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led (COCO) gemini surfactant
capped Ag/Au alloy and Ag@Au core–shell
nanoparticles for cancer therapy†

A. Mohammed Siddiq,a Ramar Thangam, ‡b Balaraman Madhanbc

and Md. Sayem Alam *ac

Hybrid silver (Ag)–gold (Au) nanoparticles (NPs) with different sizes and compositions were synthesized. Ag/

Au alloy and Ag@Au core–shell type NPs were prepared from Ag and Au with various ratios using the COCO

gemini surfactant, 1,6-bis (N,N-hexadecyldimethylammonium) adipate (COCOGS), 16-6-16 as a stabilizer.

The formation of the Ag/Au alloy and Ag@Au core–shell was confirmed by UV-visible absorption

spectroscopy, high-resolution transmission electron microscopy (HRTEM), energy-dispersive X-ray

spectroscopy (EDX) and selected area electron diffraction (SAED) patterns. Depending on the

composition of the Ag/Au alloy NPs, the lmax values varied from 408 nm to 525 nm. FTIR measurements

were used to evaluate the adsorption of the COCO gemini surfactant (16-6-16) on the Ag/Au alloy and

Ag@Au core–shell surface. In this present work, we study how to achieve the stability and activity of the

COCO gemini surfactant (16-6-16) capped Ag/Au alloy and Ag@Au core–shell NPs for developing novel

anti-cancer agents by evaluating their potentials in the Hep-2 cell line model. Thus the developed core–

shell NPs were possibly involved in inducing cytotoxicity followed by inhibition of cell proliferation to the

cancer cells with apoptosis induction. The developed core–shell NPs might serve as highly applicable

agents in the development of next-generation cancer chemotherapeutic agents.
1. Introduction

Hybrid nanoparticles (NPs) have attracted serious interest due
to their entrancing electronic, optical, catalytic and sensing
properties.1–6 The properties of monometallic noble NPs with
different morphologies, sizes, and shapes have been widely
investigated.7–10 However, the properties are not up to the
requirement of various applications, and therefore, research
has started focusing on bimetallic NPs. This class of materials
generally consists of some one of a kind physiochemical and
surface attributes because of the combinational communica-
tions between two metallic electronic states which are not quite
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the same as the individual metals. Bimetallic NPs can have
various structures including nanowires, dendrites, alloys, core–
shells, etc.11–14 Among these, bimetallic core–shell nano-
structures of gold and silver have attracted much enthusiasm
for their plasmonic, catalytic,15,16 sensor,17–22 bioimaging,23 and
photothermal therapy (PTT) applications.24–26

In particular, cancer treatment using bimetallic nano-
structures is of great research interest among the scientic
community due to their exceptional physicochemical proper-
ties. The fast advancement of human malignant growths is
identied with the avoidance of the body's invulnerable
reconnaissance systems through cancer cells, which are seen by
the discharge of immunosuppressive factors that alter the host
safe reaction. By and by, accessible chemotherapeutic medica-
tions additionally stie the safe framework, increasing the
likelihood of diseased patients to experience additional infec-
tions.27 In such a manner, there is a critical neglected need for
novel pharmaceutical compounds with tumor selectivity and
specicity with minimal symptoms. Concerning this, the
nanomaterials-based drug seems to be an efficient entity.
Among different bimetallic alloy NPs, Ag–Au NPs have attracted
broad research as of late for biomedical applications because of
their tunable physical, chemical and biological properties, and
simple engineered methodology.28,29 Also, while monometallic
Ag and Au NPs have generally constant optical properties
because of the surface plasmon reaction (SPR), the SPR
This journal is © The Royal Society of Chemistry 2019
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properties of Ag/Au alloy NPs are ceaselessly tunable in light of
the likelihood of composition changes.30

Silver NPs are commonly viewed as more poisonous than
AuNPs, with a few examinations demonstrating that cell
presentation to AgNPs instigated critical cytotoxicity.31–34

Conversely, Yen et al. chose a lower cytotoxicity of AgNPs than
that of the AuNPs and credited this renement to the surface
charges between NPs, which can clarify the inconsistency with
different investigations identied with AgNPs cytotoxicity.35

However, the improvement of disease cells can dodge the cyto-
toxicity of traditional chemotherapeutics as well as this newer
molecularly focused on therapeutics. Nanoparticles, by using
both passive and active targeting strategies, can upgrade the
intracellular convergence of medications in malignant growth
cells while avoiding toxicity in normal cells.28 To successfully
convey the medication to be focused on tumor tissue, core–shell
nanoparticlesmust be able to stay in the circulatory system for an
appropriate amount of time without being excreted. The destiny
of infused nanoparticles is determined by altering their size and
surface attributes. For instance, V. Grasmick et al. synthesised
core–shell and alloy nanostructures composed of Ag–Au
(Ag30Au70, Ag50Au50, and Ag70Au30) using under potential
deposition (UPD) to investigate the crystallographic surface
constitution and the arrangement of the bimetallic NPs. On
account of Ag–Au being an alloy, UPD makes it conceivable to
distinguish between a homogeneous alloy and a core–shell
framework when joined with cyclic voltammetry.36 X. Sun et al.
carried out a mechanistic study of the rational design of Ag–Au
bimetallic NPs in which the deposition of Au on colloidal Ag
nanocubes via a galvanic replacement reaction plays a crucial
role in the fabrication of novel functional nanomaterials.37

Besides, in terms of bioactivity, these alloy and core/shell nano-
structures have many advantages. For instance, D. Tiedemann
et al. investigated the role of Ag+ ions' release toward toxicity on
cumulus-oocyte buildings and spermatozoa utilizing BSA covered
Ag, Au, and alloys of Au–Au NPs and discovered that the Ag
proportion determined the toxicity on cumulus-oocyte edices.
At the point when the Ag molar proportion was higher than half,
negative consequences for porcine gametes were seen because of
disintegrated Ag+ ions. Therefore, it was clear that the com-
pounding of Ag into an alloy was able to decrease the lethal
impacts to a specic cutoff.29 S. Grade et al. reported that alloying
of Ag–Au NPs greatly assists in deactivating the toxicity effect of
Ag+ discharge regardless of whether there is core–shell dissemi-
nation, because of the presence of the homogeneous dissolution
of Ag and Au in the nanostructure.28

However, the fundamental issue with Ag/Au alloy and Ag@Au
core–shell NPs is related to the adequate strength of their scat-
terings permitting the anticipation of the accumulation. Conse-
quently, this hinders the efficiency of the drug for cancer therapy.
In this way, different polymers and surfactants36,37 are used to
stabilize the NPs. Despite the fact that the dependability is viewed
as a vital property of the Ag/Au alloy and Ag@Au core–shell NPs
scatterings, there is as yet an absence of studies. Recently, much
attention has been paid to the gemini surfactant as an efficient
alternative stabilizing agent to produce noble metal NPs. This is
principally attributable to its prevalent properties, for example,
This journal is © The Royal Society of Chemistry 2019
its lower basic micelle xation (CMC), higher surface movement,
and greater cost-effectiveness in comparison with conventional
surfactants.38 It contains two hydrophilic heads and two hydro-
phobic groups. It has been accounted for that gemini surfactants
can be utilized to prepare different gold nanostructures,
including nanospheres,39,40 nanoribbons,41 and branched nano-
structures.42 Another type of gemini surfactant is the counterion
coupled gemini surfactant (COCOGS). In COCO gemini surfac-
tant, two surfactant tails are bound through a geometrically well-
characterized functional counterion.43–46 Unlike ionic surfactants
(conventional just as gemini), COCO gemini surfactants are just
feebly separated, i.e., they exist as dense zwitterions instead of by
means of an isolated species. COCO gemini surfactants are found
as stable microemulsions with large, clear interface regions. In
this manner, COCO gemini surfactants are promising competi-
tors in different applications, particularly in drug delivery. There
are numerous reports where traditional surfactants are utilized
as a capping agent. Notwithstanding, as far as we could possibly
know, there are no reports of the COCO gemini surfactant being
used in bimetallic NPs synthesis. Restricted research reports
could be accessible in this specic zone of research. In this way, it
is fundamental to comprehend the role of the COCO gemini
surfactant on the synthesis of NPs. With this in view, the present
examination plans to test the in vitro activity of AgNPs, AuNPs, Ag/
Au alloy, and Ag@Au core–shell NPs on Hep-2 cells.
2. Experimental
2.1 Materials and methods

The following chemicals were purchased and utilized with no
further ltration: silver nitrate ($99.9%), gold(III) chloride
($99.9%), and sodium borohydride ($99%), Sigma, USA.
Potassium hydroxide (KOH) was used as received. The COCO
gemini surfactant, 1,6-bis (N,N-hexadecyltrimethylammonium)
adipate (COCOGS), 16-6-16, was synthesized and puried.47 In
all the experiments Milli-Q water is used. The specic conduc-
tivity of the Milli-Q water at 25 �C was 1–2 mS cm�1.
2.2 Methods

Synthesis of Au, Ag, Au@Ag core–shell and Au/Ag alloy NPs.
For the synthesis of the AuNPs, 5 ml of AuCl3 (2.5 mM) was
added into 50 mM COCOGS (2.5 ml) under stirring for 10
minutes followed by 2.5 mM (5 ml) of NaBH4, which was added
drop-wise into the above solution at ice-cold conditions (0 �C).
The shade of the solution turned to ruby red aer the addition
of NaBH4, which shows the formation of AuNPs. The solution
was permitted to stir further for 45 minutes to deliver a stable
solution. The hydrosol was matured for 24 h and aer that
centrifuged at 10 000 rpm for 5 min.

Briey, AgNO3 20 mM 2.5 ml, COCOGS 50 mM 2.5 ml and
1 ml KOH 20 mM 1 ml were added to 41.5 ml water and the
solution was stirred under N2 atmosphere for 30 min. Freshly
prepared NaBH4 0.1 M 2.5 ml solution was added. Then it was
allowed to stir for 1 h and matured for 48 h. The synthesized
AgNPs are denoted as Ag-1. Several different hydrosols con-
taining AgNPs of various sizes were acquired by changing the
RSC Adv., 2019, 9, 37830–37845 | 37831

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06494j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 2
:4

7:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
composition of the reaction mixture (AgNO3, COCOGS, NaBH4

and KOH solution), and were denoted as Ag-2, Ag-3 Ag-4 and Ag-
5 (see Table S1 ESI†). The hydrosol was matured for 24 h and
aerward centrifuged at 10 000 rpm for 5 min to produce the
AgCl precipitate.

Ag-1 was utilized to prepare Ag@Au core–shell NPs with
various compositions. Ag-1 20 ml was reuxed at 100 �C and
1 mM AuCl3 solution was added to Ag-1 under vigorous stirring,
reuxed for 10 min and matured for 24 h. The core–shell NPs
obtained by adding 5.45, 6.15 and 4.44 ml of 1 mM of AuCl3
were denoted as Ag@Au-3, Ag@Au-4, and Ag@Au-5, respec-
tively. Similarly, Ag@Au core–shell NPs with the same compo-
sition but with various sizes were prepared by 20 ml of (Ag-2, Ag-
3, Ag-4 or Ag-5) and 4.44 ml of 1 mM of AuCl3. The core–shell
NPs were prepared and denoted as Ag@Au-6, Ag@Au-7, and
Ag@Au-8, respectively.

Ag/Au alloy NPs were synthesized; briey, AgNO3 20 mM
2.5 ml, AuCl3 1 mM 2.86 ml, COCO gemini surfactant 50 mM
2.5 ml and KOH 20 mM 1 ml were mixed with 41.5 ml water and
stirred for 10 min. Freshly prepared NaBH4 0.1 M 2.5 ml solution
was added. Then it was allowed to stir for 1 h and matured for
48 h. The alloy NPs obtained by adding 2.86 and 4.44 ml of 1 mM
of AuCl3 were noted as Ag/Au-1 and Ag/Au-2, respectively.
2.3 Characterization techniques

UV-visible spectroscopy. The UV-visible absorption spectra
measured with a UV-visible spectrophotometer, (Varian, model:
Cary 100) were carried out for Ag-1, Au, Ag/Au alloy NPs and
Ag@Au core–shell NPs samples in the scan range of 200–800 nm
and recorded at 25 �C.

X-ray diffraction analysis (XRD). The lyophilized powder of
Ag-1, Au, Ag/Au alloy NPs and Ag@Au core–shell NPs were
subjected to X-ray diffraction analysis by a Rigaku Miniex-II
Desktop X-ray diffractometer at an operating voltage of 40 kV
and a current of 30 mA with CuKa1 radiation (wavelength ¼
1.54056 Å). The scanning was taken in the region of 2q from 20�

to 80�. The size of the crystallites was calculated using the
Scherrer equation.48

Inductively coupled plasma-optical emission spectrometry
(ICP-OES). 50 mg of the sample was added to a Teon micro-
wave digestion vessel and 1 ml of ultrapure nitric acid was
added to react for about 45 minutes using the Anton Paar
microwave digestion unit. Aer that, the sample wasmade up to
a 50 ml standard measuring ask. The standard calibration
solution was prepared for 0.05 mg ml�1 to 10 mg ml�1 by using
ultrapure nitric acid and also a blank. The Agilent ICP-OES 5100
VDV instrument was used with the following operation condi-
tions: an RF power of 1.2 kW, a plasma gas ow rate of 12
l min�1, and a nebulizer gas ow rate of 0.70 l min�1. The
samples were introduced into the plasma using a nebulizer and
spray chamber for the analysis of the elements, namely silver
(328.068 nm) and gold (242.794 nm).

Dynamic light scattering (DLS) and zeta potential. The zeta
potential and hydrodynamic diameter of Ag-1 to 5, Au, Ag/Au
alloy NPs and Ag@Au core–shell NPs were analyzed using
Malvern Zetasizer version 6.2.
37832 | RSC Adv., 2019, 9, 37830–37845
High-resolution transmission electron microscopy (HR-
TEM). For this, the Ag-1, Au, Ag/Au alloy NPs and Ag@Au core–
shell NPs were loaded onto carbon-coated copper grids. The size
and shape of the NPs were viewed using HR-TEM (FEI, TECNAI
T 20 G2), attached with EDX.

Fourier transform infrared (FTIR) measurements. Fourier
transform infrared (FTIR) spectroscopy measurements were
recorded on PerkinElmer Spectrum IR Version 10.6.1 equipped
with attenuated total reection (ATR). Ag-1, Au, Ag/Au alloy NPs
and Ag@Au core–shell NPs were measured in the range of 400–
4000 cm�1 at 25 �C.

MTT assay. The selected Hep-2 and NIH 3T3 cell lines were
cultured in Dulbecco's Modied Eagle's Medium (DMEM), with
supplements of 10% fetal bovine serum (GIBCO, USA) and 1%
antibiotic–antimycotic solution. The cultured cells were kept at
37 �C with 5% CO2 in a CO2 incubator. The cytotoxicity
assessment was analyzed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
di-phenyl-tetrazolium bromide (MTT) assay. Briey, the
cultured cells (1� 105 cells per ml) were seeded in 96-well plates
and treated with different concentrations of (0.4–25 nM) Ag-1,
Au, Ag/Au-1 to 2 alloy NPs and Ag@Au-3 to 8 core–shell NPs
for 24 h. Aer treatment, 100 mL of MTT (5 mg ml�1) was added
to the wells and incubated at 37 �C for 4 h in the dark, then the
media was removed and the formazan crystals were dissolved by
using 200 mL of di-methyl sulfoxide (DMSO). The absorbance
was measured at 570 nm using a microplate reader (THERMO
Multiskan, USA). The percentage of cytotoxicity is calculated in
both normal and Hep-2 cells, which is directly proportional to
the control cells (untreated).

DAPI staining. Subsequently, the cultured Hep-2 cells in 6-
well plates were treated with their dose-dependent concentra-
tions for 24 h, and these cells were stained with DAPI to assess
their nuclear integrity. Aer treatment for 24 h, the media was
expelled delicately, and the cells were rinsed twice with phos-
phate buffered saline (PBS), later it was xed in 4% para-
formaldehyde for 20 min in the dark. The xed cells were again
washed with PBS and stained with DAPI (10 mgml�1) at 37 �C for
20 min in the dark. The unbound excess stains were then
washed with 10% methanol followed by PBS. The cells were
visualized immediately under a uorescencemicroscope (Nikon
Eclipse, Inc., Japan) using the appropriate lter.

Rhodamine 123 staining. The Hep-2 cells were seeded in 6-
well plates (1 � 105 cells per well) and le to stand for 60–80%
conuence before being exposed to their dose-dependent
concentrations of Ag/Au-1 to 2 alloy NPs and Ag@Au-3 to 8 core–
shell NPs. Aer the specic time interval (24 h), the cells were xed
in 4% paraformaldehyde, washed twice with PBS, and exposed to
the Djm specic stain Rhodamine 123 (Rh-123) (10 mg ml�1) for
30 min at 37 �C. The stained cells were then rinsed twice with
methanol and again using PBS. The stained cells were analyzed for
their changes in Djm using a uorescence microscope.

Analysis of cell cycle using propidium iodide staining. Flow
cytometric analysis (FACS) was performed to evaluate the distri-
bution of the cell cycle phases. The cells (1� 106) were seeded and
were each treated with Ag/Au-1 to 2 alloy NPs and Ag@Au-3 to 8
core–shell NPs for 48 h. The cells were then collected by
This journal is © The Royal Society of Chemistry 2019
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trypsinization and pelleted at 2500 rpm for 5 min at room
temperature. The cells were re-suspended in 300 ml of PBS-EDTA to
which 700 ml of ice-cold 70% ethanol was added dropwise under
stirring conditions. The arrangement was added delicately to
guarantee a total blend of ethanol, and the samples were stored at
0 �C overnight. In this way, 1 : 100 volumes of 20 mg ml�1 RNase
were included, and the mixture was incubated at 37 �C for 1 h.
Finally, propidium iodide was added to a nal concentration of 50
mg ml�1 and incubated for 10–20 min at room temperature. The
stained cells were analyzed for DNA histograms and the distribu-
tion of the cell cycle phase was determined by ow cytometry.
3. Results and discussion
3.1 UV visible spectroscopy

The Ag/Au alloy NPs have a single surface plasmon resonance
(SPR) band in the absorption spectrum and can be tuned with
a different composition. Besides, monometallic Au and Ag-1
NPs were synthesized to compare their plasmonic properties.
Fig. 1(A) shows the UV-visible spectra of monometallic Ag-1, Au
NPs, and an alloy of Ag/Au-1 and Ag/Au-2 synthesized using the
COCO gemini surfactant (16-6-16) as a capping agent. The SPR
of monometallic Ag and Au NPs exhibited absorbance peaks at
405 nm and 532 nm, respectively. It is clear from the spectra
that the plasmon band is red-shied signicantly (as compared
to the monometallic Ag-1 NPs band) with the incorporation of
Au into Ag to synthesise an alloy of Ag/Au-1 and 2. The SPR band
shied to 495 and 525 nm for Ag/Au-1 and Ag/Au-2, respectively,
this intermediate band position indicates the formation of
a bimetallic Ag/Au NPs alloy nanostructure rather than a core–
shell. However, only a slight shi was observed with a further
increase in the Au precursor concentration (Fig. 1(B)), the band
is detected in the case of Ag core Au shell Ag@Au-3 to Ag@Au-8
at lmax ¼ 522, 523, 531, 532, 518, and 523 nm, respectively.
Higher Au concentrations exhibit plasmonic peaks in the Au
SPR absorption region and there has not been a shi in position
as signicantly as the rst two concentrations (Ag/Au-1 and 2).
The plasmon peak positions of the alloy NPs are associated with
the weight proportions of Ag/Au.49,50 The absence of two plas-
monic bands (generally appearing in the physical mixture of
monometallic Au and Ag NPs, which represents no alloy
formation)51,52 further conrms the formation of homoge-
neously mixed bimetallic alloys nanostructures without any
signicant formation of independent particles.
3.2 X-ray diffraction (XRD) spectroscopy

Fig. 1(C) shows the XRD patterns of Ag-1, Au, Ag/Au alloy, and
Ag@Au core–shell NPs. The 2q values of Ag/Au-1 to 2 alloys and
Ag@Au-3 to 4 core–shells are near one another since Ag and Au
metals have the same lattice constants (JCPDS: 4-0783 and 4-
0784).53 However, four intense peaks are seen at 2q ¼ 38.2�,
45.3�, 65.3� and 77.8� corresponding to (111), (200), (220) and
(311), which are facets of the face-centered cubic (fcc) structures
of Ag/Au-1 to 2 alloys and Ag@Au-3 to 4 core–shell NPs as shown
in Fig. 1(C). On account of the Au@Ag-5 to 8 core–shell NPs, all
of the diffraction patterns (see, Fig. S1 ESI†) demonstrate only
This journal is © The Royal Society of Chemistry 2019
a weak and expansive diffraction peak (2q about 37.8) corre-
sponding to the (111) reection. This suggests that the prepared
particles have a tiny size and a face-centered cubic (fcc) struc-
ture. The outcomes likewise demonstrate that the (200)
diffraction peak (2q about 44.2) cannot be very much observed.
The intensity ratio between the (111) and the (200) diffraction
peaks of the Au@Ag-5 to 8 core–shell NPs was a lot higher than
that (52 vs. 100) of JCPDS: 04-0784, indicating that our Au@Ag-5-
8 core–shell NPs were abundant in (100) facets.54 The normal
crystallite sizes of the particles are shown in Table 2. XRD gives
the crystallite size, i.e., the normal width of the coherently
scattering domains, which is not really equivalent to the
domain size that is obvious in the TEM.48

3.3 Fourier transform infrared (FTIR) spectroscopy

The COCO gemini surfactant on the surface of the synthesized
Ag-1, Au, Ag/Au alloy and Ag@Au core–shell NPs was examined by
FTIR spectra. From the FTIR spectra, Ag-1, Au, Ag/Au alloy and
Ag@Au core–shell NPs show the characteristic CH2 and CH3

vibration peaks for a long-chain hydrocarbon of surfactant and
are depicted in Fig. 1(D), which are similar to the CH2 and CH3

vibration peaks for the free COCO gemini surfactant. It is note-
worthy that the vibration ofmethylene segments (both symmetric
and anti-symmetric) can be used as a sensitive indicator of the
ordering of the alkyl chain and the higher energy of the CH2

vibration corresponds to the frequency of gauche defects in the
hydrocarbon chain of surfactant. Both the vibration waves
(symmetric and anti-symmetric) of the CH2 segments of the
COCO gemini surfactant capped Ag/Au-1 to 2 alloy and Ag@Au-3
to 8 core–shell NPs are located at 2846 and 2921 cm�1, respec-
tively and show a light shi to higher frequency in comparison
with the CH2 vibrations of the pure COCO gemini surfactant
which are present at 2853 and 2921 cm�1, respectively. The
higher surface coverage of COCOGS on the Ag/Au alloy and
Ag@Au core–shell NPs is demonstrated by the shi of the
methylene band to higher energy. The FTIR spectra of the
COCOGS capped Ag/Au alloy and Ag@Au core–shell NPs show
a peak at 1472 cm�1 for the stretching mode of C–N+ to the
AuNPs surface. The presence of these peaks in the Ag/Au alloy
and Ag@Au core–shell NPs spectra indicate that the COCO
gemini surfactant is adsorbed onto the NPs.

3.4 High-resolution transmission electron microscopy
(HRTEM)

Fig. 2(A) and (B) are the HRTEM images of Ag-1 NPs and AuNPs,
respectively, capped by the COCO gemini surfactant. The high-
resolution images (upper portion of each right-hand-side
image) illustrate the synthesis of Ag-1 NPs and AuNPs. Most
particles were nearly spherical and the size distribution histo-
gram (Fig. 3(A) and (B)) shows an average size of 4.7 nm for the
AgNPs and 11.6 nm for the AuNPs. The lattice fringes in the
HRTEM image are 0.236 nm apart, which concurs well with the
(111) lattice spacing of fcc Ag.

To determine the role of the COCO gemini surfactant in the
shape development process, a precise report has been carried
out. TEM and HRTEM were then used to analyse the alloy and
RSC Adv., 2019, 9, 37830–37845 | 37833
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Fig. 1 UV-visible spectra of Ag-1, Au and Ag/Au alloy NPs (A), Ag@Au core–shell NPs (B), X-ray diffraction pattern illustrating the crystalline
nature of the Ag-1, Au and Ag/Au alloy NPs (C) and FTIR spectra of Ag-1, Au and Ag/Au alloy NPs and Ag@Au core–shell NPs (D).
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core–shell NPs. TEM images of the Ag@Au core–shell NPs are
known to show banding in the electron density with a dark gold
region and a silver light region.55 The TEM images of the alloy
NPs prepared here in Fig. 2(C) and (D) did not show any electron
density banding. If the particles were alloyed then there will be
uniform complexity for every particle showing that scattering
was circulated evenly all through the particle volume. HRTEM
also conrmed the absence of electron density banding.
Fig. 2(C) and (D) show the high resolution (upper portion of
each right-hand-side image) image of the NPs in Ag/Au-1 and
Ag/Au-2. Most of the particles were spherical, and the size
distribution histogram (Fig. 3(C) and (D)) shows an average size
of 4.7 nm for Ag/Au-1 and 5 nm for Ag/Au-2. The average
diameters and standard deviations are given in Table 2.

Fig. 4 shows that the Ag@Au-3 to 8 core–shell NPs have the
same appearance except for the size of the particles; this can be
tuned simply by altering the synthesis conditions (see Table S1
37834 | RSC Adv., 2019, 9, 37830–37845
ESI†). Also, among the different shapes of the Ag@Au core–shell
NPs, triangular, hexagon, and rod shape can be seen. This
demonstrates that the longer hydrocarbon chain length of (16-
6-16) fundamentally inuences the shape and development of
NPs.56 Fig. 4(A)–(F) showing the high magnication images
(upper portion of each right-hand-side image) clearly show that
the Ag@Au core–shell NPs were spherical, triangular, hexagon
and rod shaped and the size distribution histogram (Fig. 3(E)
and (F) and S2(A)–(D) ESI†) shows an average size of 14, 12.4, 13,
12.3, 7.1 and 7.6 nm for Ag@Au-3, Ag@Au-4, Ag@Au-5, Ag@Au-
6, Ag@Au-7 and Ag@Au-8, respectively. The average diameters
and standard deviations are given in Table 2. Along these lines,
it may be construed that the hydrocarbon chain length of the
COCO gemini surfactant (16-6-16) signicantly affects the
development of the Ag@Au core–shell NPs. Dolly Rana et al.
investigated the role of the hydrocarbon chain length and the
twin tail surfactant (TTS) concentration signicantly inuenced
This journal is © The Royal Society of Chemistry 2019
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Table 1 The concentration Ag-1, Au, Au/Ag alloy and Ag@Au core–shell NPs by ICP-OES and EDX. All given errors are standard deviations

Nanoparticle

ICP-OES EDX (TEM)

Ag (mg g�1) Au (mg g�1) Atomic% of Ag Atomic% of Au

Ag-1 0.12 � 0.01 0 5.0 � 1.97 0
Au 0 0.15 � 0.03 0 8.0 � 0.5
Ag/Au-1 0.12 � 0.01 36.65 � 0.3 5.0 � 0.3 6.0 � 0.5
Ag/Au-2 0.17 � 0.01 45.30 � 0.3 5.0 � 0.2 11.0 � 0.8
Ag@Au-3 0.12 � 0.01 38.93 � 0.3 6.0 � 0.3 8.0 � 0.7
Ag@Au-4 0.15 � 0.01 72.45 � 0.3 16.0 � 0.3 34.0 � 1.2
Ag@Au-5 0.17 � 0.01 55.27 � 0.3 22.0 � 0.3 74.0 � 1.8
Ag@Au-6 0.10 � 0.01 34.43 � 0.3 9.0 � 0.1 87.0 � 1.9
Ag@Au-7 0.16 � 0.01 57.48 � 0.3 37.0 � 0.3 57.0 � 0.9
Ag@Au-8 0.15 � 0.01 52.91 � 0.3 24.0 � 0.3 42.0 � 1.3
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the shape and size of the Au NPs. TTS advances the develop-
ment of Au NPs with a triangular shape. The outcomes propose
that the TTS acts as a shape-coordinating operator for the
development of Au NPs. Along these lines, streamlining of the
chain length is basic for acquiring the desired shape of the
NPs.56 The longer hydrocarbon chain of the COCO gemini
surfactant promotes the growth of triangular, hexagon, and rod-
shaped NPs. J. C. Love and O. Magnussen discussed in previous
reports about the change of shape from hexagonal to trian-
gular.57,58 The gemini surfactant has more extended hydro-
carbon chains spread over the surface, which provide strong
interfacial adsorption and bring about the development of
AuNPs. A benecial surfactant adsorbed on the outside of
AuNPs accordingly advances the development of NPs. This
suggests that a long hydrocarbon chain promotes a quicker NP
development in contrast with surfactants with shorter length
hydrocarbon chains.56

The TEM image in Fig. 4 again clearly indicates two distinct
complexes all through the NPs. The clear core–shell differenti-
ation comprising darker external shells and lighter inward cores
began from the Ag and Au components since Au scatters more
electrons than Ag.59 Fig. 2(A) and (B) show the selected area
electron diffractogram (SAED) obtained from the monometallic
Ag-1, Au and alloy of Ag/Au NPs, which revealed the Debye–
Table 2 Nanoparticle diameter obtained by various methods and
calculated crystallite sizes obtained from X-ray powder diffraction. All
given errors are standard deviations

Nanoparticle
TEM average
diameter (nm)

Crystallite
size XRD (nm) DLS Z-average (d nm)

Ag-1 4.7 � 0.1 26.2 � 0.1 27.3 � 6.9
Au 11.6 � 0.3 15.6 � 0.8 40.6 � 10.1
Ag/Au-1 4.7 � 0.1 36.0 � 0.4 47.9 � 13.4
Ag/Au-2 5.0 � 0.1 39.0 � 0.8 74.1 � 12.5
Ag@Au-3 14.0 � 0.2 30.7 � 0.1 52.3 � 19.6
Ag@Au-4 12.4 � 0.1 11.9 � 0.6 41.5 � 18.8
Ag@Au-5 13.0 � 0.3 17.5 � 0.3 30.6 � 11.2
Ag@Au-6 12.3 � 0.2 38.2 � 0.2 23.6 � 10.3
Ag@Au-7 7.1 � 0.7 10.4 � 0.1 40.6 � 13.3
Ag@Au-8 7.6 � 0.1 12.6 � 0.1 42.1 � 21.2

This journal is © The Royal Society of Chemistry 2019
Scherrer spots corresponding to a face-centered cubic (fcc)
structure. For monometallic Ag-1 NPs, the SAED pattern
consists of plane distances 2.35 Å, 2.04 Å, 1.45 Å, 1.25 Å and 0.94
Å, corresponding to the planes (111), (200), (220), (311) and
(331) of the pure fcc silver structure (JCPDS, le no. 4-0787).
Likewise, monometallic Au NPs consist of plane distances 2.30
Å, 2.03 Å, 1.44 Å, 1.23 Å and 0.94 Å, corresponding to the planes
(111), (200), (220), (311) and (331) of a pure fcc gold structure
(JCPDS, le no. 4-0784).60 In the case of alloys, as the Ag and Au
have very close crystal lattice parameters (4.0862 and 4.0783 Å
for Ag and Au, respectively, lattice mismatch-0.17%),5,61 it would
be very difficult to observe any shis in the diffraction ring
positions. Hence, no clear interface of Au and Ag has been
observed additionally, the Kirkendall effect in the Ag/Au system
could also contribute to this difficulty in distinguishing their
diffraction rings.61 However, the SAED pattern of the Ag/Au alloy
NPs is quite different in which a much closer set of diffraction
spots along with Ag have been observed which correspond to
(111), (220), (311) and (331) Bragg's reections of Au (the much
closer spots are circled in yellow color). This observation in Ag/
Au alloy NPs indicates the co-existence of the crystal orienta-
tions of Ag and Au in a single particle. Noel has reported
a similar kind of observation on an Ag/Au nanocomposite.62

Similarly, Fig. 4(A) and (F) show the SAED patterns of this
Ag@Au-3 to 8 core–shell NPs (lower portion of each right-hand-
side image). The four ring patterns shown correspond to the
111, 200, 220, and 311 reections of the fcc structure similar to
the alloy NPs. This demonstrates that the incident electron beam
is perpendicular to the (001) faces of the fcc Au crystal shell along
with the (001) directions of the fcc Ag crystal core through the
Au@Ag-3 to 8. EDX analysis has been carried out to nd the
elemental composition of the NPs. Fig. S6(A) and (F) ESI† show
the presence of pure and Ag-1 and Au NPs, (C) and (D) show the
EDX spectrum of Ag/Au-1 to 2 alloy NPs, and (E-H) show Ag@Au-
4, 3, 7, and 8 core–shell NPs, respectively. Table 1 shows the
compositions of Ag/Au-1 to 2 and Ag@Au-3 to 8 core–shell NPs.
Additionally consistencies in the particle-to-particle structure,
and the nearness of both Ag and Au in every particle affirmed that
the particles were an Ag/Au alloy and Ag@Au core–shell NPs not
a physical mixture of monometallic Ag and Au NPs.
RSC Adv., 2019, 9, 37830–37845 | 37835
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Fig. 2 TEM images of Ag-1 NPs (A), AuNPs (B) and Ag/Au-1 and Ag/Au-2 alloy NPs (C) and (D), respectively. The upper portion of each right-
hand-side image shows single nanoparticles at highmagnification, whereas the SAED ring pattern in the lower part shows the crystal structure of
the nanoparticles.
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3.5 Inductively coupled plasma-optical emission
spectrometry (ICP-OES)

The concentration of Ag-1, Au, Ag/Au-1 to 2 alloy and Ag@Au-3
to 8 core–shell NPs was quantitatively estimated by ICP-OES
analysis. These results are shown in Table 1.
3.6 Dynamic light scattering (DLS) technique

The dynamic light scattering (DLS) method was utilized to
determine the hydrodynamic radii or size of the NPs. We see
that the acquired DLS and TEM vary signicantly for little NPs.
While TEM gives the width of individual NPs, DLS likewise
considers the ligand shell. Therefore it gives data on the size of
the entire conjugate. In suspensions of little NPs, the quantity of
surfactant atoms per molecule is high. Subsequently the
hydrodynamic size obtained from DLS is more noteworthy than
the size determined by TEM.

Fig. S3(A)–(F) ESI† show that the hydrodynamic diameter
values are 27.3, 40.5, 98.3, 62.3, 90.3 and 40.6 nm for Ag-1, Ag-2,
Ag-3, Ag-4, and Ag-5 NPs, respectively. The hydrodynamic
diameter values are presented in Table S1 ESI.† Fig. S4(A)–(H)
ESI† show the hydrodynamic diameter values are 40.6, 47.9,
37836 | RSC Adv., 2019, 9, 37830–37845
74.1, 52.3, 41.5, 30.6, 23.6, 40.6 and 42.1 nm for Au, Ag/Au-1, Ag/
Au-2, Au@Ag-3, Au@Ag-4, Au@Ag-5, Au@Ag-6, Au@Ag-7, and
Au@Ag-8 alloy and core–shell NPs, respectively. The hydrody-
namic diameter values are presented in Table 2.

Zeta potential measurements also studied the surface charge
of these Ag/Au alloy and Au@Ag core–shell NPs. The stability of
the NPs is more important when these items are utilized in
biomedical applications.63 The zeta potential gives information
about the NPs' surface charge and stability. NPs with zeta
possibilities higher than 20.0 mV or less than – 20.0 mV have
strong electrostatic repulsion and this makes the solution
stable.64 The z-potential values and PDI values of Ag-1, Au, Ag/Au
alloy, and Au@Ag core–shell NPs capped by COCOGS are shown
in Table S2 ESI.† The positive zeta potential values for Ag/Au alloy
and Au@Ag core–shell NPs suggest that the NP surfaces are
covered by surfactant molecules and are highly stable.65 The high
stability of Ag/Au alloy and Au@Ag core–shell NPs is signicant
for biomedical uses. The obtained Ag/Au alloy and Au@Ag core–
shell NPs capped by the COCO gemini surfactant were stable in
water medium for a long time, see Fig. S5(A)–(H) ESI.† The used
COCO gemini surfactant was very important for the formation
and stabilization of the Ag/Au alloy and Au@Ag core–shell NPs.
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Histogram showing the particle size distribution pattern for the corresponding TEM images (A) Ag-1 NPs, (B) AuNPs, (C and D) Ag/Au-1 and
Ag/Au-2 alloy NPs and (E and F) Ag@Au-3 and Ag@Au-4 core–shell NPs.
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The COCO gemini surfactant provides extra electrostatic stabili-
zation and passivates the surface of the AuNPs formed. The
molecules of the COCO gemini surfactant framed on the outside
This journal is © The Royal Society of Chemistry 2019
of the AuNPs in aqueous solution have a bilayer structure and
they show great stability to Ag/Au alloy and Au@Ag core–shell
NPs due to their structure and high charge density.
RSC Adv., 2019, 9, 37830–37845 | 37837
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Fig. 4 TEM images of Ag@Au-3 to 8 (A–F), respectively. The upper portion of each right-hand-side image shows single NPs at a high
magnification, whereas the SAED ring pattern in the lower part shows the crystal structure of the NPs.
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3.7 Capping effect of COCO gemini surfactant (COCOGS, 16-
6-16)

Scheme 1 represents the probable mechanism and shows the
capping effect of the COCO gemini surfactant (16-6-16) AgNPs
for the formation of Ag@Au core–shell NPs (A) and the forma-
tion of Ag/Au alloy NPs (B). This sort of mechanism is claried
by aggregation growth.66 The capping agent is playing an
important role here to stabilize the system. The capping agent
plays a vital role for the ‘aggregation growth’ of the NP aggre-
gates because of some kind of driving force connected to it.
According to the capping mechanism, the conventional
37838 | RSC Adv., 2019, 9, 37830–37845
(monomeric) surfactant CTAB monomer adsorbs at the outside
surface of NPs through electrostatic interactions.8,67,68 In
a similar way, COCO gemini surfactants follow the same
mechanism. This occurs because of the electrostatic interac-
tions of counter-ions (Br�) at the outside of the surface of NPs
that consequently connects with the electropositive cationic
head groups of the surfactant. However, since the COCO gemini
surfactant has twin tails which cause more hydrophobicity than
their homologous monomeric surfactants,69 therefore, the
stronger hydrophobicity acts as a driving force for the aggre-
gation of NPs in small aggregates. When the NPs are close
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Schematic representation showing the capping effect of the COCO gemini surfactant (16-6-16) AgNPs for the formation of Ag@Au
core–shell NPs (A) and the formation of Ag/Au alloy NPs (B).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 2
:4

7:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
enough to each other, the further reduction of a metal ion into
the metal atom activates the nucleation on the surface of the
available NPs.70 This happens especially when the crystal plane
of the anisotropic geometry is partially occupied by the surfac-
tant monomers. For the most part, (111) planes are progres-
sively inclined to promote nucleation in comparison. This can
be attributed to the difference in reaction rates between the
Au3+ ions and the surfactant passivizing the AgNPs surface and
henceforth changing the galvanic Au deposition rate. The
strong electrostatic interaction between the COCO gemini
surfactant-AgNPs and the approaching Au3+ ions promotes
faster Au deposition along with displacing the Ag atoms from its
core, which is brought about in the formation of alloy and core–
shell NPs as shown in Scheme 1.
3.8 Analysis of cytotoxicity using Ag-1, Au, Au/Ag alloy and
Ag@Au core–shell NPs

The in vitro cytotoxicity of the synthesized AgNPs, AuNPs, Au/Ag-
1-2 alloy, and Ag@Au-3-8 core–shell NPs was investigated to
determine anticancer potentials against the Hep-2 cancer cell
lines and non-cancerous NIH3T3 cells lines by the MTT assay
method assay and their cell growth inhibitory (anti-
proliferation) results are depicted in Fig. 5. Different concen-
trations of Ag-1, Au, Au/Ag-1-2 alloy, and Ag@Au-3-8 core–shell
NPs ranging from 5 to 125 mg ml�1 were applied to the cell lines
and incubated for 24 h.
This journal is © The Royal Society of Chemistry 2019
There aremany reports in the literature available onCTAB and
CTAC capped NPs71–74 regarding cytotoxicity and their effect on
cell growth. In this present study we aimed to focus only on
gemini surfactant capped NPs and their cytotoxicity. Fig. 5(A)
illustrates that Ag-1 and Au NPs does not alter the viability of
NIH3T3 even at a very high concentration of 5 mg ml�1, the
sustainability of 90% healthy cells indicating that AuNPs and
AgNPs are not toxic to the non-cancerous cells. On the other
hand, the percentage viability of Hep-2 cells has been found to
decrease in viability with dose dependent concentration. When
the cells were treated with 15 mg ml�1 of AuNPs and AgNPs,
sustainability is 75% 50–100 mg ml�1 of AuNPs and AgNPs, which
reduces the viability to a maximum of 50% to 25%, respectively,
and a lower value of 20% viability is observed at 125 mg ml�1

treatment as shown in Fig. 5(B). In the case of single AuNPs and
AgNPs, IC50 values of 125 mg ml�1 for both AuNPs and AgNPs
were observed against the NIH3T3 normal cell line, respectively,
whereas IC50 values found against the Hep-2 cells are 75 and 50
mg ml�1 for AuNPs and AgNPs, respectively.

Fig. 5(C and D) illustrates that the Au/Ag-1 to 2 alloy and
Ag@Au-3 to 8 core–shell NPs displayed a lower activity against
the NIH3T3 cells as compared with the corresponding Hep-2
cells. The concentration of the test aggravate that acquires
half decrease in cell viability or the half maximal inhibitory
concentrations (IC50) of compounds (Au/Ag-1 to 2 alloy and
Ag@Au-3 to 8 core–shell NPs against the cancer cell lines),
which are given in the Table S3 ESI.† The MTT assay results of
RSC Adv., 2019, 9, 37830–37845 | 37839
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Fig. 5 Cytotoxicity assay is to measure cell proliferation using MTT. The anti-proliferative effect of AuNPs, Ag-1NPs, Au/Ag alloy and Ag@Au
core–shell on (A) AuNPs and Ag-1 NPs against NIH3T3 cells, (B) AuNPs and AgNPs on Hep-2 cells, (C) Au/Ag alloy and Ag@Au core–shell against
NIH3T3 cells and (D) Au/Ag alloy and Ag@Au core–shell on Hep-2 cells. There are two parallel experiments in a set of samples (N ¼ 2).
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Au/Ag-1-2 alloy and Ag@Au-3-8 core–shell NPs versus the Hep-2
cell lines are depicted in Fig. 5. In comparison with the control,
the Au/Ag-1-2 alloy displayed an IC50 value against the Hep-2
cells. Nevertheless, Ag@Au-3, 6, and 8 core–shell NPs indi-
cated higher anticancer potentials than the standard, yielding
IC50 values of 10, 5, and 5 mg ml�1 against Hep-2 cells, respec-
tively. Ag@Au-4, 5 and 7 were found to be tolerably effectual
against the Hep-2 cell line with the IC50 values of 25, 35 and 20
mg ml�1 respectively.

The capping agent seems to be by all accounts a basic factor
for the assurance of the biological activity of nanoparticles by
changing their surface properties, for example, charge, hydro-
phobicity, and functionality. While some authors have consid-
ered AuNPs to be non-toxic in spite of effective endocytic take-
up into human cells,75,76 different outcomes have been ob-
tained with respect to the cytotoxicity of AuNPs dependent on
their size, shape, and surface chemistry. Accordingly, we have
introduced a new class of dimeric counterion coupled gemini
surfactant (COCOGS) to synthesise Au/Ag alloy and Ag@Au
core–shell NPs, which led to enhanced stability and
37840 | RSC Adv., 2019, 9, 37830–37845
biocompatibility. The COCO gemini surfactant is considered
a good stabilizer. The stabilization is generally explained
regarding the charge (due to DLVO theory)77 and steric stabili-
zation. Steric stabilization assumes a signicant role when the
AuNPs are covered by long tail surfactant molecules which
provide a protective layer around the AuNPs.78 Such protective
coatings from the adjoining NPs when intermingling with each
other induce congurational constraints and keep the NPs
separate from each other. This prevents coagulation and
enhances further nucleation. Therefore, in conclusion, both
electrostatic and steric stabilizations are required to keep the
NPs stable in solution. Both properties are easily contributed by
the ionic surfactants to stabilize NPs in solution. In the case of
the present COCO gemini surfactant, apart from charge and
steric stabilizations, the third most signicant factor, i.e., the
strong hydrophobic interactions, is mainly responsible for
bringing about several COCO gemini surfactant capped NPs
with distinct morphologies. Here, the NPs have already been
prevented from coagulation by screening their short-range
electrostatic interactions due to the presence of intervening
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Flow cytometry analysis of Hep-2 cells on treatment with different Au/Ag alloys and Ag@Au core–shells to assess the different phases of
cell distribution.
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hydrophobic domains. This concludes that a micellar arrange-
ment of cationic double tail surfactants does indeed confer
better stability than that obtained with a monomeric surfactant.
This journal is © The Royal Society of Chemistry 2019
The use of COCO gemini surfactant in the present investigation
prompted the advancement of high-quality alloy and core–shell
NPs that display high anticancer activity on Hep-2 cancer cells.
RSC Adv., 2019, 9, 37830–37845 | 37841
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Fig. 7 Fluorescence microscopy images of Au/Ag alloy and Ag@Au core–shell treatment on Hep-2 cells at 24 h and 48 h. The panel of images
shows Rh-123 and DAPI staining for induction of mitochondrial depolarization and nuclear apoptosis; DAPI (blue) staining shows the nuclear
fragmentation; Rh-123 (green) staining indicates the loss of mitochondrial membrane potential (Djm). Rh-123 indicates the active mitochondrial
membranes with a green color and damaged nuclear materials are shown by DAPI (blue color).
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3.9 Inuence of Au/Ag alloy and Ag@Au core–shell NPs on
cell cycle arrest

A wide variety of signal biomarkers can trigger apoptosis. The
morphological characteristics of the apoptosis are mainly due to
the activation of effector caspases; their activation leads to the
cleavage of genomic materials and some cell cycle regulators.79,80

The cell cycle is the conserved mechanism by which eukaryotic
cells replicate themselves. In this study, the cell cycle distribution
(DNA content) was quantied using PI staining by ow cyto-
metric analysis, and the results are presented in Fig. 6. Aer
treating Au/Ag-1 to 2 alloy and Ag@Au-3 to 8 core–shell NPs for
24 h, a decrease in cell number in the G1-phase was observed and
all the cell populations remain in the S phase of the cell cycle. In
37842 | RSC Adv., 2019, 9, 37830–37845
response to a growth-promoting signal, cells enter into the S-
phase to duplicate DNA. However, due to DNA-damage or repli-
cative stress, cells are arrested in the S-phase, which is different
from not coming into the next phase of the cell cycle. An arrest in
the S-phase implies that the cell is unable to duplicate its DNA, as
a result of a decrease in the G2/M-phase as well as in the G0/G1
phase.81 They are unable to proceed to the next step of the cell
cycle and continue to exhibit only at the S phase and show no
evidence of re-establishing G0/G1markers or cyclin-dependent
kinase inhibitors.82 Results from the present investigation
revealed that the treatment of cancer cells with Au/Ag alloy and
Ag@Au core–shell NPs arrested primary cells at the S phase of the
cell cycle in a concentration-dependent manner. Thus, this
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06494j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 2
:4

7:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
concludes that cells maintain a prolonged S phase arrest while
remaining metabolically in the S phase.
3.10 Loss of mitochondrial membrane potential (Dcm)
dependent apoptosis analysis

Multiple death signals inuence cell death during apoptosis.
Mitochondrial dysfunction is an early event which regulates the
production of ROS leading to apoptosis.83 Rh-123 examined the
loss in mitochondrial membrane potential (Djm) in Hep-2 cells;
the DAPI counterstained nucleus and the uorescence images
are shown in Fig. 7. A decrease in the mean uorescence
intensity clearly showed the Djm loss in the cells treated with
Au/Ag-1 to 2 alloy and Ag@Au-3 to 8 core–shell for 24 h. The
observed uorescence images clearly demonstrate that there is
a loss in Djm due to the toxic effect of the synthesized Au/Ag
alloy and Ag@Au core–shell NPs, the uptake of rh-123 reects
the active mitochondria, whereas in the treated group the
uorescent intensity is signicantly reduced when compared to
the control group and the nucleus was stained by DAPI.84

Overall, the results show that the induction of apoptosis in Hep-
2 cells was accompanied by alterations in Djm. Several reports
documented that drug-loaded NPs can effectively target cancer
cells without any harm to healthy (non-cancerous) cells.85,86

These observations clearly state that the anti-proliferative effect
of drug loaded NPs is a promising candidate to combat cancer.
4. Conclusions

In this report, Ag/Au alloy and Ag@Au core–shell NPs have been
synthesized, and different techniques analyzed the structure,
size and plasmonic properties of the NPs. By following the
strategies of a novel preparation technique in this study, the
synthesized alloys are monodispersed spherical, triangular, and
hexagonal shaped, HRTEM and DLS determined the rod-
shaped particles and the average diameter. UV-visible spec-
troscopy, EDX, and HRTEM all show the alloy and core–shell
NPs formation. The synthesized COCO gemini surfactant-Ag/Au
alloy and Ag@Au core–shell NPs were observed to have high
stability and biocompatibility in vitro systems. They are better
stabilizers for the synthesis and stabilization of alloy and core–
shell NPs in view of their structure and high charge density.
COCO gemini surfactants are better for stabilizing alloy and
core–shell NPs. Also, the synthesized core–shell NPs exhibited
greater cytotoxicity to cancer cells than normal cells by inducing
cell cycle arrest and cellular apoptosis. By comparing the ob-
tained results from the in vitro studies, we anticipate that the
developed core–shell NPs will prove to be active anti-cancer
agents in a tumor-specic site in vivo. Further studies are
required to conrm the response of anti-cancer and related
mechanisms in a suitable in vivomodel to elucidate their role in
improved cancer chemotherapy and further applications such
as photothermal therapy.
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