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Abstract Bimetallic Au@Pt nanostructures (Au@Pts)
are potential candidates for optical, electrical, catalytic and
biological applications. However, methods for the fabri-
cation of Au@Pts using total tea polyphenols (TPPs),
studies of the mechanism of action of Au@Pts on biolo-
gical systems and studies on the application of Au@Pts in
cancer diagnosis and therapy are sparse. In this study, we
developed a simple, eco-friendly and low-cost method for
the synthesis of Au@Pts to examine the cytotoxic effect of
these Au@Pts on human cervical cancers in vitro. The gold
and platinum ions were successfully reduced simultane-
ously using TPPs at room temperature. The prepared
Au@Pts were characterized using UV-Vis spectropho-
tometery, X-ray diffractometery (XRD), energy-dispersive
X-ray spectroscopy (EDS), and transmission electron mi-
croscopy (TEM). EDS and XRD confirmed the formation
of the Au@Pt. Formation of Au@Pts with a size of
5-20 nm was confirmed using TEM. The cytotoxic prop-
erties of the Au@Pts were evaluated in human cervical
cancer cells (SiHa). The cell viability results revealed that
Au@Pts induce cell death in a dose- and time-dependent
manner. The morphological features of the Au@Pt-ex-
posed SiHa cells were observed and indicated cell death via
cell shrinkage, intranucleosomal DNA fragmentation and
chromatin condensation. During progression of the differ-
ent phases of the cell cycle, the proportion of cells in the
G2/M phase of the treated SiHa cells was significantly
increased, which strongly confirmed that the Au@Pts
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induced apoptosis through the G2/M phase check points.
Our findings demonstrate the activity of Au@Pts against
cervical cancer cells and reveal strategies for the devel-
opment of highly active bimetallic nanostructures for
cancer therapeutics.

1 Introduction

Uterine cervical cancer, the second most common malig-
nant tumor in women worldwide, has a particularly high
mortality rate in developing countries. There are recom-
mended therapies, including chemo- and radio-therapy, but
the effects of these treatments on prognosis are not yet fully
known [1-3]. Moreover, current cancer treatment strate-
gies, primarily mono-drug chemotherapy, result in only
minimal improvement in patient survival, and these treat-
ments lack specific targets, causing an imbalance in the
redox system and various other side effects. For instance,
platinum-based materials are clinically efficient anti-cancer
drugs, and they act via redox-mediated cell death
mechanisms, such as apoptosis and necrosis [4]. However,
platinum-based chemotherapeutic drugs can induce adverse
toxic effects, such as nephrotoxicity, neurotoxicity and
ototoxicity [5]. Therefore, researchers are engaged in
identifying multiple targeted therapies to treat people suf-
fering from cancer. Cervical cancer is a complex multi-
factorial disease caused by various biochemical, microbial
(human papilloma virus) and genetic factors [6].
Therapeutic strategies for cervical cancer would require the
simultaneous use of two or more materials with function-
alized agents to induce a synergistic effect while also re-
ducing the toxicity levels.

Nanomedicine, an emerging field of research in nan-
otechnology, involves diagnosing, treating and preventing
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diseases using nanoscale tools [7]. Currently, multi-func-
tionalized nanomaterials have caused a revolution in the
treatment and diagnosis of various chronic illnesses and
have overcome conventional medical limitations, such as
rapid nonspecific clearance, lack of selectivity, poor phar-
macokinetics and undesirable side effects [8]. Notably,
noble metal-based nanoparticles are versatile tools for
biomedical applications, including targeted drug delivery,
gene delivery, molecular imaging and diagnosis [9].
Bimetallic nanostructures are a combination of two diverse
monometallic nanostructures that exhibit unusual optical,
electrical and catalytic properties entirely distinct from
their  corresponding  monometallic  nanostructures.
Bimetallic nanostructures serve as potential candidates for
magnetic sensors, catalysts, optical detectors and biome-
dical applications [10—14]. Among the bimetallic nanos-
tructures, noble metal-based bimetallic nanostructures are
the most promising materials because of their exceptional
optical, electrical, biological and catalytic properties [15—
17]. In particular, Au@Pt is of great interest because of its
wide variety of physicochemical properties. Moreover,
Au@Pt may exhibit synergistic effects on optical, electrical
and catalytic properties, which are in complete contrast to
their corresponding metal nanoparticles [18]. Gold
nanoparticles exhibit shape- and size-dependent surface
plasmon resonance (SPR) and tunable optical, electrical,
catalytic, and biological properties, which make them po-
tential biocompatible material candidates for biomedical
applications, such as immunoassay, protein assay, cancer
diagnosis, drug delivery and cancer therapy [19-23]. Par-
ticularly, surface modified gold nanoparticles with specific
biomolecules, such as antibodies, enzymes, or organic
probes have been exploited for the diagnosis and thermo-
photodynamic therapy of cancer cells [24]. Manikandan
et al. reported that 5-6 nm platinum nanoparticles are ef-
fective for the photothermal treatment of Neuro 2A cells
and have been recommended for cancer therapy [25].
Hikosaka et al. demonstrated that platinum nanoparticle
activity is similar to that of oxidizing NADH and reducing
CoQ [26].

A number of methods have been reported for the syn-
thesis of bimetallic nanostructures, including reverse mi-
celles [27], borohydride reduction [28], alcohol reduction
[29], polyol processes [30], sonochemical methods [31],
hydrothermal methods [32], radiolytic reduction [33], and
laser ablation [34]. Recently, the green synthesis of
nanostructures has become a rapidly growing area of re-
search in nanobiotechnology because of advantages such as
nontoxicity, eco-friendliness, biocompatibility, simplicity
and cost effectiveness. Several types of green agents have
been utilized for the fabrication of nanostructures, such as
phytochemicals, bacteria, fungi, and biopolymers [35-37].
Generally, these green agents have been utilized to
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fabricate metal and metal oxide nanostructures. However,
few studies have reported that green agents have been used
to prepare Au—-Pd, Ti/Ni and Eu/Au bimetallic nanostruc-
tures [38—40]. Tea polyphenol (TPP) contains several
catechins, including (+)-catechin, (—)-epicatechin, (—)-
gallocatechin, (—)-epicatechingallate, (—)-epigallocatechin
and (—)-epigallocatechingallate [41]. TPPs are effective
scavengers of free radicals and singlet oxygen. In addition,
TPPs may prevent a variety of diseases, including cardio-
vascular, hepatic, renal, neural, pulmonary and intestinal
diseases, cancer, diabetes, and arthritis [42, 43]. Previous
studies, several studies suggested that tea leaf extract could
be exploited for monometallic nanostructure formation.
Nadagouda et al. demonstrated that tea extracts can reduce
silver, iron and palladium ions into nanostructures [44, 45].
Moreover, tea extract has also been utilized for the
preparation of noble metals, such as platinum, gold and
silver nanoparticles at ambient temperature [46]. Currently,
Au-Pt fabrication using TPPs has not yet been explored.
This has directed the interests of our research group to-
wards the screening of functionalized anticancer drugs,
which may induce apoptosis or produce a multifunctional
synergistic anticancer effect in human cervical cancer cells.
In this study, we synthesized Au@Pt nanostructures using
TPP as both a reducing and stabilizing agent at ambient
temperature. The physicochemical properties of the Au@Pt
were then analyzed by UV-Vis spectrophotometry, X-ray
diffractometery (XRD) and transmission electron mi-
croscopy (TEM). The cytotoxic effect of the Au@Pt
nanostructures on human cervical cancer cells (SiHa) was
assessed by cell viability (MTT assay), cellular mor-
phology (fluorescent microscopy, PI staining) and cell
cycle (flow cytometry, PI staining) for the screening of
novel anticancer drugs with special reference to apoptosis.

2 Materials and methods

Chloroauric acid (HAuCl;-4H,0) and chloroplatinic acid
(H,PtCls-6H,0) were purchased from Sigma Aldrich and
were used as the precursors for the preparation of Au@Pt
nanostructures. Total TPPs were used as the reducing
agent. All chemicals were of analytical grade. Double-
distilled water was used throughout the study.

2.1 Preparation of Au@Pt nanostructures

Au@Pt nanostructures were fabricated using a one pot
synthetic approach at ambient temperature. Approximately
25 ml of 0.001 M HAuCl, aqueous solution was mixed
with 25 ml of 0.001 M H,PtClg solution with magnetic
stirring. Subsequently, 10 ml of aqueous total TPPs was
added to the gold and platinum ion mixture. The color of
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the solution then changed, which indicated that the Au@Pt
nanostructures were obtained. The prepared colloids were
centrifuged at 12,000 rpm for 5 min and the obtained pellet
was washed twice with double-distilled water. The Au@Pt
was then subjected to physiochemical characterization and
in vitro anti-cancer drug screening studies.

2.2 Instrumentation

The UV-Visible absorption spectrum of the Au@Pts was
recorded using an Agilent UV-Vis-NIR spectrophotome-
ter. A pair of 1 cm optical path length quartz cuvettes was
used under warm conditions (40 °C) for the UV-Visible
absorption spectral studies between 300 and 800 nm.
A Shimadzu X 600 Powder X-Ray diffractometer with Cu-
Ko radiation 1.5414 A was used for the X-ray studies for
phase identification of the Au@Pt nanostructures. For TEM
analysis, a drop of the Au@Pt nanostructures was dis-
pensed directly onto a carbon-coated copper grid and al-
lowed to dry completely in a vacuum desiccator. The
prepared sample was analyzed using a JEOL transmission
electron microscope (Model JEM 2100, Japan).

2.3 Maintenance of SiHa cells

The cervical cancer cell line (SiHa) was kindly provided by
Prof. M.A. Akbarsha, Director of the Mahatma Gandhi—
Doerenkamp Center for Alternatives to Use of Animals in
Life Science Education, Bharathidasan University, India.
The cell line was maintained and propagated in 90 %
DMEM (Thermoscientific, USA) containing 10 % fetal
bovine serum (FBS) (Thermoscientific, USA) and 1 %
penicillin/streptomycin (Biochrom AG, Germany and
ATCC, USA). The cells were cultured as an adherent
monolayer at approximately 70-80 % confluence at 37 °C
in a humidified atmosphere of 5 % CO, (Thermoscientific,
USA). The cells were harvested after brief trypsinization.
All experiments were performed using cells from passage
15 or less.

2.4 Cell viability assay

The MTT assay was performed as previously described
[47]. Briefly, the SiHa cells were seeded at a density of
1 x 10* cells per well in 200 pL fresh culture medium.
After growth overnight, the cells were treated with differ-
ent concentrations (25-200 pg/mL) of Au@Pt for 24 and
48 h. After incubation, 20 pL. MTT (3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium  bromide) solution
[5 mg/mL in phosphate-buffered saline (PBS)] was added
to each well. The plates were wrapped with aluminum foil
and incubated at 37 °C for 4 h. The plates were then
centrifuged, and the purple formazan product was

dissolved by the addition of 100 pL DMSO to each well.
The absorbance was monitored at 570 nm (measurement)
and 630 nm (reference) using a 96-well plate reader (Bio-
Rad, CA, USA). The data collected for the three replicates
for each concentration of Au@Pts were used to calculate
the mean percentage viability. The percent inhibition (ICs
and IC;5 values) was calculated using the Calcusyn soft-
ware (Biosoft, UK) and MS Excel (Microsoft Corp, USA).

2.5 Detection of cell death by epi-fluorescence
microscopy

The nuclear morphology of the treated SiHa cells was
analyzed after exposure of the cells to Au@Pt for 24 h. The
control cells were grown under the same condition but
without Au@Pt. The cells were trypsinized and fixed with
70 % cold ethanol overnight. After rehydration with PBS,
the cell nuclei were then stained with 1 mg/mL propidium
iodide (Sigma, USA) at 37 °C for 15 min in the dark. The
stained cells were photographed and examined under a
fluorescence inverted microscope (Carl Zeiss, Jena,
Germany).

2.6 Cell cycle analysis

The SiHa cells were plated at 2 x 10° cells/mL in a
12-well plate. After culturing for 24-h at 37 °Cina 5 %
CO, atmosphere, the cells were treated with D1 and D2 of
the Au@Pt for 24 h. Following trypsinization, the cells
were centrifuged at 1000x g for 10 min, and the pellet was
resuspended in 0.5 mL of PBS. Fixation was completed by
adding 4.5 mL of cold 70 % ethanol for at least 16 h at
4 °C. The fixed cells were centrifuged at 1000xg for
10 min, and the pellet was resuspended in 5 mL of PBS.
After being washed with PBS, the pellet was resuspended
in 1 mL of propidium iodide (PI) staining solution. After
incubation at 37 °C for 15 min, the cells were analyzed to
determine the cell cycle stage using a flow cytometer (BD
FACSCanto II; BD Biosciences, USA) with an excitation
wavelength of 488 nm and emission at 670 nm. The ac-
quired data were analyzed using the BD FACSDiva flow
cytometry analysis software (BD Biosciences, USA). The
presented data are representative of at least three inde-
pendent experiments conducted in triplicate.

3 Results and discussion

3.1 Synthesis and characterization of TPP
functionalized Au@Pt nanostructures

Phytochemicals have been explored for fabrication of
monometallic nanoparticles. Several green synthetic
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methods have been evaluated for metal nanoparticle
fabrication [40]. Previously, several studies suggested
that tea leaf extract could be exploited for monometallic
nanostructure formation. Nadagouda et al. demonstrated
that tea extracts can reduce silver, iron and palladium
ions into nanostructures [44, 45]. Moreover, tea extract
has also been used for the preparation of noble metals,
such as platinum, gold and silver nanoparticles at am-
bient temperature [46]. In this study, we use total TPPs
as both a reducing and stabilizing agent for Au@Pt
fabrication. Generally, TPP contains several polyphenols,
such as epigallocatechin-3-gallate, (—)-epigallocatechin,
epicatechin-3-gallate, and other catechins, and exhibits
antioxidant properties. Figure 1 shows the mechanism of
Au@Pts formation. Supporting evidence from earlier
studies demonstrates that various plant polyphenols, in-
cluding TPPs, have been used as reducing agents for
monometallic nanoparticle synthesis [48-50]. In par-
ticular, Au@Pt is of great interest because of its wide
variety of physicochemical properties. Moreover, Au@Pt
may exhibit synergistic effects on optical, electrical and
catalytic properties, which are in complete contrast to
their corresponding metal nanoparticles [18]. The optical
properties of Au@Pt were confirmed by UV—Vis spec-
trometry as shown in Fig. 2. A SPR peak was observed
at 580 nm, which corresponds to the gold nanoparticles.
The peak intensity showed a time-dependent red shift,
which confirms the formation of Au@Pt nanostructures
with increased particle size. These results are consistent
with earlier studies showing that noble metal nanoparti-
cles have tunable optical properties based on their size
and shape [19]. Gao et al. also reported that bimetallic
nanoparticles exhibit tunable optical properties due to the
size and shape-dependent SPR [51]. Our results revealed
that TPPs can potentially reduce and stabilize the gold
and platinum ions simultaneously at ambient temperature.
The crystalline nature of the prepared Au@Pt was ana-
lyzed using XRD. The XRD pattern of the sample
showed 4 peaks at 39.5° (1 1 1), 44.39° (2 0 0), 64.58°
(2 2 0) and 77.55° (3 1 1). The corresponding gold and
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Fig. 2 UV-Vis absorption spectra of Au@Pt nanostructures

platinum nanoparticle peaks were slightly shifted, which
may be due to the formation Au@Pt nanostructures
(Fig. 3). This XRD result is consistent with previous
reports [52]. The morphology of the Au@Pt bimetallic
nanostructures was analyzed using TEM. Figure 4 shows
the TEM images of the Au@Pt nanostructures with sizes
ranging between 5 and 20 nm (Fig. 3a, b, c). High
resolution-TEM (HR-TEM) was also used to characterize
the lattice arrangement and crystallinity of the Au@Pt
nanostructures. Figure 4d shows the HR-TEM image of
the bimetallic nanostructures. The HR-TEM images show
the lattice planes for the gold and platinum particles with
lattice spacings of 0.229 and 0.177 nm, respectively,
which correspond to the (111) lattice plane in both ma-
terials. The elemental profile of the nanostructures was
analyzed using TEM with an EDX setup. The EDX re-
sults (Fig. 5) show Au, Pt, C and Cu peaks, which
suggests the presence of Au@Pt nanostructures. The Cu
and C peaks correspond to the copper grid and TPP,
respectively. Therefore, these observations all confirm the
formation of spherical shaped Au@Pts 20-50 nm in size
at ambient temperature.

Fig. 1 Schematic diagram of -
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Au (ITT) > e 9 o %
K LN '
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Fig. 3 XRD patterns for Au@Pt nanostructures

3.2 Cytotoxicity studies

The cytotoxic effect of the Au@Pts on the human cervical
carcinoma cell line SiHa was evaluated using an MTT
assay. Different concentrations (12.5, 25, 50, 100 and
200 pg/ml) of purified Au@Pts were used to treat the SiHa
cells for 24 and 48 h (Fig. 6). The Au@Pts had an in-
hibitory effect on proliferation and reduced the viability of
the SiHa cells in a dose- and time- dependent manner as
shown in Fig. 6. The IC5y and IC;5 values of the Au@Pts
were higher for the 24 h treatment groups and ranged from

25 to 30 pg/mL, whereas for the 48 h treatment groups, the
ICso and IC;5 values ranged from 20 to 25 pg/mL. The
dose- and time-dependent cytotoxicity clearly indicated
that functionalized Au@Pts could interact with the intra-
cellular environment by varying the mode of action and
extent of interactions with the DNA and specific proteins.
Moreover, a number of metal nanoparticles have been re-
ported to induce cell death depending on their size, shape
and surface area [53, 54]. Our results only apply to sphe-
rical shaped Au@Pt 20-50 nm in size that induce cyto-
toxicity of human cervical cancer cells.

3.3 Cellular morphological analysis using PI staining

To determine the mechanism of cell death, the cells were
treated with ICsy and ICys concentrations of Au@Pt for
24 h and were examined for induced cytological changes,
such as chromatin fragmentation, mitotic phase chromo-
some arrangements, binucleation, nuclear swelling, and
late apoptosis as indicated by dot like chromatin conden-
sation with propidium iodide staining. The fluorescence
microscope images of the Au@Pts treated and untreated
(control) SiHa cells are shown in Fig. 7. The results reveal
that the Au@Pts causes about nuclear morphological

Fig. 4 TEM images of Au@Pt nanostructures synthesized using tea polyphenol with different magnifications (a, b) and HRTEM images of

Au@Pt nanostructures (¢, d)
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Fig. 5 EDX analysis of the Au@Pt nanostructures
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Fig. 6 Cytotoxic effect of Au@Pt nanostructures on SiHa cells.
Increased concentration of Au@Pt nanostructures (0-200 pg/ml) (X-
axis) inhibits the growth of cells up to 100 % (Y-axis). All data are
expressed as the mean + SD of three experiments

changes (Fig. 7) and that the cells are committed to a
specific mode of cell death. All complexes also display
both necrotic and apoptotic cell death. When compared to
the control, the treated cells show a higher percentage of
abnormal nucleated cells with increasing concentrations of
Au@Pts. Chromosomal condensation, internucleosomal
fragmentation and metaphase (mitotic) cells were observed
in Au@Pts treated cells, which indicates that Au@Pts

induces apoptotic cell death (programmed cell death). The
data collected from the manual counting of cells with
normal and abnormal nuclear features are shown in Fig. 7
and show that apoptotic cells are increased in a dose-
dependent manner.

3.4 Effect of Au@Pt nanostructures on cell cycle
progression

To identify the molecular mechanisms underlying the cell
cycle specific inhibitory effects of Au@Pts, we analyzed
the different cell cycle phases by flow cytometry, which is
based on quantitative measurements of the nuclear DNA
content of cells. The human cervical cancer cells were
treated with different concentrations of Au@Pts (dose 1
and dose 2) for 24 h. The cell cycle distribution is shown in
Fig. 8a, b, c. The percentage of cells significantly decreases
during the GO/G1 and S phases in the Au@Pt exposed
cells, which is accompanied by an increase of the number
of cells in the G2/M phase. The Au@Pt exhibits dose de-
pendent cell cycle distributions in the GO/G1 and G2/M
phase, although no significant changes were observed in
the S phase. Our results suggest that Au@Pts induces G2/
M phase cell cycle arrest and subsequently accumulates in
the sub-G1 phase. This is supported by the fragmentation
of the nucleus (apoptotic cells) observed in the microscopic
analyses of the cells treated with Au@Pts. Our present
study suggests that the Au@Pts exhibits an antiprolif-
erative effect demonstrated by reduced cell viability, in-
ternucleosomal DNA fragmentation, G2-M cell cycle arrest
and hypo-diploid accumulation. Au@Pts may be a poten-
tial therapeutic agent for human cervical cancer. Several
emerging pathophysiological pathways have identified
within the aberrant apoptotic and cell cycle regulatory
networks, which are frequently encountered in malignant
tumor cells and may be targets for novel anticancer drug
discovery. The inhibition of cell cycle check points (crucial
proteins) and the induction of apoptosis have been suc-
cessfully achieved with multifunctional nanoparticles that
have advanced into clinical trials for cancer therapy [55,

1. Previous studies demonstrated that silver and selenium

Fig. 7 Propidium iodide staining of control and Au@Pt treated SiHa cells (x20 magnification). a control; b dose 1 (25 pg/ml); ¢ dose 2

(100 pg/ml)
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Fig. 8 Cell cycle distribution analysis of SiHa cells. Representative
histograms show the cell population according to the DNA content as
determined by propidium iodide staining. a Control; b dose 1 (25 pg/
ml); ¢ dose 2 (100 pg/ml). d Bar diagram showing the cell

nanoparticles induced G2/M phase cell cycle arrest [57,
58]. Clearly, G2-M arrest during cell cycle progression is
important, and apoptosis by Au@Pts may act through mi-
tosis. In future studies, the multi-functionalized Au@Pts
effects in in vitro and in vivo cancer models will be
evaluated at both the cell and molecular levels.

4 Conclusions

The biosynthesis of metal nanoparticles using tea phyto-
chemicals is an inexpensive, simple and eco-friendly pro-
cess. In this study, Au@Pt nanostructures were fabricated
using TPP as both the reducing and stabilizing agent. The
nanostructures were characterized by various techniques,
including UV-Vis spectroscopy, TEM, XRD, and EDX.
The optical properties of the Au@Pt nanostructures
showed a red shift of the SPR. In the TEM images,
5-20 nm Au@Pt nanostructures with different shapes were
observed. The Au@Pt nanostructures possess cytotoxic
potential through inhibition of cell proliferation and they
induced apoptosis in human cervical cancer cells. The
antiproliferative and morphological effects of Au@Pts
appear to be target-specific killing through cell cycle and
apoptotic pathways in uterine human cervical cancer
cells. These findings suggest that bimetallic Au@Pt

distribution in the sub-GO, GO/G1, S, and G2/M phases for SiHa
cells treated with and without Au@Pt. The data represent the
mean + SD of triplicate

nanostructures have potential anticancer properties and
have implications for novel cancer therapeutic applica-
tions. From these perspectives, further mechanistic studies
are necessary to fully understand the detailed molecular
mechanism behind the redox and TPP interactions. Ap-
propriate molecular techniques, including the gene ex-
pression of pro- and anti-apoptotic genes, caspases, and
cell cycle related gene pathways, with special reference to
the influence of bimetals and TPP antioxidants on syner-
gism, will need to be used to study the Au@Pts. In the
future, various polyphenol specific functionalization of
Au@Pt may be useful for multiple target-based cancer
therapy because the mechanism of cell death appears to be
apoptosis and because cell cycle arrest is a desired endpoint
in novel anti-cancer drug screening.
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