs against cancer cells (Gurunathan et al. 2013; Moses
et al. 2016). Thus, in the current study, we comparatively
evaluated Ag, Au, and Ag/AuNPs for toxicity against MDA-
MB-231 cells.

The exposure of MDA-MB-231 cells to NPs appreciably
caused dose-dependent reduction in cell viability in manners
that suggest cellular toxicity and death. That AgNPs and Ag/
AuNPs caused similar level of cellular toxicity may indicate,
that AgNPs potentiated the toxic action of AuNPs in a syner-
gistic manner. Of course, AgNPs have been implicated for
higher cytotoxic action than AuNPs (Meyer 2017;
Bhattacharya and Mukherjee 2008; Asharani et al. 2010).
Together, our finding is consistent with investigations that
demonstrated the anti-cancer potential of metal NPs including
AgNPs and AuNPs (Azizi et al. 2017, 2018; Gurunathan et al.
2013; Moses et al. 2016; Yuan et al. 2017). That Ag/AuNPs
caused higher cytotoxicity may indicate synergistic effect by
the individual NPs. But whether the individual NPs affect
similar cellular targets remain unknown and this knowledge
would be necessary in order to harness fully their synergism
for effective therapy. Nevertheless, our present finding sup-
port ROS production in MDA-MB-231 cells by NPs, and this
might have contributed in part to the cellular toxicity. The
finding conformswith reports that demonstrated the capability
of metal NPs to alter the homeostasis of tumor cells by causing
redox imbalance or by preventing ROS scavenging (Toyokuni
et al. 1995). Similarly, Gurunathan et al. (2013) showed that
AgNPs can stimulate mass production of ROS as well as in-
duce apoptosis by activating caspase 3. Likewise, AuNPs
have been implicated for ability to stimulate ROS generation

(Shrivastava et al. 2014). In the present study, AgNPs and Ag/
AuNPs caused higher ROS production compared with the
minimal ROS generation by AuNPs treatment. Therefore, it
is plausible that ROS production contributed to cellular death
by the NPs. Although, for treatment with Ag/AuNPs, the ob-
served cellular death may be associated with synergy between
the individual NPs.

Furthermore, assessment for cell shrinkage, morphological
modification, and cell rounding, as hallmarks of apoptosis
(Duangmano et al. 2012), by light microscopic analysis re-
vealed that exposure of MDA-MB-231 cells to NPs does not
only distort cellular architecture in manners that suggest early
apoptosis but also caused lower cell density. Additionally,
analysis of treated cells by both the laser microscopy and flow
cytometry revealed the susceptibility of MDA-MB-231 cells
to apoptosis by NPs, in particular Ag/AuNPs. Meanwhile, the
cellular apoptosis due to the treatment with either of AgNPs
and AuNPs was comparable to that of the negative control and
far less than that of the positive control (MEK inhibitor). It
may therefore mean that, synergy between the individual NPs
might be responsible for the cellular apoptosis by Ag/AuNPs.
The NPs caused cellular apoptosis which may be associated
with their capacity to promote ROS production and thus sup-
pressing cellular viability. This is plausible if we consider that
ROS production has been linked to apoptotic death of cancer
cells (Gurunathan et al. 2013). Taken together, our findings do
not only support that NPs caused cellular toxicity but prelim-
inarily implicate interplay of ROS production and apoptosis,
in particular by Ag/AuNPs, as contributing to the cellular
death by the NPs.

In conclusion, the present study provides evidence to sup-
port the anti-cancer potential of NPs in MDA-MB-231 breast
cancer cells. Both the AgNPs and AuNPs individually caused
cellular death of MDA-MB-231, but the cellular toxicity was
more pronounced with Ag/AuNPs treatment, and this was in
manners that suggest synergy between the individual NPs.
Furthermore, our data support culpability of ROS production
in the cellular death caused by the NPs. Overall, findings are
not only promising and supportive of medicinal prospects of
NPs but also warrant further investigation to clearly define the
mechanistic action involved in the cellular death by NPs.

Fig. 5 Flow cytometry analysis of MDA-MB-231 cells. a Untreated but
stained—no significant level of apoptosis observed. b AgNPs treated—
demonstrates early apoptosis. c AuNPs treated—demonstrates early to

mid-apoptosis. d Ag/AuNPs nanoparticle treated—demonstrate apopto-
sis. e Untreated and not stained—no apoptotic process observed
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