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ABSTRACT: Two-dimensional nanostructures have gained tremendous
interest in the field of biomedical applications and cancer activity in
particular. Although sulfur is known for its wide range of biological
activities, its potentiality in two-dimensional forms as an antitumor agent is
hitherto unexplored. To address the current deficient knowledge on nano-
sulfur as an antitumor agent, we report the synthesis of nano-sulfur sheets/
particles and their cytotoxic, apoptotic activity against human carcinoma
cell lines. In vitro cytotoxic effects of biogenic nanosheets (SNP-B) and
chemogenic nanoparticles (SNP-C) were assessed against human lung
carcinoma (A549), human epidermoid carcinoma (A431), human
promyelocytic leukaemia (HL60) and human lung fibroblast (IMR90)
cell lines. Cell cycle analysis, apoptotic study, and caspase-3 expression
studies were carried out to understand the mechanism of cytotoxic activity
of nano-sulfur. The MTT assay indicated a dose-dependent decrease in
viability of all the cell lines treated with nano-sulfur, with SNP-B being more toxic compared to SNP-C. The apoptotic study and cell
cycle analysis indicated cell cycle arrest followed by apoptosis-induced cell death. The caspase-3 expression study indicated that
nano-sulfur induces apoptosis by the activation of caspase through the mitochondrial pathway. Apart from this, a lower cytotoxicity
was observed in IMR90 cell lines treated with SNP-B , indicating a higher specificity of synthesized nanosheets towards cancer cells.
Taken all together, this work highlights the potentiality of sulfur nanosheets in inducing cytotoxicity and apoptotic activity, and the
impact of morphology as a critical determinant on the cytotoxic response on various cell lines.

■ INTRODUCTION

Cancer has become an inexorable threat to public health in
recent decades. Among the various types of cancer incidences
and mortalities, lung cancer is the most widespread with 2.2
million new cases and 1.8 million deaths in 2020 as per WHO
Global Cancer data (GLOBOCAN 2020). India alone
accounts for 72,510 new cases and 66,279 deaths.1,2 The
incidence and mortality burden in 2020 of leukemia was
reported as 474,519 and 1,198,073, while that of non-
melanoma skin cancer was 311,594 and 63,731 (GLOBOCAN
2020). Cancer research has therefore focused on the
development of effective anticancer agents that could induce
cell death or inhibit the growth of cancer cells. However, the
side effects and toxicity associated with poor selectivity have
limited the applications of many novel antineoplastic drugs.
The unique physicochemical properties of nanomaterials

have facilitated extensive research on the application of
nanomaterials in nanomedicine. Numerous metallic and
nonmetallic nanomaterials such as silver, gold, titanium
dioxide, selenium, iron oxide, silica, and carbon are being
explored for cancer therapy and treatment.3−5 Considering the
fact that precious metals such as gold and platinum

nanoparticles have been used for various biomedical
applications, research on cost-effective strategies to develop
novel and cheaper nonmetallic nanomaterials for cancer
therapy is an important aspect.
Elemental sulfur, commonly known for its wide range of

biological activities, has a long history of being used as one of
the ingredients in acne ointments for the treatment of a variety
of dermatological disorders like scabies, in antidandruff
shampoos, and for acute exposure to radioactive material as
an antidote.6,7 Studies conducted by the Regional Research
Institute (Homoeopathy) found that patients treated with
sulfur for white patches showed remarkable improvement.8

Morpholin-4-ium 4-methoxyphenyl (morpholino) phosphino-
dithioate, a hydrogen sulfide donor, has been reported to
exhibit anticancerous activity without affecting normal body
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cells.9 Duan et al. have reported a significant inhibition of the
growth of prostate cancer by sulfur treatment.10 However, the
poor solubility, large volume requirement, and huge cost have
limited the applicability of sulfur in biomedical field.
Interestingly, different levels of biological activities can be

observed with nanoparticles of sulfur (nano-sulfur) when
compared to sulfur microparticles. Nano-sulfur, owing to its
higher solubility in water at neutral pH, forms sulfides that
accelerate the formation of polysulfides that in turn interact
with protein sulfhydryl groups and nonprotein molecules,
thereby changing their properties.11 Nano-sulfur has found
application as antimicrobial agents, as sulfur-based photo-
catalysts, in lithium-sulfur batteries, etc.6,12,13 In spite of
extensive interest among researchers, very few reports are
available in exploring the potential of nano-sulfur as an
antitumor agent. The cytotoxicity and mutagenic activity of
nano-sulfur were examined on the L5178Y cell line by Islamov
et al.14 The mechanism of cytotoxic action was assumed to be
associated with the interaction of elemental sulfur with
sulfhydryl groups of molecules inside the cell. Shankar et al.
have examined the cytotoxic effect of nano-sulfur on murine
colorectal carcinoma (CT26), Caco-2, human lung carcinoma
(A549), and human fibroblast (CCD-986sk) cells.15 They
observed that nano-sulfur could effectively arrest the
uncontrolled growth of cancerous cells and inhibit metastasis
without being toxic to normal cells.
Various methods have been considered to synthesize nano-

sulfur such as liquid phase chemical precipitation,16 water-in-
oil microemulsion,17 reverse microemulsion using biodegrad-
able iron chelate catalyst from H2S,

18 and acid-catalyzed
precipitation using the aqueous surfactant assisted route.19

However, all these have disadvantages such as difficulty in the
separation and purification of nanoparticles from the micro-
emulsion system, difficulty in the scale-up of the process, and
consumption of a large amount of surfactant.20 Green synthesis
of nanoparticles is more advantageous compared to other
methods since it is an environmentally benign and faster
process that can be carried out at room temperature. Synthesis
of nano-sulfur by a green approach has been attempted by few
researchers using the extract of plant parts such as Melia
azedarach leaves,20 Albizia julibrissin fruits,21 Acanthophylum
bracteatum stem,22 Ficus benghalensis leaf,23 Allium sativum
pulp,24 Ocimum gratissimum leaves,25 Rosmarinus officinalis
leaves,26 Ocimum basilicum leaves,27 Cinnamomum zeylanicum
bark,28 Actinidia deliciosa fruit peels,29 etc. However, the
biomedical application potential of these nanoparticles is
hitherto an unexplored territory. Further, the available
literature on the cytotoxic activity of green synthesized nano-
sulfur is limited.15

The morphology of nanomaterials can have a significant
effect on their biological activity. Nanosheets, owing to their
unique properties, have been reported to offer several
advantages over nanoparticles in biological applications.30

Kumar et al. in their studies on the cytotoxicity of nanorods
and nanosheets of MoS2 have reported a higher activity of
nanorods compared to nanosheets.31 As far as we know,
reports on the comparative analysis of the cytotoxic and
antiproliferative properties of nano-sulfur synthesized by
different reducing agents or of varying morphologies are
unavailable.
In view of this, the present work aims at systematically

exploring the cytotoxic effects of nano-sulfur of varying
morphologies, synthesized by chemical and biogenic routes,

against the human lung carcinoma cell line (A549), human
epidermoid carcinoma cell line (A431), human promyelocytic
leukaemia (HL60) and human lung fibroblast (IMR90) cell
lines. Growth inhibitory effects, apoptotic study, cell cycle
analysis, and caspase-3 expression studies have been carried
out toward understanding the mechanism of the cytotoxic
activity of nano-sulfur.

■ RESULTS AND DISCUSSION
Synthesis of Chemogenic and Biogenic Nano-sulfur.

The present study establishes the rapid synthesis of nano-sulfur
using the chemical (SNP-C) as well as biosynthesis method
(SNP-B).

Powder X-ray Diffraction (PXRD). To confirm the phase
formation and presence of unreacted impurities, powder X-ray
diffraction patterns were recorded for sulfur particles prepared
by chemical and biological methods and are given in Figure
1a,b respectively. All the observed peaks of SNP-C and SNP-B

are found to be well resolved, and the pattern observed for
both the samples readily matches with the S8 structure of α-
sulfur (JCPDS card no. 01-078-1889), which confirms that
nano-sulfur is of an orthorhombic phase. It can also be seen
from the XRD pattern that the diffraction peaks of SNP-C are
relatively less intense than those of the SNP-B. Since the
conditions (such as scan rate, amount of sample, sample
height, and zero background) of X-ray data collection for both
the samples are the same, we can infer that the difference in
diffraction peak intensity is due to the difference in the
crystallinity of the samples prepared by different methods. To
assess the effect of the synthesis method, crystallite size was
calculated using Debye−Scherrer’s formula and found to be 40
and 37 nm for SNP-C and SNP-B, respectively.32 The lower
crystallite size in case of SNP-B may be due to the
phytoconstituents of extract acting as capping agents that
control the crystal growth and size.33 Further, in case of the
XRD pattern of SNP-C, the impurity peak was found at 2θ =
24° that can be attributed to the unreacted sodium thiosulfate
precursor.34 However, in SNP-B, no impurity phases are
detected in the XRD pattern.

Scanning Electron Microscopy (SEM). Scanning electron
micrographs (SEMs) of sulfur prepared by biological and
chemical methods are shown in Figure 2a,b and c,d
respectively. The surface morphology of SNP-B shows
agglomerated sheets with porous structures. Higher-magnifi-

Figure 1. X-ray diffraction patterns of (a) SNP-C (sulfur nano-
particles) and (b) SNP-B (sulfur nanosheets).
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cation images show that the sulfur sheets have a smooth
surface. The sheets formed have different sizes. The reason for
the formation of sheetlike structures can be ascribed to the
complex composition of the peel extract. The LC−MS data
reported by Young et al.35 and by others36−38 show that the
Punica granatum peel extract contains gallic acid and
punicalagin as major phenolic compounds, in addition to
other phenolic acids such as caffeic acid, granatin A, cyanidin
granatin B, quercetin, chlorogenic acid, punicalin, ellagic acid,

pelargonidin, and apigenin. On the other hand, the
morphology of SNP-C (Figure 2c,d) shows particle agglom-
erates and the agglomerates form clusters of varying sizes.
Further, the surface structure of the SNP-C is also found to be
of a porous nature due to the numerous voids and fine pores
seen. Unlike SNP-B, the surface morphology of SNP-C is not
smooth and shows accumulation of fine particles distributed
unevenly, making the surface rough. The particles and the

Figure 2. SEM micrograph of SNP-B (a, b) and SNP-C (c, d) at different magnifications.

Figure 3. TEM images of (a) SNP-B and (d) SNP-C. HRTEM images of (b) SNP-B and (e) SNP-C. SAED patterns of (c) SNP-B and (f) SNP-C
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agglomerates have irregular shape and size and a non-uniform
distribution.
Transmission Electron Microscopy (TEM). The trans-

mission electron microscopic images of SNP-B and SNP-C are
shown in Figure 3a,b and d,e, respectively. The TEM
micrographs of SNP-B have sheetlike structures that resemble
the TEM images of graphene with a size range of 10−20 nm.
The sheets of sulfur have multiple layers overlapped that can
be clearly visible in Figure 3a. However, TEM of SNP-C shows
particle agglomerates, and the extent of agglomeration is so
high that individual particles could not be differentiated. The
average size of the agglomerated clusters is ∼30−40 nm. The
agglomerated nature of the particles observed in TEM images
of SNP-C is consistent with the SEM results. The HRTEM
images (Figure 3 b,e) show well-defined lattice fringes with d-
spacings ∼0.32 and 0.38 nm for SNP-B and SNP-C,
respectively. These correspond to the (206) and (222) plane
of orthorhombic sulfur. Figure 3c,f shows the SAED pattern,
and the nature of the diffracted pattern is found to be a ring
pattern with spots indicating the nano-crystalline nature of
sulfur.39

Raman Spectroscopy. To better understand the structural
features and phase formation of the products, SNP-C and
SNP-B are characterized by Raman spectroscopy and the
spectra are presented in Figure 4a,b. Sulfur is found to show a

decomposition behavior at particular laser excitations. There-
fore, in the present study, we have used a 632 nm laser
excitation source that is more suitable for sulfur. It can be seen
that both the samples (SNP-C and SNP-B) show well-resolved
intense peaks at 153, 213, 219, and 473 cm−1. Further, weak
peaks at 186, 245, and 438 cm−1 are also observed in both the
spectra. These peaks are in accurate agreement with the
elemental sulfur reported in the literature.40−43 The Raman
modes for sulfur (S8) with a D4d symmetry are 2A1 + 3E2 +
2E3, and it is as given by Scott et al.44 The peak at 153 cm−1

can be assigned to the E2 symmetry species, and those peaks at
219 and 473 cm−1 are due to the A1 species. Further, weak
peaks at 245 and 438 cm−1 can be assigned to the E3 species,
and the peak at 186 cm−1 is Raman forbidden, appearing in
violation of D4d selection rules.45

Cell Viability Assay. An MTT assay was performed to
determine the effect of ST, PPE, and nano-sulfur (SNP-C and
SNP-B), respectively, on the cell viability of A549, A431, and
HL60 cancer cell lines at various concentrations (12.5, 25, 50,
100, and 200 μg/mL). The results showed a decrease in the
viability of cells in a concentration-dependent manner for all
the cell lines (Table 1 and Figure 5). IC50 values of ST and
PPE toward A549 cell lines at 24 h were 155.36 ± 2.95 and
232.16 ± 2.47 μg/mL, respectively (Table S1 and Figure S1).
For A431 cell lines, the IC50 values of ST and PPE were 142.41
± 1.46 and 209.06 ± 3.48 μg/mL, respectively. In the case of
HL60, the IC50 values of ST and PPE were 177.11 ± 2.13 and
230.04 ± 3.26 μg/mL, respectively, whereas the IC50 values of
SNP-B and SNP-C toward A549 cell lines at 24 h were 9.5 ±
0.29 and 129.3 ± 0.23 μg/mL, respectively. For A431 cell lines,
the IC50 values of SNP-B and SNP-C were 18.29 ± 0.09 and
122.4 ± 1.69 μg/mL, respectively. For HL60, the IC50 values
of SNP-B and SNP-C were 10.49 ± 0.52 and 153.2 ± 0.19 μg/
mL, respectively (Table 1). In contrast, the IC50 values of SNP-
B and SNP-C for IMR90 cell lines were 443.8 ± 5.11 and
342.7 ± 12.29 μg/mL, respectively (Table 1 and Figure 5).
From the cell viability assay, it was observed that both ST and
PPE indicated lower cytotoxic effects compared to synthesized
nano sulfur (SNP-C and SNP-B). Apart from this, SNP-C is
less toxic compared to SNP-B against all the tested cancer cell
lines, whereas SNP-B exhibited lower cytotoxic effects than
SNP-C against IMR90 cell lines (normal cells). This specificity
of sulfur nanoparticles toward cancer cell is clinically important
and demonstrates its capacity for being a chemopreventive or
therapeutic agent. Also, one of the major challenges of any
anticancer drug to be free from any side effects is to effectively
distinguish tumor cells from normal cells. Similar results were
reported by Shankar et al. wherein dose-dependent lower
cytotoxic effects were observed for sodium thiosulfate against
CT26 cell lines compared to sulfur nanoparticles at 500 μg/
mL, whereas in the case of A549 cell lines, sodium thiosulfate
did not show any significant cytotoxic effect at the tested
concentration range of 10 to 1000 μg/mL.15 Sukri et al.
reported lower cytotoxic effects and a decrease in cell viability
by PPE against colon cancer cell lines (HCT116) at 250 μg/
mL.37 Further, as observed from Figure 5, cell lines treated
with a standard drug and nano-sulfur exhibited condensed and
floating cells with a significant decrease in cell density
compared to the untreated cell lines. Shrinking of cells with
blebbing and rupturing of membranes are also observed for
nano-sulfur treated cell lines. The cytotoxic effect as indicated
by Figure 5 is higher for SNP-B compared to SNP-C. The
observed difference in the cytotoxic effect of nano-sulfur could
be attributed to the different reducing agents used during
synthesis or the altered morphology of SNP-B (nanosheets)
and SNP-C (nanoparticles). The present study proves the
impact of morphology on the cytotoxicity of nano-sulfur.

Apoptosis Study. The cell viability assay exhibited the
dose-dependent cytotoxic effect of the prepared nano-sulfur
(SNP-B and SNP-C). However, the mechanism underlying the
cell death needs to be understood. The Annexin V−FITC/
propidium iodide (PI) dual staining method was used to assess
the apoptotic and non-apoptotic population of cells through
flow cytometry. In case of cell lines treated with nano-sulfur,
the stained cells showed increased cell population percentage
along with increased Annexin V uptake in lower and upper
right coordinates (Table 2 and Figure 6) and decreased viable
cell percentage (Annexin V−/PI−) in the lower left

Figure 4. Raman spectra of (a) SNP-B and (b) SNP-C.
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coordinate. Early (Annexin V+/PI+) and late (Annexin V
+/PI−) apoptotic cell percentages in A549 cell lines treated
with IC50 SNP-B were 33.11 ± 3.12 and 34.67 ± 2.47%,
respectively, while percentages in those treated with IC50 SNP-
C were 38.83 ± 1.85 and 3.61 ± 0.86%, respectively. Early and
late apoptotic cell percentages for A431 cell lines treated with
IC50 SNP-B were 12.77 ± 1.91 and 32.67 ± 0.93%,
respectively, while percentages in those treated with IC50
SNP-C were 15.96 ± 2.87 and 15.35 ± 0.87%, respectively.
For HL60 cell lines treated with IC50 SNP-B, percentages of
early and late apoptotic cells were 21.83 ± 3.77 and 21.68 ±
1.36%, respectively, and for those treated with IC50 SNP-C,
percentages were 13.37 ± 4.07 and 17.91 ± 1.85%,
respectively. In contrast, for IMR90 cell lines treated with
IC50 SNP-B and SNP-C, respectively, early and late apoptotic
cells were much less for SNP-B treated (0.06 ± 0.03 and 0.49
± 0.25%) than SNP-C treated (8.89 ± 3.54 and 1.63 ± 0.50%)
cell lines (Table 2 and Figure 6). Necrotic cell percentages
(Annexin V−/PI+) in A549, A431, HL60, and IMR90 cell
lines treated with nano-sulfur at IC50 concentration were 1.09
± 0.11, 5.59 ± 0.73, 31.08 ± 2.94, and 2.36 ± 0.30% for SNP-
B, respectively, whereas in case of SNP-C, percentages were
4.75 ± 1.37, 3.47 ± 0.89, 13.21 ± 1.02, and 1.59 ± 0.29%,
respectively. In contrast, early apoptotic, late apoptotic, and
necrotic cell percentages in untreated cells were very low
(A549: 0.89 ± 0.75, 0.26 ± 0.18, and 0.85 ± 0.49%; A431:
2.19 ± 1.13, 1.25 ± 0.48, and 1.38 ± 0.26%; HL60: 0.97 ±
0.47, 1.09 ± 0.62, and 2.39 ± 0.45%) when compared to nano-
sulfur treated cells. The obtained results indicate that nano-
sulfur induces early cell apoptosis and late cell apoptosis
indicative of apoptotic cell death in all the treated cell lines.
However, sulfur nanoparticles exhibited higher apoptotic cell
death in A549 cell lines than IMR90 cell lines. SNP-B
exhibited higher apoptotic cell death in all the treated cell lines
compared to SNP-C, considering both early and late apoptotic
cell percentage. Further, HL60 cell lines treated with nano-
sulfur exhibited a higher percentage of necrotic cells in
comparison with A549 and A431 cell lines. This is because of
the fact that it is easy for HL60 cell lines, being suspension
cells, to exhibit a higher amount of cell debris that might be
due to a higher rate of cellular internalization of nano-sulfur,46

whereas A549 and A431 cell lines, being adherent cells, express
a negligible amount of cell debris.

Cell Cycle Analysis. One of the effective screening assays
for potential therapeutic drugs is cell cycle progression.
Estimating the cellular DNA content is essential to assess the
cell cycle. This was assessed by flow cytometry that allows
discrimination between G1, S, G2, and M phases. The starting
point for the cell cycle is the gap 1 phase (G1), during which
the cell prepares, grows in size, and synthesizes mRNA and
proteins required for DNA synthesis. During the synthesis
phase (S), the replication of DNA occurs, and in the gap 2
phase (G2), the cell grows some more in size, produces new
proteins required, and prepares for cell division. Finally, the
cell enters the mitosis phase (M), where the cell divides into
two daughter cells and enters the G1 phase. Further, the cells
that stop dividing temporarily enter the resting phase called the
gap zero phase (G0) and are metabolically active. Therefore,
analysis of cell cycle progression was performed by propidium
iodide (fluorescent nucleic acid dye) staining, and the results
obtained are shown in Table 3 and Figure 7. A significant
increase in the percentage of cells arrested in the G2/M phase
of cell cycle was observed. It can be noted that, in this phase,T
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Figure 5. Morphological changes of A549, A431, HL60, and IMR90 cell-lines un-treated (a, e, i, m) and, treated with IC50 concentration of the
standard drug (b, f, j, n), SNP-B (c, g, k, o), and SNP-C (d, h, l, p) after 24 h treatment.

Table 2. Apoptotic Study (i.e., Annexin V/PI Expression Study) of SNP-B and SNP-C against A549, A431, HL60, and IMR90
Cell-Linesa

quadrant % viable cells % early apoptotic cells % late apoptotic cells % necrotic cells

label UL UR LL LR
A549 cell lines

untreated 98.00 ± 1.11 0.89 ± 0.75 0.26 ± 0.18 0.85 ± 0.49
standard drug 13.58 ± 1.57*** 36.85 ± 1.67*** 47.39 ± 2.61*** 2.18 ± 0.58
SNP-B 31.13 ± 0.80*** 33.11 ± 3.12*** 34.67 ± 2.47*** 1.09 ± 0.11
SNP-C 52.80 ± 1.77*** 38.83 ± 1.85*** 3.61 ± 0.86 4.75 ± 1.37*

A431 cell lines
untreated 95.17 ± 1.53 2.19 ± 1.13 1.25 ± 0.48 1.38 ± 0.26
standard drug 34.06 ± 1.77*** 3.77 ± 0.67 38.29 ± 2.75*** 23.88 ± 1.74***
SNP-B 48.97 ± 1.27*** 12.77 ± 1.91** 32.67 ± 0.93*** 5.59 ± 0.73
SNP-C 65.22 ± 1.49*** 15.96 ± 2.87** 15.35 ± 0.87*** 3.47 ± 0.89

HL60 cell lines
untreated 95.55 ± 1.51 0.97 ± 0.47 1.09 ± 0.62 2.39 ± 0.45
standard drug 65.73 ± 1.18*** 18.13 ± 1.52** 6.18 ± 0.58* 9.96 ± 0.66*
SNP-B 25.41 ± 2.82*** 21.83 ± 3.77** 21.68 ± 1.36*** 31.08 ± 2.94***
SNP-C 55.52 ± 2.01*** 13.37 ± 4.07* 17.91 ± 1.85*** 13.21 ± 1.02**

IMR90 cell lines
untreated 99.79 ± 0.10 0.13 ± 0.04 0.08 ± 0.04 0.03 ± 0.01
standard drug 71.69 ± 1.66*** 20.75 ± 1.48*** 7.12 ± 0.13*** 0.44 ± 0.05
SNP-B 97.08 ± 0.07 0.06 ± 0.03 0.49 ± 0.25 2.36 ± 0.30***
SNP-C 87.88 ± 3.83** 8.89 ± 3.54* 1.63 ± 0.50* 1.59 ± 0.29**

aValues are expressed as the mean ± SEM (n = 3). Statistical significance (P) calculated by one-way ANOVA followed by Dunnett’s test. ***P <
0.001, **P < 0.01, and *P < 0.05 were considered as statistically significant by comparing the treated group with the control group.
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the cell lines treated with the standard drug and nano-sulfur
showed an increased cell arrest compared to untreated cells.
The percentage of cells arrested in the G2/M phase for SNP-B
and SNP-C, respectively, was 39.31 ± 0.45 and 24.07 ± 0.77%
for A549, 56.22 ± 1.60 and 28.05 ± 0.43% for A431, and 26.88
± 0.41 and 45.31 ± 0.26% for HL60 cell lines. In contrast, the
cell percentage in the G2/M phase of sulfur nanoparticle
treated IMR90 cells was 40.43 ± 0.12% for SNP-B and 51.16
± 0.26% for SNP-C. These results suggest that nano-sulfur
inhibits the cellular proliferation via G2/M phase cell cycle
arrest. The extent of G2/M phase cell cycle arrest was higher
for SNP-B compared to SNP-C, indicating that SNP-B exhibits
a higher cytotoxicity to the cell lines tested. The observed
difference is concurrent with the cytotoxic results. In addition,
an increase in sub-diploid peaks (sub G0/G1 phase) was
observed for all the treated cancer cells when compared to
untreated cells, reflecting the apoptotic population of cells.
Caspase-3 Expression Study. The molecular mechanism

involved in induced apoptosis was investigated through

caspase-3 antibody expression using flow cytometry. Ex-
pression levels of caspase-3 by A549, A431, HL60, and
IMR90 cells exposed to nano-sulfur were compared with
untreated cells. Results revealed a significant increase in the
expression levels of caspase-3 in all the cell lines (A549, A431,
HL60, and IMR90) treated with nano-sulfur compared to
untreated cells (Table 4 and Figure 8). Exposure of A549 cells
to SNP-B and SNP-C increased the mean fluorescence
intensity (MFI) to 50.34 ± 1.13 and 37.98 ± 0.96, respectively,
when compared to untreated cells (12.62 ± 0.69). The
increase in MFI for A431 cell lines treated with SNP-B and
SNP-C was 47.84 ± 0.47 and 26.16 ± 0.76, respectively,
compared to untreated cells (9.59 ± 0.15). Similarly, for HL60
cell lines treated with SNP-B and SNP-C, MFI was 50.91 ±
2.71 and 39.36 ± 2.4, respectively, compared to untreated cells
(8.63 ± 0.25), whereas a significant decrease in the mean
fluorescence intensity of IMR90 cells treated with SNP-C and
SNP-B was observed and found to be 21.25 ± 2.43 and 13.46
± 1.36, respectively, in comparison with sulfur nanoparticle

Figure 6. Apoptosis of A549, A431, HL60, and IMR90 cell-lines un-treated (a, e, i, m) and, treated with IC50 concentration of the standard drug (b,
f, j, n), SNP-B (c, g, k, o), and SNP-C (d, h, l, p).
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treated A549, A431, and HL60 cells. The significant increment
in caspase-3 expression of the treated cancer cells indicate that
the apoptosis induced by nano-sulfur is through a caspase-
mediated pathway. Caspase-3 expression was higher for SNP-B
treated cells when compared to SNP-C treated cells. The
higher caspase expression in SNP-B treated cells indicates the
higher apoptotic cell death induced by SNP-B compared to
SNP-C.

■ DISCUSSIONS

The cell viability assay exhibited a dose-dependent cytotoxic
effect of the prepared nano-sulfur (SNP-B and SNP-C). The
cytotoxic effect for SNP-B was higher compared to that for
SNP-C against all the tested cell lines. The observed difference
in the cytotoxic effect of nano-sulfur could be attributed to the
different reducing agents used during synthesis or the altered
morphology of SNP-B (nanosheets) and SNP-C (nano-
particles). Graphene oxide (rGO) nanosheets synthesized
using green (ascorbic acid) or chemical (hydrazine) reducing
agents have shown altered morphology and diverse cytotoxicity
effect on alveolar cells.47 The difference in the biological
response of rGO variants was attributed to morphological
discrepancies arising from synthetic variations. Their findings
concluded that the morphology of the nanomaterial arbitrate
metabolic processes is essential for regulating standard cell
function.47

Nanosheets, based on their structural difference with respect
to nanoparticles, offer a larger surface to volume ratio for cell
interaction. They also exhibit high polarized charges compared
to nanoparticles. Studies have proved that cells can internalize
nanosheets, resulting in a higher interaction between the
substrate and cells.48 Internalization and cellular distribution
will have a direct impact on the cytotoxicity of the
nanosheets.30 In the present study, sulfur nanosheets have
shown a higher cytotoxicity compared to sulfur nanoparticles.
The present study proves the impact of morphology on the
cytotoxicity of nano-sulfur.

The mechanism of cytotoxic action of nano-sulfur is still not
clear. Previous reports have shown that copper is an essential
cofactor and a key molecule in MEK/ERK pathway,49 by
acting as chelate and inhibiting the proliferation of A345 and
MCF-7 cell lines via the MEK/ERK pathway along with
slowing down the mitotic division in cancer cells.50 The drug
disulfiram (bis(diethylthiocarbamoyl)disulfide) was shown to
exhibit specific anticancer activity due to the copper complex-
ing ability of diethyldithiocarbamate, a reduced metabolite of
disulfiram. The anticancer activity of the drug was mainly due
to the interaction of copper(II) with the cellular protein
complex resulting in the inhibition of proteasome function.51

Tetrathiomolybdate, a sulfide releasing drug and a copper
chelator, was shown to exhibit anti-angiogenic, anti-fibrogenic,
and anti-inflammatory actions in preclinical studies.52 Based on
these reports, the cytotoxic activity of sulfur nanoparticles in
the present study could be attributed to copper chelation and
downregulation of protein expression responsible for mitosis.
In addition to the above, morphological alterations such as cell
clumping, irregular shape, rounding and detachment of cells
from culture plates, cytoplasmic condensation, mitochondrial
dysfunction, and loss of membrane integrity are also
contributors for the cytotoxic activity of nano-sulfur.53,54

The event of a cell death is marked by the activation of
specific cell signaling pathways characterized by different
morphological features comprising two major modes: a
metabolic pathway mediated programmed cell death called
″apoptosis″ and a nonregulated, accidental cell death caused
by not so specific physiological stress inducers called
″necrosis″. Most of the currently used anticancer drugs exploit
the apoptotic signaling pathways to trigger cancer cell death.
Effective screening for potential therapeutic drugs thereby
necessitates analysis of cell cycle progression and apoptotic-
induced cell death. The cell cycle assay indicated that nano-
sulfur inhibits cellular proliferation via a G2/M phase cell cycle
arrest. An increase in sub-diploid peaks (sub G0/G1 phase)
was observed for all the treated cells when compared to

Table 3. Cell Cycle Analysis of SNP-B and SNP-C against A549, A431 HL60, and IMR90 Cell Linesa

sl. no cell cycle stage untreated standard drug SNP-B SNP-C

A549 cell lines
1 sub G0/G1 1.00 ± 0.13 3.17 ± 0.51** 3.49 ± 0.39** 3.39 ± 0.32**
2 G0/G1 79.41 ± 0.38 36.55 ± 0.39*** 42.05 ± 0.59*** 60.46 ± 0.73***
3 S 9.78 ± 0.61 11.27 ± 0.58 5.37 ± 0.49*** 8.58 ± 0.29*
4 G2/M 9.81 ± 0.36 32.80 ± 1.27*** 39.31 ± 0.45*** 24.07 ± 0.77***

A431 cell lines
1 sub G0/G1 2.77 ± 0.14 17.36 ± 1.30*** 4.9 ± 0.84 12.17 ± 0.19***
2 G0/G1 54.77 ± 0.71 30.46 ± 2.7*** 21.7 ± 0.72*** 29.71 ± 1.92***
3 S 19.46 ± 1.27 26.91 ± 1.35* 17.42 ± 1.07 29.87 ± 1.67**
4 G2/M 22.96 ± 0.78 25.1 ± 0.22 56.22 ± 1.60*** 28.05 ± 0.43*

HL60 cell lines
1 sub G0/G1 7.8 ± 0.31 15.68 ± 1.58*** 7.74 ± 0.7 3.76 ± 0.14*
2 G0/G1 56.12 ± 0.84 34.36 ± 0.81*** 41.53 ± 1.01*** 26.61 ± 0.9***
3 S 12.65 ± 0.76 21.76 ± 0.51*** 22.53 ± 0.89*** 20.83 ± 0.56***
4 G2/M 22.23 ± 0.07 25.74 ± 1.15* 26.88 ± 0.41** 45.31 ± 0.26***

IMR90 cell lines
1 sub G0/G1 0.89 ± 0.06 0.58 ± 0.12** 0.52 ± 0.05*** 1.48 ± 0.02***
2 G0/G1 50.03 ± 0.13 34.62 ± 0.19*** 49.09 ± 0.34 39.17 ± 1.54***
3 S 4.57 ± 0.17 9.13 ± 0.44*** 5.18 ± 0.50 4.7 ± 0.35
4 G2/M 44.37 ± 0.21 52.66 ± 0.28*** 40.43 ± 0.12*** 51.16 ± 0.26***

aValues are expressed as the mean ± SEM (n = 3). Statistical significance (P) calculated by one-way ANOVA followed by Dunnett’s test. ***P <
0.001, **P < 0.01, and *P < 0.05 were considered as statistically significant by comparing the treated group with the control group.
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untreated cells, reflecting the apoptotic population of cells. The
extent of G2/M phase cell cycle arrest was higher for SNP-B
compared to SNP-C, indicating that SNP-B exhibits higher
cytotoxicity to the cell lines tested. Previous studies have
shown enhanced cytotoxicity associated with increased cell
cycle arrest.55 The obtained results are in concurrence with the
cytotoxic behavior observed for SNP-B and SNP-C. Sulfur and
sulfur compounds are known to induce nuclear and chromatin

condensation, cyclin B1 accumulation, phosphorylation of
histone H3 at serine 10 (H3P), and DNA fragmentation
resulting in the early impairment of cell proliferation.56,57 Cell
cycle arrest at a specific phase thereby inducing apoptosis is a
common cytotoxic mechanism exhibited by anticancer drugs.
Many studies have reported that nanoparticles arrest cell cycle
at the G2/M phase with enhanced percentage of cells in the
sub G0/G1 phase indicative of apoptotic cell death.58,59

Figure 7. Cell cycle analysis of A549, A431, HL60, and IMR90 cell lines untreated (a, e, i, m) and, treated with IC50 concentration of the standard
drug (b, f, j, n), SNP-B (c, g, k, o), and SNP-C (d, h, l, p).

Table 4. Caspase-3 Expression Study of SNP-B and SNP-C against A549, A431, HL60, and IMR90 Cell Linesa

relative mean fluorescence intensity (MFI)

sample A549 A431 HL60 IMR90

untreated 12.62 ± 0.69 9.59 ± 0.15 8.63 ± 0.25 9.19 ± 0.92
standard drug 95.80 ± 0.57*** 55.21 ± 0.45*** 55.33 ± 2.3*** 29.65 ± 2.03***
SNP-B 50.34 ± 1.13*** 47.84 ± 0.47*** 50.91 ± 2.71*** 13.46 ± 1.36
SNP-C 37.98 ± 0.96*** 26.16 ± 0.76*** 39.36 ± 2.4*** 21.25 ± 2.43**

aValues are expressed as the mean ± SEM (n = 3). Statistical significance (P) calculated by one-way ANOVA followed by Dunnett’s test. ***P <
0.001, **P < 0.01, and *P < 0.05 were considered as statistically significant by comparing the treated group with the control group.
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The Annexin V−FITC/propidium iodide (PI) dual staining
apoptotic assay indicated that nano-sulfur induces early cell
apoptosis and late cell apoptosis indicative of apoptotic cell
death in all the treated cell lines. Previous reports have shown
that sulfur increases the expression of p53 protein, a
multifunctional tumor suppressor that regulates apoptosis.56

p53 increases the Bax expression and downregulates the Bcl-2
protein, resulting in the permeabilization of mitochondria, thus
inducing apoptosis.54,60,61 SNP-B exhibited higher apoptotic
cell death in all the treated cell lines compared to SNP-C,
considering both early and late apoptotic cell percentage. SNP-
B is able to induce a higher rate of apoptotic activity even at its
lower IC50 value compared to SNP-C, which is ineffectual to
induce a comparable apoptotic activity even at its higher IC50
value. The obtained results clearly demonstrated the higher
activity of sulfur nanosheets compared to sulfur nanoparticles.
The enhanced cytotoxic and apoptotic activity of the

biogenic sulfur can be attributed to the many advantages of
the 2D nanosheet morphology such as the large specific surface

area for cell adhesion and internalization, abundance of sulfur
atoms in ultrathin nanosheets, high capability of release of
sulfur atoms, high polarized charges, and convenient attach-
ment of different functional groups.30,31 A study by Loutfy et
al. on the cytotoxic effect of graphene oxide nanosheets toward
HepG2 cancer cells has shown that the cytotoxic effect was due
to the strong interaction with the phospholipid layer leading to
internalization into mitochondria, nucleus, and cytoplasm,
causing membrane integrity loss and damage.62

Further, SNP-B exhibited higher cytotoxic effects against
cancer cell lines while showing minimum toxicity to normal
cells compared to SNP-C. The difference in the cytotoxic effect
of SNP-B toward normal and tumor cells could be due to the
difference in the MEK/ERK pathway. Similar results have been
reported by Shankar et al. in which nano-sulfur showed lower
cytotoxicity to normal cell lines (CCD-986sk) compared to
tumor cell lines (CT26).15

A distinctive feature of the early stages of apoptosis is the
activation of caspase enzymes, which participate in the cleavage

Figure 8. Caspase-3 expression of A549, A431, HL60, and IMR90 cell-lines un-treated (a, e, i, m), treated with IC50 concentration of the standard
drug (b, f, j, n), SNP-B (c, g, k, o), and SNP-C (d, h, l, p).
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of protein substrates and in the subsequent disassembly of the
cell.63 Cells treated with nano-sulfur had a significant increase
in caspase-3 expression when compared to untreated cells. The
higher apoptotic activity due to the significant expression of
caspase-3 in case of nano-sulfur treated cells compared to
untreated cells suggests that Bcl-2 protein clusters such as Bak
and Bax were activated by p53 expression resulting in the
formation of homo-oligomer leading to the release of
cytochrome complex (Cytc) from the membrane interface.
This would further lead to apoptosome formation and caspase-
3 activation, thereby inducing mitochondrial intrinsic apopto-
sis.64−66 Treatment with SNP-B resulted in a higher mean
fluorescence intensity compared to SNP-C, indicating a higher
expression of caspase-3 by SNP-B treated cells. The higher
caspase expression in SNP-B treated cells indicates higher
apoptotic cell death induced by SNP-B compared to SNP-C.
Caspase-3 expression studies suggest that nano-sulfur was
effective to activate mitochondrial mediated caspase dependent
apoptosis on the treated cancer cell lines (A549, A431, and
HL60).
Cancer therapy induced by apoptotic cell death alone

without intrinsic cytotoxicity is likely to cause death of more
normal cells than tumor cells. An effective cancer therapy
requires drugs that are both cytotoxic and apoptotic. The
synthesized biogenic sulfur nanosheets, with intrinsic cytotox-
icity and apoptotic activity, can prove to be a potential chemo-
preventive drug.

■ CONCLUSIONS

The present study demonstrates the synthesis of nano-sulfur of
varying morphologies using biological and chemical reducing
agents. The Punica granatum peel extract as a reducing agent
resulted in nanosheets of sulfur (SNP-B), while oxalic acid as a
reducing agent produced aggregates of sulfur nanoparticles
(SNP-C). Nano-sulfur synthesized nanoparticles were charac-
terized using XRD, SEM, TEM, and Raman Spectroscopy. The
in vitro anticancer activity of synthesized nanoparticles was
evaluated against A549, A431, HL60, and IMR90 cell lines via
a series of assays such as cell viability, apoptosis, cell cycle
analysis, and caspase-3 studies. Biogenic nanoparticles (SNP-
B) exhibited higher cytotoxicity in comparison to chemogenic
nanoparticles (SNP-C) against all the tested cancer cell lines.
In addition, significant apoptotic activity and G2/M phase of
cell cycle arrest, and increased caspase-3 expression were
observed in biogenic nanoparticles than chemogenic nano-
particles against A549, A431, and HL60 cell lines, indicating
cancer cell death via the intrinsic apoptotic pathway mediated
by mitochondria. Apart from this, the lower cytotoxicity
observed in IMR90 cell lines treated with SNP-B compared to
SNP-C indicated higher specificity of synthesized nanoparticles
toward cancer cells. In conclusion, the study demonstrated
morphology-dependent cytotoxic and apoptotic properties of
nano-sulfur. Biogenic sulfur nanosheets, with intrinsic cytotox-
icity and apoptotic activity, can prove to be a potential chemo-
preventive drug.

■ MATERIALS AND METHODS

Materials. Sodium thiosulfate pentahydrate (Na2S2O3·
5H2O; 99.5%), oxalic acid dihydrate ((COOH)2·2H2O,
99.5%), and cetyltrimethyl ammonium bromide (CTAB,
C19H42BrN, 99%) were obtained from Sisco Research
Laboratories Pvt. Ltd., India. The details of other chemicals

and material used in this study are as follows; Cell culture
medium, (DMEM high glucose medium) (#AL111, HiMedia
Laboratories Pvt. Ltd., India), fetal bovine serum (#RM10432,
HiMedia), MTT reagent (C18H16BrN5S; #4060 HiMedia, 5
mg/mL), cisplatin (Pt(NH3)2Cl2, 99.9%; trade name: Platinol
and Platinol-AQ-#PHR 1624 Sigma-Aldrich Pvt. Ltd., India),
5-fluorouracil (C4H3FN2O2, 99.9%; #F6627 Sigma-Aldrich
Pv t . L t d . , I nd i a ) , do xo rub i c i n hyd ro ch l o r i d e
(C27H29NO11−≥98%; #324380 Sigma-Aldrich), apoptosis
detection kit (cat. no.: 556547, Becton Dickinson (BD)
Biosciences India Pvt. Ltd., India), cell cycle analysis kit (cat.
no.: 550825, BD Biosciences), and caspase-3 assay kit (cat. no.:
560901, BD Biosciences). In addition, all the solutions and
aqueous extract were prepared using double-distilled water.

Methods. Preparation of the Aqueous Extract of
Pomegranate Peel. Peels of pomegranate (Punica granatum)
fruits were washed thoroughly with distilled water to clean the
dirt and debris. The clean peels were dried overnight at 50 °C
in a hot air oven and powdered using a domestic mixer.Ten
grams of the pomegranate peel powder was mixed with 100
mL of double-distilled water and heated for 45 min at 60 °C.
The refluxed mixture resulted in a dark brown extract that was
cooled to room temperature and centrifuged at 10,000 rpm for
10 min. The supernatant was collected and stored for further
use.67

Synthesis of Chemogenic and Biogenic Nano-sulfur.
Chemogenic nano-sulfur (SNP-C) was synthesized by the
surfactant assisted acid catalyzed precipitation method.19

Sodium thiosulfate pentahydrate (0.1 M), 0.1 M oxalic acid,
and 0.05 M cetyltrimethylammonium bromide (CTAB) were
used as precursor, weak acid, and surfactant, respectively.
Oxalic acid and CTAB solutions were simultaneously added
dropwise with continuous stirring to sodium thiosulfate
solution. An equilibrium time of 40 min was allowed for
completion of the reaction, resulting in precipitate formation.
Sodium thiosulfate undergoes disproportionation reaction with
the acidic solution to form sulfur and sulfonic acid according to
reactions 1 and 2.68

+ → + + ↓ ++ +Na S O 2H 2Na SO S H O2 2 3 2 2 (1)

+ →SO H O H SO2 2 2 3 (2)

The obtained precipitate was sonicated at room temperature
for 5 min in a bath sonicator, repeatedly washed with double-
distilled water several times, and centrifuged for 10 min at
10,000 rpm. The obtained yellow precipitate was dried at 80
°C overnight.
For the biogenic synthesis of nano-sulfur (SNP-B), sodium

thiosulfate pentahydrate (Na2S2O3·5H2O, 1.24 g) was
dissolved in 50 mL of pomegranate peel extract (PPE) under
constant stirring for 10 min at room temperature and diluted
to 100 mL with double-distilled water. To the above reaction
mixture, oxalic acid solution [(COOH)2·2H2O, 0.63 g] was
added dropwise under constant stirring till a brownish white
color solution was formed. The reaction mixture was allowed
to equilibrate for 40 min that resulted in the formation of
precipitate. The precipitate obtained was sonicated at room
temperature for 5 min using a bath sonicator, repeatedly
washed with double-distilled water, and centrifuged for 10 min
at 10,000 rpm. The obtained brownish yellow precipitate was
dried overnight at 80 °C, which resulted in the yellow sulfur
nanopowder.
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Characterization Studies. Synthesized nano-sulfur (SNP-C
and SNP-B) was characterized using various analytical
techniques. Powder X-ray diffraction analysis to confirm the
crystalline phases of samples (PXRD) was carried out using
Rigaku Ultima IV, Japan, with Cu Kα radiation (λ = 1.541 Å)
equipped with nickel filters. Analysis of morphology, structure,
and size of samples was carried out using scanning electron
microscopy (SEM, Carl Zeiss- ULTRA 55, Germany) and
high-resolution transmission electron microscopy (HRTEM,
Jeol/JEM 2100, 200 kV, LaB6 filament). Raman spectroscopy
(Jobin Yvon iHR550, Japan) was carried out to analyze the
chemical structure of the samples.
Reviving of Cell Lines and Maintenance of Cell Culture.

Human epidermoid carcinoma (A431), human promyelocytic
leukemia (HL60) ,human lung carcinoma (A549), and human
lung fibroblast (IMR90) cell lines were procured from the
National Centre for Cell Science (NCCS), Pune, India. The
cell lines were cultured using Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 100 μg/mL streptomy-
cin, 100 U/mL penicillin, and 5% (v/v) fetal bovine serum in a
5% CO2 incubator at 37 °C and subcultured for every 3−4
days.
In Vitro Cytotoxic Studies. Cytotoxicity studies such as the

cell viability assay and apoptosis, cell cycle, and caspase-3
studies were evaluated to assess the dose-dependent effect of
synthesized nano-sulfur (SNP-C and SNP-B) against three
different types of cell lines, viz., human lung carcinoma (A549),
human epidermoid carcinoma (A431), human promyelocytic
leukaemia (HL60), and human lung fibroblast cell lines
(IMR90). Cisplatin (25 μM), 5-fluorouracil (12.5 μM), and
doxorubicin (10 μM) were used as standard drug against A549
and IMR90, A431, and HL60 cell lines, respectively. Untreated
cells were used as control.
Cell Viability Assay. An MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl tetrazolium bromide) assay was used to assess the
viability of cells treated with sodium thiosulfate (ST),
pomegranate peel extract (PPE), and nano-sulfur, respectively.
A total of 2 × 104 cells/mL of A549, A431, HL60, and IMR90
cell lines were seeded in 96-well plates and incubated for 24 h
at 37 °C. Once confluence was reached, cells were exposed to
various concentrations (12.5, 25, 50, 100, and 200 μg/mL) of
sodium thiosulfate (ST), pomegranate peel extract (PPE), and
nano-sulfur (SNP-C and SNP-B) and incubated in CO2
incubator (5%) for further 24 h at 37 °C. Post incubation,
the spent medium was removed and cells were incubated with
100 μL of the MTT reagent (5 mg/mL) for 4 h. Excess MTT
was removed after 4 h incubation, and formazan crystals were
dissolved using 100 μL of DMSO. Gentle stirring was carried
out using a gyratory shaker to enhance the dissolution. The
viability of cells was measured on a microplate reader at an
absorbance wavelength of 570 nm using the reference standard
at 630 nm.60 Further, a linear regression equation was used to
determine the IC50 value and percentage cell viability.69

Analysis of Apoptotic Activity. To study apoptosis, 3 × 105

cells per well (A549, A431, and HL60) were seeded in six-well
plates and incubated for 24 h at 37 °C. Cells were treated with
IC50 concentration of SNP-C (A549: 9.53 ± 0.29 μg/mL,
A431: 18.29 ± 0.09 μg/mL, HL60: 10.49 ± 0.52 μg/mL, and
IMR90: 342.7 ± 12.29 μg/mL) and SNP-B (A549: 129.3 ±
0.23 μg/mL, A431: 122.4 ± 1.69 μg/mL, HL60: 153.2 ± 0.19
μg/mL, and IMR90: 443.8 ± 5.11 μg/mL), respectively, and
incubated for 24 h at 37 °C in a CO2 incubator (5%). Post
incubation, floating and adherent cells were collected by a

trypsinization procedure using 500 μL of the trypsin-EDTA
solution (0.25% w/v). Cells were then harvested by
centrifugation at 1800 rpm by washing with 1× PBS for 5
min. The obtained pellet was stained with 5 μL of AnnexinV−
fluorescein isothiocyanate (FITC) for 15 min at room
temperature in the dark followed by sequential addition of a
binding buffer (400 μL) and 10 μL of propidium iodide (PI).
Samples were then analyzed using a Becton Dickinson
FACSCalibur flow cytometer. Each sample analysis was carried
out by counting the effect on 10,000 cells.70

Cell Cycle Analysis by Flow Cytometry. Analysis of cell
cycle arrest was carried out using six-well plates in which 2 ×
105 cells per well (A549, A431, HL60, and IMR90) were
seeded and exposed to IC50 concentration of SNP-C and SNP-
B, respectively. The plates were incubated at 37 °C for 24 h in
a CO2 incubator (5%). Post incubation, adherent cells and
floating cells were collected and washed with 1× PBS. Cell
fixation was carried out using 70% cold ethanol. Cells were
further suspended in PBS, and 400 μL of propidium iodide
(PI) and 50 μL of the RNaseA solution were added. Well
plates containing test compounds and untreated cells were
incubated for 10 to 15 min at room temperature. Flow
cytometry was carried out using a FACSCalibur flow cytometer
for sample sets of 10,000 cells.71

Caspase-3 Expression Study. Caspase-3 activity was
determined by using a caspase-3 assay kit. A549, A431, HL60,
and IMR90 cells were seeded in six-well plates (3 × 105cells
per well) and treated with IC50 concentration of SNP-C and
SNP-B, respectively. The plates were incubated at 37 °C for 24
h in a CO2 incubator (5%). Post incubation, cells were
trypsinized using 500 μL of the trypsin-EDTA solution (0.25%
w/v) and harvested by centrifuging at 1800 rpm for 5 min.
Cells were fixed by prechilled 70% ethanol and washed with 1×
PBS. Following washing with PBS, 5 μL of the FITC caspase-3
antibody was added, incubated for 30 min at room
temperature in dark, and washed with 1× PBS containing
0.1% w/v sodium azide. Samples were analyzed using a flow
cytometer for sample sets of 10,000 cells.63

Statistical Analysis. All the experiments were carried out
in triplicate (n = 3), and the results are presented as mean ±
SEM. The statistical significance (P) of differences between
values was determined by one-way ANOVA using the
ezANOVA (Version 0.985) software. P values ≤0.05 and
≤0.01 were considered as statistically significant.
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CTAB cetyltrimethyl ammonium bromide
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide
A549 human lung carcinoma cell line
A431 human epidermoid carcinoma cell line
HL60 human promyelocytic leukemia cell line
DMEM Dulbecco’s modified Eagle’s medium
Annexin V−FITC AnnexinV−fluorescein isothiocyanate
PI propidium iodide
IC50 half-maximal inhibitory concentration
PXRD powder X-ray diffraction
SEM scanning electron microscopy
TEM transmission electron microscopy
MAPK mitogen activated protein kinase
ERK extracellular activation kinase
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