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Cost-effective methods were employed in this study to synthesize core-shell nanoparticles of silver/Cr,0; (SM) embedded with ultrathin |
MoS; layers (SM1) to increase the properties and biocompatibility of the nanomaterials. For structural and morphological investigation, |
powder XRD, TEM, SEM, EDAX and XPS were used. Magnetic behaviour of SM and SM1 nanoparticles investigated by VSM was |
shown to be ferromagnetic, and when MoS, nanosheets were injected, their magnetism decreased. The zeta potential of SM1 was also
analyzed. This nanomaterial was synthesized to test the biocompatibility effectiveness of anticancer and antibacterial compounds. In |
MCE-7 adenocarcinoma (breast cancer) and HepG-2 hepatocellular carcinoma (liver cancer) cell lines, SM1 was investigated for |
antiproliferation effectiveness. The MCF-7 and HepG-2 cell lines both showed strong cytotoxic potential. Antimicrobial activity was |
observed against Staphylococcus aureus and Escherichia coli. This study provides strong evidence to support the development of cytotoxicity |
and antimicrobial properties for significant biomedical compatibility by demonstrating a key to understanding the Ag/Cr,O; nanoparticle
embedded in 2D MoS, nanosheets on forming a unique interaction as well as the strategy for achieving in vitro efficiency. I
|
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INTRODUCTION Several transition metal chalcogenide are decorated by
noble metals (Au, Ag, Pd, Pt) owing to their high activity and
non-structural damage to the original species [9]. Within the
category of noble metals, silver stands out as the most cost-
effective and highly conductive metal. Incorporating silver into
decorative elements does not significantly impact the overall
material expense. It can be used as an ideal substituent in bio-
logical applications. Because of this, Ag-doped Cr,O; has
recently drawn attention to enhance the properties of Cr,O;
nanoparticles.

Ultrathin MoS; layers have achieved much attention in recent
years form transition metal dichalcogenides family for its diverse
applications in photodetectors, batteries and optoelectronics
[10-12]. With the swift development of ultrathin layered MoS,
deposited on the catalyst’s surface as a co-catalyst to transfer
photogenerated electrons [13-15]. Molybdenum disulfide
(MoS,) exhibits resistance to the influence of oxygen and dilute
acids, and demonstrates semiconducting characteristics as a
result of its band gap of 1.23 eV. The MoS, nanosheet is a repre-

Nanobiomaterials development and applications in bio-
medicine open up new pathways for disease diagnosis and treat-
ment [1-3]. Several researchers have been working on synthe-
sizing and studying nanomaterials with adjustable properties,
good targeting ability, low toxicity and various capabilities for
various biomedical applications [4]. Because of their many redox
states, antioxidant activity and biocompatibility, nano-metal
oxides with dichalcogenides have recently gained much interest.
Chromium oxide nanocomposite has been focused on vital
attention due to its versatile properties and applications, essen-
tial as a heterogeneous catalyst, pigment, solar energy collector,
etc. [5-7]. It is mainly used as a catalyst in many organic reac-
tions, such as oxidation, due to its high band gap of ~ 3 eV.
Because of its high band gap energy, Cr,O; nanocomposites
enhance their properties depending on the type of material
combined with that composite. The properties of Cr,O; were
less studied and very sensitive depending on the combination
and reaction [8].
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sentative example of a 2D semiconductor and a graphene anal-
ogue. It is formed by the arrangement of S-Mo-S units, which
are covalently bonded and held together by weak van der Waals
forces [16].

MoS; nanosheets exhibit unique physical, optical and
electrical properties correlated with their 2D ultrathin atomic
layer structure and high surface area [17-19]. The supporting
substrates sometimes offer synergistic effects to the intrinsic
properties of the nanoparticles, making the composites much
more attractive in applications in various materials than the
nanoparticles alone. The monolayer of MoS, has found several
uses in fields such as field-effect transistors, photodetectors,
solar cells, chemical sensors, supercapacitor electrodes and
valleytronics devices [20].

In this study, Ag/Cr,O;@MoS; nanosheet layers were
synthesized utilizing a low-cost thermal decomposition
approach and functionalized with DMSA before being self-
assembled with as-prepared MoS, nanosheets using ultra-
sonication. Their structural, morphological, compositional and
magnetic characterization studies were presented, as well as
in vitro studies of the potent proliferative activity assessment
of MCF-7 and HepG-2 human cancer cells and antimicrobial
activities to check the nanocomposite material’s biological
applicability.

EXPERIMENTAL

Synthesis of Ag/Cr,03: Ag/Cr,O; nanoparticles were
prepared by sol-gel auto-combustion method. In this method,
precursors silver chloride and chromium chloride hexahydrate
were dissolved in water in stoichiometry ratio 1:2 with addition
of urea and citric acid. Further the solution was heated with
simultaneous stirring using a magnetic stirrer. The pH of the
solution was maintained at 7. The solution was then allowed
to air dry slowly with continuous stirring for 46 h to form the
gel. On the following day, the same solution was vigorously
stirred and the solvent evaporator was around 40 °C. At 120 °C,
after almost all solvents had evaporated, urea began to break-
down, releasing NH;. The decomposition of urea can be detected
by the presence of NH; odour and the formation of bubbles
within the mixture. Subsequently, a desiccated gel materialized
and underwent heating at 250 °C till the attainment of a dark
green powder through combustion.

Functionalization of Ag/Cr,O;nanoparticles: To prepare
Ag/Cr,0s/MoS; core-shell particles, Ag/Cr,Os has to be activ-
ated to trap with MoS,. For this, to functionalize the SM nano-
particles, dimercaptosuccinic acid (DMSA) in deionized water
at pH ~ 10 was added to SM nanoparticles (ratio 5:1), which
were dispersed in THF and sonicated for 1 h and then stirred
for 3 h. The solution was washed several times using deionized
water and centrifuged the solution to remove excess DMSA
and THF [21]. The precipitate was dispersed in deionized water
for further use.

Synthesis of MoS, nanosheets: Synthesis of MoS, nano-
sheets was achieved by Morrison method [22]. In brief, 2 mg
bulk MoS, powder was dissolved in 10 mL of n-butyl lithium
in hexane under nitrogen atmosphere. After intercalation for

48 h, the mixture was washed thoroughly using hexane. The
residue was dissolved in deionized water. With ultrasonication,
the lithium atoms between the MoS; layers interacted with water
and the generation of H, gas, pushing the nanosheets apart.
By centrifuging this solution, multilayered MoS, nanosheets
were obtained by removing the excess hexane and lithium ions
and dispersing them in deionized water.

Synthesis of Ag/Cr,03-MoS; (core-shell): To prepare Ag/
Cr,03/MoS; core-shell nanoparticles, by ultrasonicating the
mixture of an aqueous solution of DMSA-modified SM nano-
particles by slow addition of an aqueous solution of multi-
layered MoS, nanosheets feeding mass ratio 1:5. Final product
was precipitated by magnetic stirring for 12 h, the addition of
saline and centrifugated the product from sonication. The preci-
pitate is heated in an oven at 100 °C for 24 h to get a dry SM1
sample for further analysis.

Characterization: The powder X-ray diffraction pattern
of SM1 was recorded with the XPERT-PRO system with the
copper anode (Kow = 1.54060 A) at 25 mA/40 kV with 1000 W
of X-ray power. A Perkin-Elmer PHI-5300 Thermo-Scientific
K-alpha XPS spectrometer was used to analyze the surface of
the material. The magnetization of SM1 was examined using
a vibrating sample magnetometer (VSM Model 7404, USA).
The morphological nanomaterial was characterized using
transmission electron microscopy (model: JEOL JEM 2010).

Cell lines: The cell lines MCF-7 and HepG-2 were obtained
from the National Centre for Cell Sciences (NCCS), Pune, India.
The cell lines were treated with 10% fetal bovine serum and
incubated at 37 °C with 5% CO,.

MTT assay: The cell lines were cultured and incubated
for 24 h in 96-well microtiter plates. At the suitable concentra-
tions, the sample was introduced to the plate cells. After that,
the cells were cultured for 24 h. Following the initial incubation
time, addition of 10 mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT: 1 mg/mL) was done to
each well. The plates were then incubated in a dark environ-
ment for 3 h at 37 °C. By cleaving to a tetrazolium ring, succinate-
dehydrogenase, a mitochondrial enzyme in living cells, converts
MTT to insoluble formazan. As aresult, the quantity of formazan
produced is proportional to the number of viable cells [23]. Each
sample was incubated for 24 h with 15 mL of MTT (5§ mg/mL)
in PBS (pH ~7.2). At five dilutions, the anticancer activity of the
synthesized materials was assessed and the control cells were
those that were not exposed to SM1. The % cell inhibition growth
concentration of the samples was estimated.

Antibacterial assay: The antibacterial activity of the
synthesized nanomaterials was examined against Gram-positive
Staphylococcus aureus and Gram-negative Escherichia coli.
Before sub-culture, the cultures were placed in an agar plate
and incubated at 35 °C. A 100 puL of prepared bacterial inoculum
was marked on the Mueller-Hinton agar surface using a swab
to examine the antibacterial activity of nanoparticles in the
disc diffusion method [11]. The impregnated discs with varying
nanoparticle concentrations of 25, 50, 75 and 100 pg/mL were
then placed on the surface of the injected agar plate in 50 uL
DMSO as solvent. Finally, the plates were incubated for 24 h
at 37 °C.
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RESULTS AND DISCUSSION

Powder XRD studies: Fig. 1 shows XRD diffraction pattern
of the samples. The diffraction peaks corresponding to 0-Cr,O;
are indexed and matched according to JCPDS card no. 38-
1479 having thombohedral phase a = b =4.953 A; ¢ = 13.578
A (Table-1). The significant peak at 38.16° is attributed to Ag
(111) plane consistent with the face-centered cubic (fcc) struc-
ture of typical polycrystalline silver nanoparticles. Table-1
shows the prominent peaks of silver nanoparticles (JCPDS
card no. 4-0783) [24]. Significantly less intense peaks (Table-
1) of MoS, were observed due to the low concentration and
ultra-thin thickness of MoS; nanoparticles (JCPDS card no.
65-0160) [25]. The peak broadening nature could be attributed
to the nanosize of the sample, which is confirmed by Scherrer’s
formula and the average crystallite size is given in Table-1.
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Fig. 1. Powder X-ray diffraction pattern of SM and SM1 nanocrystalline
particles

The average crystallite size of the samples was calculated
using Scherrer’s formula:

D=——"—
B, . cosO (D

Fig. 2. TEM image of the SM1 nanoparticles with an edge length on the scale of (a) 50 nm, (b) 20 nm and (c¢) SEAD image of SM1 nano

crystalline particles

TABLE-1
PEAK POSITION AND hkl VALUES OF 0-Cr,0;, Ag
NANOPARTICLES AND MoS, ULTRATHIN LAYER

0-Cr,0; Ag nanoparticles MoS, ultrathin layer
Peak Peak Peak
position hkl position hkl position hkl
(20) © (20) () (20) (®)
24.48 012 38.1 111 14.39 200
33.60 104 443 200 29.02 004
36.24 110 64.4 220 35.88 100
39.70 006 71.3 311 36.68 102
41.52 113 39.55 103
44.40 202
50.44 024
5491 116
58.40 122
63.45 214
65.10 300
72.90 101
73.30 119

Average crystallite size of SM and SM1 is 36 and 49 nm, respectively.

where D is the crystallite size (A), A is the wavelength of the
X-ray radiation (A), K is usually taken as 0.89, [ is the line
width at half-maximum height (radians) and 6 is the diffraction
angle (°).

TEM and SEAD studies: The nanoparticles diameter was
observed from the TEM images (Fig. 2a-b) and the shell thick-
ness was optimized to 40-45 nm. The average crystallite sizes
of the samples SM and SM1 were found to be 36 and 49 nm,
respectively, which are well-agreed with powder XRD data.
Fig. 2b shows that the significant variation of shell thickness
subsists between the particles and the thickness varies even
within a single hollow silver/Cr,O; nanoparticle. In addition,
the particle deviates from the exact spherical shape for most
of the particles.

It can be seen from the Fig. 2b that many ultrathin layers
of MoS, were attached to Ag/Cr,O; nanocomposite, which is
considered to be ultrathin MoS, layers supported by powder
XRD data. From the TEM images, it was confirmed that the
coexistence of Ag, Cr,O; and ultrathin MoS, was observed.
Ag nanoparticles were predominantly spherical and visible of
the hollow Ag nanoparticles embedded on Cr,O;and an ultra-
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thin layer of MoS; attached in tiny quantities. The SEAD map
(Fig. 2c) shows the ring-like electron diffraction patterns, which
implies that the crystallinity is consistent with the structure.

SEM micrograph: Fig. 3(a-f) depicts the change in morp-
hology of SM and SM1 samples with uneven size and shape.
Different sized nanocrystals were related to the size decrease
of particles to the quantum confinement effect of nanoparticles.
Agglomeration decreases due to MoS; coating.

Significantly smaller uneven spherical and rod-like particles
and high agglomeration were observed in sample SM1. From
the above SEM images, a denser morphology was observed.
The particle size increases with the coating of MoS; and a
diffused octahedral shape is observed in sample SM1.

EDAX studies: The energy dispersive X-ray analysis (EDAX)
of samples SM and SM1 (Fig. 4a-b) confirmed the presence

1128 SEI

X56,000 0.2pm

of Ag, Cr, Mo, O and S with appropriate proportions in the
related nanoparticles, further proving the formation of a coating.
The EDAX spectrum of the SM1 shows a strong Mo and S
signal around 2-3 keV, confirming that the external shell is
composed of MoS,. From EDX analysis, the atomic % and
weight % were calculated as an exact amount of composition
and are compared with theoretically obtained values as shown
in Table-2.

Zeta potential: The zeta potential of sample SM1, as
shown in Fig. 5a, was obtained, which rationalizes the observed
excellent long-term stability of the colloidal suspension. The
stability of suspensions can be influenced in a variety of ways.
The stability of suspensions can be monitored by measuring
the zeta potential. Suspensions of SM 1 nanoparticles were stable
in the neutral pH range. The mean value of SM nanoparticles

e

Fig. 3. SEM images at different magnifications (a-c) SM and (d-f) SM1 nanocrystalline particles

Cr

Ag
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SMA1

Cr
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Fig. 4. EDAX spectra of SM and SM1 nanocrystalline particles
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Fig. 5. Zeta potential and particle size distribution of SM 1
TABLE-2 TABLE-3
ELEMENTAL WEIGHT AND ATOMIC % MAGNETIC PROPERTIES OF SM AND SM1
QI RPN NG EE Magnetic properties SM SM1
SM SMi Coercivity (Hci) 88.977 G 106.08 G
Element  Yeight  Atomic | o Weight  Atomic Magnetization (Ms) 0.69438 emu/g 1.0258 emu/g
(%) (%) (%) (%) Retentivity (Mr) 84 x 10° emu 143 x 10 emu
OK 3968 7269 | OK 3645 7051 Susceptibility 3.15x10* 7%emuw/g 465 x 10 2emu/g
CrK 3739 21.08 SK 5.08 491 Field at Ms 9.7x10° G 9.8x10°G
AgL 22.93 6.23 CrK 24.73 14.72
Mo L 5.22 1.68
AgL 28.52 8.18 0.85
was found to be -18.2 d.nm, while the average particle size of 0.80
SM nanoparticles was 291.7 d.nm. The particle size distribution
can be affected by a number of factors such as the process of 0.75 -
sonification, which involves the addition of a stabilizer [26]. §
Magnetic properties: Fig. 6 shows the magnetic behaviour g 0.70-
of the samples SM and SM1 investigated by a vibrating sample §
magnetometer (VSM). The formation of a hysteresis loop in < .65+
the cyclic range indicates ferromagnetic behaviour with coerci-
vity values ~89 G and ~105 G, respectively. The magnetization 0.60-
values of the samples were 0.6943 emu/g and 1.0258 emu/g,
respectively. Magnetization value increases due to adding MoS, 0.551
layers to SM nanoparticles, as shown in Table-3.
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Fig. 6. M-H hysteresis loop of SM1

UV-Vis DRS spectra: It is confirmed that the introduction
of ultrathin MoS, layers enhances the UV-vis absorption of
Ag/Cr,0Os (Fig. 7a) implies a better light photoresponse and
preferable UV-vis photolight catalytic activity. The optical

Wavelength (nm)
Fig. 7. UV-vis DRS spectrum of SM1

absorption properties of nanoparticles generally exhibit signifi-
cant changes due to quantum effect, size effect and large surface
area. When the nanoparticles were smaller than the wavelength
of the light, free electrons might be transferred from the lattice
of positive ions in resonance with light. A broad peak located
around 340 nm is attributed to the plasmon resonance of Ag
nanoparticles [27]. Peaks at 456 nm and 610 nm were the
characteristic absorption bands of ultrathin layer MoS; arising
from the K point of the Brillouin zone were observed. The
band gap of Cr,O; and MoS, decreases from 3.4 eV and 1.68
eV to 1.06 eV, respectively, due to strong interaction.

The optical indirect band gap values of the sample is
determined by Tauc’s relation [28]. The plots of hv versus
(cthv)"? for SM1 sample is shown in Fig. 8. The The estimated
indirect band gap value for SM1 is 1.06 eV.

ohv = A(hv — E,)" (2)
where A, hv, o and E, are the absorbance, photon energy,

constant and optical band gap of the nanoparticles, respectively.
The absorption coefficient (o) of the powders at different wave-
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lengths can be calculated from the absorption spectra and n =
1/2 for the indirect band gap.

Cytotoxicity studies: The anticancer efficacy of the SM1
nanocomposite was evaluated using the MTT assay against
MCF-7 adenocarcinoma and HepG-2 cancer cell lines at five
different concentrations (5, 25, 50, 75 and 100 pg/mL) and
compared to the normal control. The sample shows anticancer
potential in both cell lines and adding SM1 at different doses
enhances the percentage of anti-proliferation in MCF-7 (Fig.
9a) and HepG-2 (Fig. 9b) cell lines for 4 h treatment. The %
inhibition is proportional to the concentration of nanoparticles
[29] (Table-4). Fig. 9 reveals that the reduced cell viability
observed at different concentrations of both MCF-7 and HepG-
2 cell lines was due to the efficient heat-induced cell killing of
SM1 sample. Moreover at low concentrations, the SM1 nano-
composite outperformed HepG-2 cancer cells regarding cyto-
toxicity. After 4 h of SM1 treatment, the morphology of the
MCF-7 and HepG-2 cell lines showed substantial changes in
morphology and decreased cell density, indicating apoptotic
cells [30]. It is usually assumed that the action of a chemical
on cancer cells is primarily due to oxidative stress. Conversely,
tumor cells may depend on a precise amount of H,O, and a lack
of it might lead to cell cycle arrest or apoptosis.

2.0

Band gap = 1.06 eV

((XhV)”Z (ev1/2 Cm—1/2)

L v L v L v L v L
0.8 1.2 1.6 2.0 2.4
Photon energy (eV)
Fig. 8. Band-gap values assessed by a correlated curve of (athv)"? against
photon energy plots of SM1

TABLE-4
PERCENTAGE ANTI-PROLIFERATION OF MCF-7
AND HepG-2 CANCER CELL LINES TREATED
WITH SM1 AT DIFFERENT CONCENTRATIONS

Concentration  Percentage proliferation  Percentage proliferation
(ug/mL) MCE-7 cell line HepG-2 cell line
5 54 62
25 55 66
50 70 70
75 74 81
100 78 84

Antibacterial activities: The inhibitory zones SM1 of
Gram-positive and Gram-negative microbial strains confirmed
that the activity was proportional to the material concentration.

The growth inhibition improves as the concentration rises to
100 pg/mL. The effect of SM1 nanocomposite on bacterial
linear growth revealed that increasing the concentration of the
nanocomposite decreased bacterial growth. The study found
that SM1 concentration inhibits the growth of both Gram-
negative and Gram-positive bacteria. As shown in Table-5,
increasing the concentration by 10, 20, 40, 60, 80 and 100 pg/mL
increased the zone of inhibition. According to the literature,
the percentage of inhibition of E. coli was also higher [31].

TABLE-5
ANTIBACTERIAL ACTIVITIES OF SM1
. Zone of inhibition (mm)
Concentration = = = =
(ug/mL) Gram—posmve bacterial Gram—ne.gatlve bagtenal
strain (S. aureus) strain (E. coli)
Positive control 26 20
10 0 2
20 7 5
40 10 6
60 13 7
80 15 10
100 16 12
Conclusion

Facile synthesis of hollow core-shell nanoparticles silver/
Cr,0;embedded with ultrathin MoS; layers was achieved via
two steps of sol-gel auto combustion and sonification route.
The analysis of the powder XRD pattern of the SM and SM1
samples confirmed its phase purity and structure, respectively.
The particle size varies from nanometers to micrometers range
which is crystallite sizes were in the nanoscale and good agree-
ment with powder XRD results. EDAX spectra of the samples
confirmed the purity of the sample prepared in each stage and
agree with the atomic weight percentage shown in the coating
of MoS, ultrathin layers. From the TEM images, silver nano-
particles were predominantly spherical and visible the silver
nanoparticles embedded on Cr,O; and the ultrathin layer of
MoS; attached. Particle size analysis also supports the average
particle size of sample SM nanoparticles. The optical absorbance
measurements over the range 200-8120 show the three broad
clear peaks were due to the absorbance of the visible and NIR
light that gives the conformation of nanosilver particles embe-
dded on Cr,Osand ultrathin MoS; layers. Peaks at 456 nm and
610 nm were the characteristic absorption bands of ultrathin
layer MoS; arising from the K point of the brillouin zone are
observed. The band gap of Cr,Os and MoS, decreases from 3.4
eV and 1.68 eV to 1.06 eV, respectively, due to the strong inter-
action. Magnetic studies show that the formation of a hysteresis
loop in the cyclic range indicates the ferromagnetic nature at
300 K.Even at low doses, the enhanced percentage of anti-
proliferation was attributed to improved biocompatibility of
customized SM nanoparticle with MoS,, which is a good candi-
date for hyperthermia for a short period. The SM1 nanocom-
posite displayed potential antibacterial action in Gram-positive
and Gram-negative bacterial strains in a dose-dependent manner,
indicating that SM1 is a promising candidate for food and
biomedical applications.
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Fig. 9. Cytotoxic assay (MTT) of SM1 on MCF-7 and HepG-2 at different concentrations (a) control (b) 5 ug/mL (c) 25 ug/mL (d) 50 ug/mL

(e) 75 pg/mL (f) 100 pug/mL for 4 h
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