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Objectives: Nitric oxide (NO) and NO-generated reactive nitrogen species (RNS) in conjunction with reac-
tive oxygen species (ROS) have received attention for their potential in oxidative stress-based cancer
therapy. Here, we report commercially obtained Pt-coated Au nanoparticles (Pt-Au NPs; 27 ± 20 nm)
higher uptake and cytotoxicity in human breast cancer MCF-7 cells as compared to a non-cancerous
human cell (HUVE).
Methods: Cytotoxicity was evaluated by MTT bioassay followed by measurement of ROS (by DCFH-DA
probe) and NO (by DAR-2 probe) in live cells. Membrane integrity was evaluated by measuring lipid per-
oxidation by live cell dye BODIPY fluorescence, TBARS absorbance, and LDH release. Ubiquitous antioxi-
dant GSH was also measured followed by changes in MMP status by live cell dye JC-1. Mode of cell death
was determined by triple staining (Hoechst/annexin V/PI triple staining), and caspase 9 and 3 activities in
cancerous MCF-7 and non-cancerous HUVE cell lines.
Results: MCF-7 cells exhibited a 63 ± 5 % higher tendency of Pt-Au NPs uptake in comparison to HUVE
cells. Accordingly, IC50 of Pt-Au NPs came out to be 0.48 ± 0.09 lM in MCF-7 cells and 0.93 ± 0.11 lM
in non-cancerous HUVE cells. Therefore, the cytotoxic potential of NPs in MCF-7 cells was almost 1.9-
fold higher than in HUVE cells indicating cancer cells are significantly more susceptible to death than
HUVE cells with a normal tissue origin. NPs caused a significant induction in oxidative stress and loss
in MMP in the two cells.
Conclusion: We realize two major facts from this study that goes in the favor of anticancer potential of Pt-
Au NPs. The first reason is the high internalization of NPs in MCF-7 cells as compared to that in HUVE
cells. The second reason is that HUVE cells were found not as expressive for NO as were MCF-7 cells.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Nanoparticles (NPs; defined as particles having at least one
dimension below 100 nm) have been manufactured by nanotech-
nology technique. These NPs behave differently in biological mod-
els. Interestingly, some of these NPs are toxic to all cells such as
quantum dots while some are discriminatory. Discriminatory NPs
exert toxicity to cancer cells at the concentration at which there
occurs no significant toxicity in primary or non-cancerous cell lines
(Xu et al., 2019). These NPs are considered to have great potential
in cancer therapy. Anticancer NPs leads to a preferential death in
tumorigenic cells as compared to the death induced in normal
cells. Oxidative stress arises due to the production of high concen-
trations of harmful oxidants that exceed the cellular antioxidant
capacity. Strategies of increasing further reactive oxygen species
(ROS) in cells that are already burdened with numerous kinds of
oxidants could serve as an anticancer therapy in cells with high
metabolic activity like proliferating cancer cells (Galadari et al.,
2017).

In this study, we, therefore, carried out a comparative study in
cancerous MCF-7 and non-cancerous HUVE cells to observe any
potential mechanism of toxicity based on differential production
of ROS and accompanied mechanism therein as carried out by sev-
eral investigators (Rawal et al., 2019). Moreover, a review of avail-
able data suggests that NPs exhibit versatile responses upon
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interaction with cells whose function requires possession of a dif-
ferentiated set of biological machinery (Akhtar et al., 2018). This
study was advanced by selecting a battery of relevant parameters
as briefly summarized here. Cytotoxicity was evaluated by MTT
bioassay followed by measurement of ROS (by DCFH-DA probe)
and NO (by DAR-2 probe) in live cells. Membrane integrity was
evaluated by measuring lipid peroxidation (LPO) by live cell dye
BODIPY fluorescence, thiobarbituric acid reactive substances
(TBARS) absorbance, and lactate dehydrogenase (LDH) release.
Ubiquitous antioxidant reduced glutathione (GSH) was also mea-
sured followed by changes in mitochondrial membrane potential
(MMP) by live cell dye JC-1. Mode of cell death was determined
by triple staining (Hoechst/annexin V/PI triple staining), and cas-
pase 9 and 3 activities in cancerous MCF-7 and non-cancerous
HUVE cell lines.
2. Materials and methods

2.1. Chemicals and reagents

Fetal bovine serum, calcein-AM, and penicillin–streptomycin
were purchased from Invitrogen Co. (Carlsbad, CA, USA). DMEM
F-12, MTT [3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium
bromide], NADH, pyruvic acid, perchloric acid, DCFH-DA, DAR-2
(4,5-Diamino-N,N,N0,N0-tetraethylrhodamine), JC-1, glutathione
(GSH), o-phthalaldehyde (OPT), hank’s balanced salt solution
(HBSS), caspase substrates, Bradford reagent and Pt-coated Au NP
(27 ± 20 nm) were purchased from a commercial source (Sigma–
Aldrich, MO, USA). An apoptosis/necrosis triple staining kit was
obtained from BD biosciences (USA). Ultrapure water was prepared
in a Milli-Q system (Millipore, Bedford, MA, USA). All other chem-
icals used were of reagent grade.

2.2. Internalization of Pt-Au NPs in cells

Cell internalization of Pt-NPs was detected according to the
method described for the internalization of similar NPs of
platinum-tethered Au (Brown et al., 2010). The two cells were
exposed to NPs for 4 h to avoid induction of any toxicity. Now cells
were carefully washed in cold PBS to remove excess NP. Carefully
washed cells were lysed in 0.5 mL of 1 % triton-100X aqueous solu-
tion and digested in a final concentration of 50 % HNO3. Samples
were analyzed by ICP-MS for Au metal content, the main con-
stituent of NP, as a marker of the degree of internalization of NPs.

2.3. Cell culture and treatment with Pt-Au NPs

The two cells (MCF-7 and HUVE; ATCC, US) were cultured in
DMEM-F12 that was complemented with 10 % FBS, 100 U/mL peni-
cillin, and 100 lg/mL streptomycin. HUVE cells additionally
received endothelial growth components (CADMEC, Cell Applica-
tions, Inc., San Diego, CA, USA). Cells were incubated at 37 �C in a
5 % CO2 incubator with proper humidity. The cells were passaged
every 3–4 days. Cells were exposed to Pt-Au NPs (27 ± 20 nm;
Sigma–Aldrich, MO, USA) for a period of 24 h.

2.4. Determination of cell viability by MTT

Cells (2 � 104/96 well) were exposed to NPs for 24 h and cell
viability was determined as illustrated by Mosmann (1983). After
the exposure period was over, cells were added and incubated with
MTT salt for 2 h in which live cells convert yellow MTT to blue for-
mazan crystals. Formazan crystal, thus, formed by viable cells was
solubilized in 20 % SDS prepared in 50 % dimethylformamide. Sol-
ubilized formazan is quantified at 570 nm in a plate reader (Syn-
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ergy HT, Bio-Tek, Winooski, VT, USA). Cell viability is directly
proportional to the intensity at 570 nm and is expressed as a per-
cent of control. IC50s calculations for the NPs and H2O2 were made
from the online IC50 calculator (https://www.aatbio.com/tools/
ic50-calculator) provided by AAT Bioquest, Inc. (CA 94085, USA).
Cells were also imaged by phase contrast microscopy.

2.5. Detection of intracellular ROS

The potential induction of ROS was detected by utilizing cell-
permeable dye 20, 70-dichlorofluorescin diacetate (DCFH-DA) as
described (Wang and Joseph, 1999). Inside cells, this dye is cleaved
to DCFH and acetate and becomes cell impermeable. DCFH
becomes fluorescent DCF after oxidation by cellular ROS. The dye
was incubated for 60 min at the final concentration of 50 lM.
Now emitting fluorescence was quantified at 528 nm in a plate
reader (Synergy HT, Bio-Tek, Winooski, Vermont, USA). ROS is
directly proportional to DCF fluorescence and is expressed as a per-
cent of control.

2.6. Measurement of intracellular GSH

Antioxidant GSH was detected by its reaction with thiol-
reactive o-phthalaldehyde (OPT) that produces fluorescent GSH-
adduct as described by Hissin and Hilf (1976). In brief, different cell
groups were collected from a 6-well plate, washed, and lysed in
0.1 % deoxycholic acid plus 0.1 % sucrose and centrifuged at
10,000 � g for 10 min at 4 �C. Lysate was centrifuged to get a
cell-debris free supernatant. In the supernatant, GSH was deter-
mined by treating with OPT in a buffer of (0.1 M phosphate–
5 mM EDTA, pH 8.3. GSH adduct was quantified at an emission
wavelength of 460 nm (Synergy HT, Bio-Tek, Winooski, Vermont,
USA) and presented as GSH (nmol/mg protein). A GSH standard
was similarly run.

2.7. Intracellular NO detection

Intracellular NO was quantified by a rhodamine-based live cell-
permeable fluorescent probe DAR-2 that reacts specifically with
intracellular NO generating an intense fluorescence in the infra-
red region (Kojima et al., 2001; Li and Wan, 2015; Von Bohlen
and Halbach 2003). Cells in a 12-well plate were labeled with
DAR-2 at a final concentration of 15 lM for 2 h. Cells were also
co-labeled with live cell fluorescent probe calcein-AM at 1 lM cor-
roborating cell viability with NO production. Live cells were
imaged under a microscope with a suitable filter cube (Leica
DMi8, Wetzlar, Germany).

2.8. Analysis of membrane integrity

The integrity of cell membrane can be assessed in many ways
that are not only complemented by each other but provides
detailed mechanism too. Membrane integrity was assessed by
quantifying the release of lactate dehydrogenase enzymes in cell
culture media as described byWelder (1992). Cell membrane dam-
age results mainly from the peroxidation reactions initiated by the
free radical category of ROS in poly-unsaturated fatty acids of the
lipid bilayer. Therefore, LPO was recorded by quantifying TBARS
as described by Ohkawa et al (1979). Membrane damage was also
analyzed by more modern methods. One method is the application
of lipophilic dye BODIPY581/591 probe that produces green fluo-
rescence in a proportion of ROS residing mainly in membranes
(Akhtar et al., 2020; Sayes et al., 2005; Raudsepp et al., 2014). Cells
were incubated with 2 lM of dye for 60 min and imaged under a
fluorescent microscope (Leica DMi8 manual, Germany).
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Table 1
Summary of physicochemical properties of Pt-Au NPs.

Parameters Physico-chemical properties

Colour Dark bluish in liquid
TEM (size) 26 ± 21 nm
TEM (shape) Mainly cubes and some partially spherical
XRD Crystalline (average crystallite size;

27 ± 19 nm)
Pt to Au concentration

ratio
Almost 1:1 (as per data provided from supplier)

DLS in complete culture media
Hydrodynamic size 149 ± 58 nm
Zeta potential �38 ± 5 mV
DLS in water
Hydrodynamic size 201 ± 76 nm
Zeta potential �26 ± 5 mV

Fig. 1. Comparative cell viabilities in two cell lines- one with cancer origin (MCF-7 cell), a
The highest toxicity occurred in MCF-7 cells while lesser toxicity in HUVE cells. IC50 was c
provided by AAT Bioquest, Inc. (CA 94085, USA). IC50 of Pt-Au NPs in MCF-7 was 0.48 ± 0
three identical experiments (n = 3) made in triplicates. *statistically significant differen
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2.9. The detection of the membrane potential of mitochondria

Potential changes in the mitochondrial membrane that could
occur due to the exposure of NPs in the two cells were determined
by the application of ratio-metric dye JC-1 (Smiley et al., 1991). In
brief, cells were removed with NPs by gentle washing in HBSS buf-
fer. Now cells were incubated with 5 lM of JC-1 for 20 min and
imaged under a fluorescence microscope (Leica DMi8 manual,
Germany).
2.10. Analysis of apoptosis/necrosis pathways

The mode of cell death due to the exposure of NPs in the two
cells was resolved by triple staining (Hoechst/Annexin-FITC/PI)
technique as described by Atale et al., (2014). In this method, the
mode of cell death is deciphered by the concurrent presence/ab-
sence of particular dyes (Crowley et al., 2016a; Sawai and
Domae, 2011; Darzynkiewicz et al., 1992; Fink and Cookson,
nd the other with non-cancerous origin (HUVE Cells) as evaluated by MTT assay (A).
alculated using an online calculator (https://www.aatbio.com/tools/ic50-calculator)
.09 lM and IC50 in HUVE cells was 0.93 ± 0.11. Data represented are mean ± SD of

ce as compared to the controls (p < 0.05).

https://www.aatbio.com/tools/ic50-calculator


Fig. 2. MMP loss due Pt-Au NPs exposure in cells was evaluated by applying a radiometric dye JC-1 in live cells (A). A higher fluorescence in green is positively related to a
high loss in MMP as given in (B). ROS-induction (C) and GSH-depletion (D) due to NPs in the two cells reflect the mechanism of high sensitivity in MCF-7 cells. It is worth
mentioning that IC50 of Pt-Au NPs in MCF-7 was 0.48 ± 0.09 lM and IC50 in HUVE cells was 0.93 ± 0.11 under similar conditions of treatment making MCF-7 cells almost 1.9-
fold more sensitive to NPs as compared to HUVE cells. The scale bar, marked only in starting images as a general convention, represents 40 lm captured by a 20 � objective.
Data represented are mean ± SD of three identical experiments (n = 3) made in triplicates. *statistically significant difference as compared to the controls (p < 0.05).
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2005). After treatment time was completed, each cell group was
gently washed and then incubated with Annexin-FITC for 20 min.
After removing excess Annexin dye, cells were loaded with
Hoechst and PI each at 1 lg/ml. Now cells were imaged for each
dye under suitable filter cubes of the microscope. This is an inex-
pensive and dependable method that was successfully applied in
our previous publication (Akhtar et al., 2020). Activities of caspase
9 and 3 are upregulated in caspase-dependent apoptosis whereas
necrosis is caspase-independent. Treated and control cells were
analyzed for the activities of caspase 9 and caspase 3 using their
respective fluorescent substrates (Ac-LEHD-AFC for caspase 9 and
Ac-DEVDAFC for caspase-3). Fluorescent intensity was recorded
for 20 min taking a reading at every 5 min interval in a plate
reader. (Synergy HT, Bio-Tek, Winooski, Vermont, USA). Activities
of caspases are given in % age of control.
2.11. Protein estimation

The total protein content was measured by a convenient BCA
Protein Assay Kit from Sigma-Aldrich as per instructions.
2.12. Statistics

Statistical analysis was performed by analyzing ANOVA (one-
way analysis of variance) and Dunnett’s multiple comparison tests.
For imaging analysis, a burst of images was taken and corrected
total cellular fluorescence (CTCF) was calculated using open-
source free ImageJ software provided by NIH, Bethesda, MD, US.
CTCF was calculated from individual cell fluorescence that got sub-
4

tracted acellular background mean fluorescence. Imaging was per-
formed under constant exposure time, gain, and light intensity.
3. Results

3.1. Higher uptake of NPs in MCF-7 cancer cells than in non-cancerous
HUVE cells

In this study, MCF-7 cells exhibited a 63 ± 5 % higher tendency
of NPs uptake in comparison to HUVE cells in an indirect estima-
tion of comparative NP internalization experiment based on the
analysis of the main constituent of NPs (i.e. Au) by ICP-MS. Accord-
ing to its supplier (Sigma-Aldrich, MO, US) description, the concen-
tration of gold was 45.0–55.0 ppm in a product (Pt-Au NP)
concentration of 90.0–110.0 ppm. Physico-chemical properties of
Pt-Au NPs are summarized in Table 1.

3.2. MCF-7 and HUVE cells exhibited concentration-dependent
cytotoxicity with different sensitivities

The IC50 of NPs inMCF-7 cells came out to be 0.48 ± 0.09lMfor a
24 h treatment period. HUVE cells with normal origin exhibited a
higher resistance towardsPt-coatedAuNPs; the IC50ofNPs inHUVE
cells came out to be 0.93 ± 0.11 lM for a 24 h treatment period (see
Fig. 1A). When the IC50s of two cell lines were compared, IC50 in
HUVE cells was found to be 1.9 times higher than that of IC50 in
MCF-7 cells. From the cytotoxicity data, it is clear that themost sen-
sitive cells to NPs were MCF-7 cells whereas the least sensitive cells
were HUVE cells. This cell viability data indicate that NPs do have



Fig. 3. NO-generation due to Pt-coated Au NPs treatment in MCF-7 and HUVE cells was detected by applying a NO-specific DAR-1 fluorescent probe that turns fluorescent
(far-red images) after reacting with NO. For each DAR-1 image, a superimposable image under live cell dye calcein-AM (green images) was captured corroborating NO
production with the degree of cell viability. Quantitative data of DAR-1 and calcein-AM fluorescence is presented in B and C respectively. It is worth mentioning that IC50 of
Pt-Au NPs in MCF-7 was 0.48 ± 0.09 lM and IC50 in HUVE cells was 0.93 ± 0.11 under similar conditions of treatment making MCF-7 cells almost 1.9-fold more sensitive to
NPs as compared to HUVE cells. The scale bar, marked only in control images as a general convention, represents 40 lm captured by a 20 � objective. Data represented are
mean ± SD of three identical experiments (n = 3) made in triplicates. *statistically significant difference as compared to the controls (p < 0.05).
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anticancer potential as for as the in vitro results are concerned. Phase
contrast image is provided as pair of control and treatedwith IC50 of
NPs for each cell line in Fig. 1B. To understand NP-mediated ROS-
based approaches in anticancer therapy, we carried out the follow-
ing relevant parameters in the two human cells- MCF-7 and HUVE
cells- as a representative model of cancer cells and non-cancerous
cells respectively. The two cell lines were exposed to Pt-coated Au
NPs for 24 h at their respective IC50s.

3.3. Pt-coated Au NPs significantly induced a loss in mitochondrial
membrane potential (MMP), ROS, and GSH depletion in MCF-7 cells
and HUVE cells at their respective IC50s

MMP in MCF-7 cells and HUVE cells was determined by ratio
metric JC-1 imaging (Fig. 2A) and calculating the ratio of JC-1
monomer/aggregate (Fig. 2B). In both cell lines, MMP loss was
higher when compared to respective control cells. MMP loss was
found to occur 6.5-fold in MCF-7 cells whereas 6.8-fold in HUVE
cells due to IC50s of NPs. Pt-coated Au NPs caused significant
induction of ROS as measured by DCF fluorescence (Fig. 2C) in both
MCF-7 cells and HUVE cells. Induction of ROS was 1.9-fold in MCF-
7 cells while 1.3-fold in HUVE cells due to their respective IC50s
5

exposures. Data suggest that ROS occurred at a higher level in
MCF-7 cells in comparison to HUVE cells. These NPs also depleted
GSH significantly in the two cells (Fig. 2D). GSH level was reduced
to 54 % in MCF-7 cells while it was still 88 % in HUVE cells when
exposed at their respective IC50s of NPs. Data again suggest that
GSH depletion occurred to be steeper in MCF-7 cells in comparison
to HUVE cells. Several studies suggest that the generation of ROS
exerts more detrimental effects than the depletion of GSH in cells
(Okon and Zou, 2015).

3.4. Pt-coated Au NPs significantly induced NO in MCF-7 cells while it
was much lower in HUVE cells

These NPs came out to be a strong inducer of NO in MCF-7 cells
whereas NO induction was lesser in HUVE Cells (Fig. 3A). NPs
caused almost 6-fold induction of NO (see images for DAR-1 fluo-
rescence in the far-red region in 3A and DAR-1 fluorescence calcu-
lations in Fig. 3B for respective cells) in treated MCF-7 cells when
compared to control MCF-7 cells. NO induction in HUVE cells
was 1.6-fold to that of control HUVE cells. As evident from cell
images and DAR-1 fluorescence quantification data (see Fig. 3B),
treated HUVE cells displayed much less induction of NO as com-



Fig. 4. Cell membrane damaging potential due to Pt-coated Au NPs in MCF-7 and HUVE cells was determined by imaging cells labeled under lipophilic dye BODIPY that give
rise to green fluorescence in a proportion of membrane damage (A). Quantitative BODIPY green fluorescence has been given in (B). Membrane damage was also quantified by
measuring TBARS (C) and LDH release (D). High membrane damage in less NO-producing HUVE cells can partially be explained by a NO-dependent lack of lipid peroxidation
termination in HUVE cells. The scale bar, marked only in control images, represents 20 lm captured by a 40 � objective. Data represented are mean ± SD of three identical
experiments (n = 3) made in triplicates. *statistically significant difference as compared to the controls (p < 0.05). a denotes significantly high membrane damage in HUVE
cells compared to that in MCF-7 cells exposed at the respective IC50s for each cell type.
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pared to MCF-7 treated cells. It is worth mentioning that NO upon
reaction with ROS can give rise to secondary metabolites collec-
tively known as RNS that could exert a more deleterious effect in
MCF-7 cells or, paradoxically, NO can consume superoxide radicals
by reacting with them and producing more deleterious peroxyni-
trite. Moreover, we corroborated NO concentration in each treat-
ment group with the status of cell viability by simultaneously
imaging cells labeled with live cells dye calcein-AM (see green flu-
orescent images in Fig. 3A and calcein-AM quantification in
Fig. 3C).
3.5. Membrane damage was steeper in HUVE cells than in NO-
expressing MCF-7 cells

Direct observation of membrane damage occurring in cells was
observed by labeling cells with membrane residing BODIPY probe
that gives brighter green fluorescence in a positive correlation of
lipid peroxidation (Fig. 4A). BODIPY green fluorescence quantifica-
tion (Fig. 4B) suggested significantly higher membrane damage in
HUVE cells corroborating with higher ROS. Relatively higher losses
in membrane integrity in HUVE cells were again confirmed by
quantifying TBARS (Fig. 4C) and LDH releases (Fig. 4D). Recall, NO
is a hydrophobic radical molecule that has low reactivity in com-
parison to other free radicals such as superoxide radicals, and
can even terminate lipid peroxidation reactions initiated by strong
oxidizing radicals such as hydroxyl radical or nitrogen dioxide rad-
icals (Garrel and Fontecave, 1995).
6

3.6. Cell death due to NPs was apoptosis-dependent in MCF-7 cells
while it was apoptosis-independent in HUVE cells

Treated MCF-7 cells were extensively stained with PI as well as
annexin V (Fig. 5A). Recall, cells undergoing apoptosis exhibit
intact cell membranes with blebs, and shrinkage in volume, with
chromatin tightly packed giving bright and clumped fluorescence
whereas cells undergoing necrosis exhibit early cell membrane
damage, increased in cell volume with dilated nuclear periphery
within which lie circumscribed chromatin that gives diffused fluo-
rescence (Darzynkiewicz et al., 1992; Fink and Cookson, 2005). PI
preferentially enters necrotic cells while being excluded from early
apoptotic cells that are characterized by annexin V staining with-
out PI (Sawai and Domae, 2011). In Fig. 5A, such cells are only vis-
ible in MCF-7 cells (marked with arrows). In the MCF-7 cell panel,
many cells are simultaneously stained with both PI and annexin V
marking these cells as late-stage apoptotic or secondary necrotic
(Crowley et al., 2016b). A closer observation suggested apoptosis-
independent cell death in HUVE cells treated with NPs indicated
by a smooth fluorescence and dilated nuclear size (Eidet et al.,
2014; S. Afifi et al., 2012). Another clue of apoptosis observed in
MCF-7 cells is the upregulated levels of caspase 9 (Fig. 5B) and cas-
pase 3 (Fig. 5C) enzymes that are not at the appreciable levels in
HUVE cells.
4. Discussion

Pt-Au NPs used in this study were 27 ± 20 nm in size, and were
mostly spherical having a little bit longer to breadth ratio. As the
name would suggest these NPs of Au were coated with the element
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Pt. Such Pt coating to Au NPs is reported to result in an NP’s surface
that would exhibit enhanced catalysis (Gao et al., 2017). The sur-
face tunable property of gold has been under extensive exploration
for improving the uptake of gold NPs as well as modifying it with a
variety of other desired anticancer drugs in targeted therapy of
cancer (Fan et al., 2020). Data also suggest that Au NP have had a
higher propensity of internalization in many cancer cells in com-
parison to chemical anticancer drugs (Brown et al., 2010). Our find-
ings reveal that cancer MCF-7 cells internalized a greater quantity
of NPs in comparison to less sensitive non-cancerous HUVE cells.
Data demonstrate a differential sensitivity and mechanism of
action in cancer MCF-7 cells being the most sensitive one in com-
parison to normal cell line HUVE cells being the less susceptible to
death induced by NPs. A similar selectivity was observed for Au
NPs (Fan et al., 2020) as well as Pt NPs (Bendale et al., 2017;
Ullah et al., 2017) in different cancer cells while sparing primary
normal cells. Generation of ROS and exhaustion of antioxidant
GSH have been put forward as a plausible mechanism behind the
potential anticancer activity by agents that target oxidative stress
in cancer therapy (Okon and Zou, 2015). In the present study, high
levels of ROS, as well as low level of antioxidant GSH, was observed
in cells treated with Pt-Au NPs. Many anticancer drugs have been
known to target deranged cancer biochemical features found in
cancer cells by inducing ROS that could be beyond the coping
capacity of adapted antioxidant machinery in cancer cells (Coriat
et al., 2012). The anticancer drug cisplatin is a well-known example
Fig. 5. Potential apoptosis/necrosis was evaluated using the triple-staining technique in
zoom-in images (see A) of treated MCF-7 cells indicate some cells stained with annexin V
images point to nuclei that are most intensely stained suggesting a chromatin condensatio
nuclear shape perimeter (increased nucleus size and diffused nuclear probe PI/Hoechst
nuclear probe PI/Hoechst fluorescence, a sign of apoptosis, in MCF-7 cells) also suggested
treatment. Apoptotic enzyme activity of caspase 9 and 3 are given in (B) and (C) respectiv
40 lm captured by a 20 � objective. Data represented are mean ± SD of three identical exp
to the controls (p < 0.05).
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for its extra propensity of inducing oxidative stress in cancer ther-
apy (Ghosh, 2019). Inducing ROS while weakening intracellular
GSH are often considered a deadly combination in bringing the
demise of cancer cell (Okon and Zou, 2015).

In this study, selective induction of NO in cancer MCF-7 cells by
Pt-coated NPs was found as another way to preferentially hit can-
cer cells. A low level of NO is responsible for the beneficial function
achieved by NO as a relaxed vascular tone whereas a high NO can
be responsible for the killing of cancer cells (2008). It is clear from
the data that NPs caused the production of high NO concentration
in the most susceptible MCF-7 cancer cells in comparison to little,
if any, in the least susceptible non-cancerous HUVE cells. Sensitiv-
ity to NPs-mediated toxicity was strongly dependent on intracellu-
larly induced NO. Recall, NO is a hydrophobic radical molecule that
has low reactivity in comparison to other free radicals such as
superoxide radicals, and can even terminate lipid peroxidation
reactions initiated by strong oxidizing radicals such as hydroxyl
radical or nitrogen dioxide radicals (Garrel and Fontecave, 1995).
Five-distinct concentration levels of NO in cells have been pro-
posed to explain the opposing effects of this diatomic gaseous
molecule (2008). Reactive nitrogen species (RNS) are another
group of toxicants that are formed upon reaction with superoxide
by NO-producing peroxynitrite with complex consequences in a
context-dependent manner (Pacher et al., 2007). NO, therefore, lies
at the core of the formation of other RNSs (2008). Similar to the
implication of NO in the anticancer potential of NPs in MCF-7 cells
MCF-7 and HUVE cells treated at the IC50 of Pt-coated Au NPs (A). Yellow arrows in
but still lack PI staining (early apoptosis). Corresponding (yellow) arrows in Hoechst
n that is atypical of apoptosis as discussed in the main text. Moreover, differences in
fluorescence, a sign of necrosis, in HUVE cells vs compact nucleus size and discrete
the occurrence different cell death mechanism in MCF-7 and HUVE cells due to NPs
ely. The scale bar, marked only in control images as a general convention, represents
eriments (n = 3) made in triplicates. *statistically significant difference as compared
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reported in this study, NO and NO-derived species have been
implicated in the anticancer potential of Ag NPs in human osteo-
blast (hFOB 1.19) cells (Zielinska et al., 2016) and of ZnO NPs in
the SH-SY5Y human neuroblastoma (Kim et al., 2015).

Mitochondrial dysfunction has been identified as a central
mechanism in anticancer therapy and cytotoxic NPs are well-
known inducers of MMP loss in a wide variety of cell lines
(Akhtar et al., 2017). Data suggested that Pt-Au NPs elicited signif-
icant loss of MMP in both cells but at a much lesser concentration
in MCF-7 cells. The underlying mechanism of cell death appeared
differently in MCF-7 and HUVE cells when each cell was exposed
to their respective IC50 of NPs. MCF-7 cells exhibited annexin V
fluorescence that may contain PI fluorescence or might be devoid
of PI suggesting a mode of cellular death resembling early and late
apoptosis respectively. When closely followed, the nature of chro-
matin condensation again suggested a cell death occurring via
apoptosis. In the present study, caspase 9 and 3 were significantly
activated due to NPs in MCF-7 cells while no appreciable change in
activity was detected in HUVE cells. On similar grounds examined
above, HUVE cells appeared to pass through a necrosis mode of cell
death. Gholinejad and co-workers have reported a similar finding
for TiO2 NP-mediated cell death in HUVE cells (Gholinejad et al.,
2019). NPs of CdSe/ZnS quantum dots, however, have been
reported to induce pyroptosis in hepatic L02 cells that progressed
via mitochondrial ROS induction and MMP loss (Akhtar et al.,
2017). Again, high concentrations of NO could lead to dysfunction
in mitochondria by inhibiting respiration in cells (Thomas, 2001).
Inhibition in mitochondrial oxidative phosphorylation can result
in adverse outcomes by increased ROS production and decreased
conservation of energy. All these adversaries could effectively push
MCF-7 cells to the apoptotic mode of cell death. A steeper GSH
depletion and overwhelming NO level could have activated an
apoptosis-dependent mode of cell death in MCF-7 cancer cells.
Higher levels of lipid peroxidation and membrane damage com-
bined with low NO induction could lead to an apoptosis-
independent mode of cell death in HUVE cells that were exposed
to much higher concentrations of NPs in comparison to MCF-7
cells.
5. Conclusion

Pt-Au NPs appear to selectively kill cancerous MCF-7 over non-
cancerous HUVE. We realize two major facts from this study that
goes in the favor of anticancer potential of Pt-Au NPs. One reason
is the higher quantity of NPs internalization in cancer cells that
could lead to cell death in cancerous cells at half of the concentra-
tion required for inducing the same degree of toxicity in non-
cancerous HUVE cells. The second reason may be the overwhelm-
ing level of NO production in cancer cells leading to stress based on
excessive nitrosylation and nitration reactions prevalent under
excessive NO generation. Moreover, cancer cells are known to pos-
sess heterogeneities about redox status, and this is one of the sev-
eral reasons behind the limited success of ROS-modulating agents
in cancer therapy. This study warranted further investigations in
other cell lines as well as in vivo models for understanding the
mechanism of action at the molecular level.
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