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Abstract

Development of multipurpose materials like graphene—silver hybrid nanocomposite has attracted much appreciation in recent
years because of their improved synergistic properties like higher effective surface area, high electron mobility, stability, and
biocompatibility. Here, we report the synthesis, characterization, and multifunctional properties of reduced graphene oxide/
silver (rGO/Ag) nanohybrid. This novel material shows promising results against two antibiotic resistant bacteria—Escheri-
chia coli and Bacillus subtilis. The toxicity study on Gram-negative bacteria (Escherichia coli) and Gram-positive bacteria
(Bacillus subtilis) was done by the evaluation of cell viability through Resazurin-based Microtitre Dilution Assay (RMDA).
We have observed that this nanohybrid is more effective against Bacillus subtilis than Escherichia coli which is different
from the conventional observations. With Dalton’s Lymphoma Ascites cells (DLA), we have examined short-term in vitro
cytotoxicity of this nanohybrid by trypan blue dye exclusion technique. The anticancer response of this nanohybrid was
recorded with Human Colon epithelial carcinoma cells (HCT-15) as well by MTT assay. We also report SERS effect of (rGO/
Ag) substrate in detecting very small amounts of Rhodamine B molecules by estimating the analytical enhancement factor.
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1 Introduction

For a long time, nanomaterials, especially metal nano-
structures, have attracted much attention from research-
ers due to its versatility in applications. Among various
metal nanostructures, silver nanostructures have acquired
great regard because of the broad-spectrum antimicro-
bial effects of silver which were well known from ancient
times [1-3]. The interesting and promising chemical, bio-
logical, and physical properties of silver nanostructures
made them suitable candidates for various biomedical
applications [4-9]. Recently, silver nanoparticles (AgNP)
have also extended their sanative power to cancer care
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area [10-12]. Several in vitro studies with silver nanopar-
ticles have emphasized their potentiality as an effective
anticancer agent [13—18]. Another area in which AgNPs
have achieved great momentum is in the field of surface
enhanced Raman spectroscopy (SERS) which is a conse-
quence of its unique nanosize property called localized
surface plasmon resonance (LSPR) [19-22]. The large
SERS enhancement ability of AgNPs makes them good
detection platforms for SERS signals. Literature stud-
ies have indicated that performance and applicability of
AgNPs in all these diverse fields strongly depend upon
their size, shape, and distribution [23]. However, the pros-
pects of application of the nanoparticles become limited
due to various reasons. During the preparation process,
these nanoparticles tend to aggregate to minimize their
surface area and thereby surface energy, which in turn
causes bewildering deterioration of their properties. Easy
oxidation of these particles is another reason for their poor
performance. To solve these problems, it is essential to
find a proper method for the growth and stabilization of
silver nanoparticles. Loading of nanoparticles on proper
supporting matrices like graphene-based materials is
one of the strategies widely applied to overcome these
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shortcomings [24]. Due to their unique physical, thermal,
mechanical, and tunable chemical properties, graphene
materials have emerged as an excellent supporting mate-
rial for nanoparticles.

Graphene oxide (GO) is a planar sheet of single /few
layer sp> hybridized carbon atoms with easily reducible
oxygen functional groups such as hydroxyl and epoxy on
the basal plane and carbonyl and carboxyl at the edges
of the sheet. The presence of all these oxygen functional
groups imparts hydrophilic property to GO which easily
allows the growth of metallic nanoparticles. Furthermore,
GO has unique properties including large surface area,
low cytotoxicity, and good water stability [23]. All these
factors help GO to act as a platform for the growth and
stabilization of metal particles and subsequently succeed
into its realization in various application fields [25]. Bio-
compatibility, size, and shape depending tunable prop-
erties and functionalities make GO the most promising
functional material used in various applications [26].
The unique features such as featured structure, interest-
ing physiochemical properties, and other characteristics
like oxidative stress effect, cell entrapment ability, and
edge cutting effect make GO as one of the most effective
antibacterial nanomaterials in the world [27].

Recently, many researchers have reported the superior
performance of graphene oxide (GO) and reduced graphene
oxide (rGO) as antimicrobial and anticancerous agents
which enhance their potential usage in biomedical areas
[28-35]. In addition, the properties like chemical enhance-
ment, molecular enrichment, fluorescence quenching, and
high adsorption to target molecules exhibited by graphene
and related materials make them promising substances in
fabricating advanced SERS substrates for sensitive detec-
tion of various molecules including biomolecules [36—40].

In this work, we report the synthesis of reduced GO deco-
rated with silver nanoparticles—-tGO/Ag nanohybrid and its
multifunctional performance in the areas of antibacterial and
anticancerous activity and SERS enhancement. To check
its antibacterial activity, we have followed Resazurin-based
Microtiter Dilution Assay (RMDA) method with two bacte-
rial strains. We also performed in vitro cytotoxicity experi-
ments with Dalton’s Lymphoma Ascites cells (DLA) and
Human Colon epithelial carcinoma cells (HCT-15) to ver-
ify the possibility of using this hybrid as a clinically active
chemotherapy agent in nanomedicine. We hope that this
study may impart a new perception for the better evaluation
of antibacterial and anticancer actions of (rGO)-Ag nanohy-
brids which is beneficial for the applications in biomedical
and other related fields. We have also investigated the capa-
bility of this material as an SERS substrate using Rhodamine
B as the probe molecule. Our experimental outcome displays
that this SERS substrate has excellent sensitivity for the
detection of Rhodamine B with admirable reproducibility.
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2 Materials and methods
2.1 Materials

Graphite flakes (98%, 60 mesh), sodium nitrate, concentrated
sulphuric acid (98%), potassium permanganate, hydrogen
peroxide (30%), hydrochloric acid (98%), silver nitrate,
trisodium citrate, sodium borohydride, and Resazurin were
purchased from Merck India. Dimethyl sulfoxide (DMSO),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bro-
mide (MTT) reagent, and Trypan blue were procured from
Sigma-Aldrich. All these chemicals were of analytical grade
and used without any further purification.

The Dalton’s Lymphoma Ascites (DLA) cells were
maintained in vivo in Swiss albino mice by intraperitoneal
transplantation. Freshly aspired cells from the peritoneal
cavity of tumour bearing mouse were washed thrice with
phosphate-buffered saline (PBS) under sterile conditions.
The cell count was done and further dilutions were made, so
that the concentration was maintained as 10° cells in 0.1 mL.

Human Colon epithelial carcinoma cells (HCT-15) (Pas-
sage number 30) were procured from National Centre for
Cell Sciences, Pune, India, and maintained in RPMI-1640
media, supplemented with 10% fetal bovine serum, 100 U/
mL penicillin, and 100 pg/mL streptomycin, and kept at
37 °C in an incubator with 5% CO,. The cells were passaged
at 80% confluency and medium was changed every third day.

2.2 Synthesis of reduced graphene oxide decorated
with silver nanoparticles

GO (AF) was prepared from graphite flakes by modified
Hummer’s method [41]. To 10 mL of GO uniform solution
(0.6 mg/mL), AgNO; (0.2 M) solution was added gradually,
followed by the sudden addition of trisodium citrate solu-
tion (0.2 M). After continuing the stirring for 30 min, 0.2 M
NaBH, solution was dropped slowly at room temperature
to this mixture. Stirring was continued for five more hours
and the final product—silver anchored on reduced graphene
oxide nanohybrid (AGS) was filtered, washed, and dried in
hot air oven at 50 “C for 4 h [42]. Pure silver nanoparticles
(AS) were also prepared in the same manner by replacing
GO solution with distilled water.

2.3 Characterization

The structure and composition of the samples were char-
acterized by X-ray powder diffractometer (Bruker AXS
D8 Advance). The diffuse reflection spectra of the sam-
ples were recorded with Varian, Cary5000 UV-Vis—NIR
spectrophotometer, while Thermo Scientific Evolution 201
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spectrophotometer was employed to obtain the UV-Vis
spectrum from GO. Detection of the chemical functional
groups of the samples was done by Fourier transform infra-
red analysis (Thermo Nicolet, Avatar 370). Raman spectra
were acquired using a confocal microprobe Raman system
(WITec alpha300RA) with an excitation wavelength of
532 nm from a He—Ne laser. The zeta-potential analysis
of the samples was done at 25 °C using Horiba Scientific
nanopartica instrument (Nanoparticle Analyzer, SZ-100).
To determine the thermal properties, thermogravimetric
analysis was carried out with Perkin Elmer, Diamond TG/
DTA. Energy-Dispersive X-ray Spectroscopy analysis of the
samples was carried out with the EDS (Oxford Instruments)
attached with SEM (JEOL Model JSM—6390LV). X-ray
photoemission spectroscopy (XPS) data were taken with
Auger Electron Spectroscopy (AES) module and C60 sput-
ter gun. The Brunauer—-Emmett-Teller (BET) specific sur-
face area of the samples was estimated by nitrogen adsorp-
tion—desorption isotherm measurements obtained with a
surface area analyzer (Tristar 3000-BET). Morphological
features of the samples and the calculation of average size of
silver nanoparticles were obtained from transmission elec-
tron microscopy with HRTEM- Jeol /JEM 2100 instrument.

2.4 Antibacterial study: minimum inhibitory
concentration (MIC) determination by RMDA
method

The minimum inhibitory concentration is defined as the min-
imum amount of the sample needed to show bacteriostatic
effect [43]. It is the lowermost concentration of antimicrobial
agent that completely inhibits visible growth of the microor-
ganism in microtitre plate as detected visually after a period
of incubation [44]. The MIC of the as-prepared samples (AF,
AS, and AGS) were measured by Resazurin-based Microtitre
Dilution Assay (RMDA). The antibacterial action of the pre-
pared samples (AF, AS, and AGS) were tested against two
bacterial strains—Escherichia coli (ATCC 8739), the Gram-
negative bacteria and Bacillus subtilis (ATCC 11778), the
Gram-positive bacteria, maintained on nutrient broth. We
have prepared the bacterial culture to a final concentration
of 10° U/mL as reported in the literature [45].

Resazurin is an oxidation—reduction indicator used for
the evaluation of cell viability and bacterial contamination,
particularly in various cytotoxicity assays [46]. It is a purple
non-fluorescent and non-toxic dye which becomes pink and
fluorescent when reduced to resorufin by oxidoreductases
within viable cells.

Homogeneous solution of resazurin dye was prepared by
dissolving 0.032 g in 5 ml sterile water, that of antibiotic by
dissolving 0.01 g in 1 mL sterile water and the homogene-
ous solutions of samples (AF, AS, and AGS) by dissolving
5 mg in 1 mL DMSO. Under aseptic conditions, microtitre

plates were used for RMDA. 100 pL of sample materials in
10% (v/v) DMSO was taken in the first row of microtiter
plate followed by the filling of 100 pL of nutrient broth.
Twofold serial dilution (throughout the column) was attained
by removing and placing 100 pL sample material from first
row to the successive wells in the next row of the same col-
umn, so that each well has 100 pL of sample material in
serially descending concentrations. Finally, a volume of 10
pL was taken from bacterial suspension and was added to
each well to achieve a final concentration of 10® CFU/mL.
In this manner, three columns of the microtitre plate were
filled with the three sample materials. Each microtitre plate
had a set of three controls: (a) C;—a column with Ampi-
cillin—a broad-spectrum antibiotic as positive control, (b)
C,—a column with nutrient broth and bacteria solutions as
negative control, and (c) C;—a column with all solutions
with the exception of the bacterial solution, but adding 10
pL of nutrient broth instead which act as broth control. The
microtitre plates were prepared in triplicate and placed in a
temperature controlled incubator at 37 ‘C for 24 h. To avoid
the dehydration of bacterial culture, each plate was wrapped
loosely with a cling film. After 24 h of incubation, 10 pL
of resazurin solution as indicator was added to all 96 wells
in the plate. Again, the plates were incubated for 18 h. The
colour change was then appraised visually and any colour
change from purple to pink was recorded as positive. The
lowest concentration of samples at which colour change
occurred was taken as the MIC value. The average of three
values was calculated and recorded as the MIC for that test
sample and the bacterial strain.

2.5 In vitro cytotoxicity studies

To investigate the therapeutic effects of newly synthesized
materials, cell viability tests are considered as most suitable.
Examining the material’s safety to host cell or its cytotoxic
effect in cancer cell is very important in such studies. Nowa-
days, many simple as well as complex methods are available
to execute such tests. Exposure of cell to trypan blue is a
simple method usually performed to identify the viable cell
(unstained) using a microscope [47]. This method is based
on the cell membrane permeability. MTT assay is another
common method used for the assessment of cell viability
and cytotoxicity based on enzyme activity. This assay is a
colorimetric one which detects living, not dead cells and the
signal generated is dependent on the degree of activation of
the cells. Its simplicity and effectiveness make this assay a
suitable one to assess the anti-inflammatory and anticancer
activities of any test samples at preliminary levels [48].
The anticancer response of the prepared samples was
recorded with Dalton’s Lymphoma Ascites cells (DLA) by
trypan blue dye exclusion technique and Human Colon epithe-
lial carcinoma cells (HCT-15) by MTT assay. This part of the
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work has been carried out in Amala Cancer Research Centre,
Thrissur, Kerala, India.

2.6 Short-term in vitro cytotoxic analysis by trypan
blue assay

Trypan blue staining is usually considered as a conveni-
ent assay for quantitating cell death following treatment
with any cytotoxic stimuli [49]. The viable cell suspension
(1% 10° cells in 0.1 mL) was added to tubes containing vari-
ous concentrations of the test samples and the volume was
made up to 1 mL using PBS. These assay mixtures were
incubated for 3 h at 37 °C, and then, 1 mL of trypan blue was
added. Using a haemocytometer, the number of live cells
(unstained) and dead cells (stained) was counted separately
from which the percentage of dead cells was calculated
using the following equation:
No. of dead cells

) e 100.
7o of dead cells = o e cells + No. of dead cells < '
(H

2.7 Long term in vitro cytotoxic analysis by MTT
assay

Cytotoxicity study of the prepared samples (AS and AGS)
was done on HCT-15 cells using the conventional MTT
(3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Bromide) assay. The MTT reagent yields low background
absorbance values in the absence of cells. The healthy and
rapidly growing cells exhibit high rates of MTT reduction to
formazan, while the dead or inactive cells fail to do so. The
final product of MTT reduction is a purple color formazan
that can be easily dissolved in DMSO.

Approximately 1x 10° /mL cells were seeded in a 24-well
plate with complete growth medium (RPMI-1640) and
allowed to adhere at 37 °C for 48 h. At 80% confluency,
the medium was replaced with fresh media and different
concentrations of the samples were added to each well
(0-75 pg/mL). The cells were further incubated for 48 h,
and at the end of incubation period, the medium was again
replaced with fresh one. Then, 50 pL of 0.5% MTT were
added to each well and incubated for 4 h. The formazan
crystals formed were dissolved in dimethyl sulfoxide and the
absorbance was measured at 570 nm in UV/Vis spectropho-
tometer (Systronics, India). The medium without samples
was served as control and triplicate was maintained for all
concentrations. The quantitative analysis of cytotoxicity was
done based on percentage of dead cells, employing the fol-
lowing equation:

Ab

control — Ab

Ab

sample

% cell death = x 100. 2)

control
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2.8 SERS measurements

SERS spectra were recorded by a confocal Raman spec-
trometer (WITec instrument) equipped with 532 nm laser
and 100 X objective (NA =0.9). The data acquisition time
for each measurement was set as 5 s and the diameter of
laser beam spot was 1 pm, while the laser power on the
samples was typically in the order of 60 mW. Rhodamine B
(RhB) was chosen as the model probe molecule (analyte) for
SERS measurements. To prepare SERS active substrates, 20
pL of as-prepared samples (AS and AGS) were incubated
with 10 pL of analyte solutions (107) for 2 h at room tem-
perature and subsequently deposited on a microscopic glass
slide (area~ 1 cm?) and dried naturally. By serial dilution
method, different concentrations of the analyte were pre-
pared to detect the SERS sensitivity of substrate. To ensure
the reproducibility and validate the stability of the substrate,
measurements were repeated at different positions.

3 Results and discussion
3.1 Structural and morphological characterizations

Crystalline nature of all samples is revealed by XRD pat-
terns. In Fig. 1a, the characteristic diffraction peak of exfo-
liated GO appears at 26=10.7° (001 plane) with a large
interplanar d-spacing of 8.22 A which can be assigned to
the presence of intercalated oxygen containing functional
groups and interlamellar water molecules trapped between
adjacent hydrophilic graphene oxide layers [50, 51]. The
less intense peak at 20 =42.1° commonly observed in
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Fig. 1 XRD patterns of a graphene oxide, b silver nanoparticles, and
c reduced graphene oxide-silver nanohybrid
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graphitic substances indicates the presence of some unex-
foliated graphite particles [52]. In Fig. 1b, the distinctive
peaks detected at 38.5°, 44.3°, 64.5°, and 77.6° can be
assigned to (111), (200), (220), and (311) crystal planes
of metallic silver, respectively (ICDD No. 00-004-0783).
This establishes the formation of face-centered cubic silver
in sample AS. In the hybrid AGS (Fig. 1c), the promi-
nent sharp peaks observed at 37.9°, 44.2°, 64.5°, and
77.5° indicate the successful formation of metal silver in
the hybrids. Furthermore, no obvious peaks of graphene
oxide/reduced graphene oxide were observed in the as-
synthesized AGS hybrid. This might be due to the rela-
tively lower content of graphene oxide and/or might be due
to the strong diffraction signals of silver suppressing those
of graphene oxide sheets [53]. Another possibility is the
complete exfoliation of GO [54]. The loading of AgNPs
on the surface of the GO sheets might have averted the
restacking of the layered structure of GO [55].

UV-visible absorption spectrum of AF (Fig. 2a) exhib-
its a strong absorption peak at 230 nm owing to the 77"
transitions of aromatic C—C bonds and a shoulder peak
at 300 nm in view of the n—z" transitions of C=0 [56].
The UV analyses of both samples AS and AGS reveal the
normal surface plasmon resonance (SPR) peaks at 398 nm
and 404 nm, respectively (Fig. 2b) [57]. The sharp sym-
metric peak of AS at 398 nm suggests the formation of
monodispered spherical silver particles without any ani-
sotropic features, while for AGS, the presence of broad
peak at 404 nm implies the formation of irregular-shaped
polydispersed silver particles of varying size [58].

FTIR spectra shown in Fig. 3 indicate the nature of the
chemical functionalities present in AF and AGS samples.
The characteristic vibrations of GO observed in AF are
represented by the peaks appearing at 3388 cm™~! (OH-
stretching vibration), 1721 cm™' (symmetric stretching
vibration of carboxyl C=0 group), 1400 cm™! (C-OH),
1222 cm~! (C-OH stretching), and 1050 cm~! (C-O-
stretching vibration) [59]. All these oxygen containing
groups denote the efficient oxidation process of graphite
flakes. The peak observed in AF at 1620 cm™! is possi-
bly due to the presence of (O—C=0), (C=0), and (OH
bending) functional groups, while those at 2822 cm™!
and 2896 cm™! are assumed to be due to C—H-stretching
adjacent to —COO group [60]. The FTIR measurements
of AGS suggest the interaction between GO and silver
nanoparticles which causes a change in peak positions.
The (C—O-stretching vibration) observed at 1050 cm™ is
shifted to 1025 cm™! with reduction in intensity. The peaks
appeared at 1400 cm~! and 1620 cm™ are also displaced
to 1388 cm™! and 1592 cm™' with decreased intensity.
The peaks observed at 1222 cm™!, 1721 cm™!, 2822 cm™!,
and 2896 cm™! are missing in the FTIR spectrum of AGS.
The disappearance or decrease in intensity of these peaks
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Fig.2 a UV-visible absorption spectra of graphene oxide. b DRS
spectra of (i) graphene oxide and (ii) reduced graphene oxide—silver
nanohybrid

representing oxygen containing groups implies the partial
reduction of graphene oxide in the AGS sample [61].

Raman spectroscopy, a powerful high-resolution tech-
nique, provides the much needed swift and simple struc-
tural and quality characterization of graphitic materials. The
spectrum of AF (Fig. 4) has two prominent peaks, the G
band around 1585 cm™! caused by the Raman active phonon
(in-plane optical mode) close to the I" point and the D band
around 1350 cm™! whose signal strength depends strongly
on the amount of disorder in the graphitic material [62]. Due
to the surface enhanced scattering of Ag NPs, an increase in
intensities of D and G bands is in AGS [63]. In addition to
these, two more bands—the overtone of the D band (2D) at
about 2700 cm™! and the disorder induced D + G combina-
tion mode at about 2950 cm™'—are also distinguishable in
AGS (shown in inset c of Fig. 4) [64].
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Fig.3 FTIR spectra of a graphene oxide and b reduced graphene
oxide—silver nanohybrid
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Fig.4 Raman spectra of a graphene oxide, b reduced graphene
oxide—silver nanohybrid, and ¢ 2D and (D + G) bands of reduced gra-
phene oxide—silver nanohybrid

Zeta potential is a fundamental parameter used to quan-
tify the surface charge and it is also perceived to affect the
stability of colloidal nanomaterials [65, 66]. The surface
charge measured by zeta potential is shown in Fig. 5. The
negative zeta-potential value of AF (— 39 mV) indicates
the presence of large numbers of carboxyl and epoxy
groups with a high density of negative charge in GO sheets
[67]. Silver nanoparticles in aqueous medium showed a
comparatively higher value of — 55 mV, whereas that of
AGS showed a higher negative zeta-potential value of

@ Springer

— 60 mV indicating the greater stability and suspensibil-
ity of nano hybrid [68].

Thermal stability of synthesized samples was carried out
by thermogravimetric analysis and the results are shown
in Fig. 6. The TGA curve of AF shows a weight loss of
about 10% below 140 °C which may be due to the removal
of residually adsorbed and combined water, which resides in
the spaces between the GO layers [69]. Another noticeable
weight loss (10%) observed between (140-202 °C) range
may be due to the pyrolysis of the thermally labile oxygen
functionalities such as CO, CO,, and H,O vapour [70]. This
process continues at a slow rate until at 202 “C where a dras-
tic change transpires. More than 75% weight loss that occurs
beyond 202 °C is due to the decomposition of carbon back-
bone of graphene sheets [71]. For AS, the weight loss is less
than 5% for the entire temperature range which can be attrib-
uted to the water molecules present. For AGS, the weight
loss is much larger than that for AS (22%) for the entire
temperature range when exposed to identical heating condi-
tions. Between the temperature range (190-230 C), there is
a weight loss of 14% which can be ascribed to the reduction
of thermally less stable oxygenated functional groups on the
silver/graphene oxide nanohybrid and/or complete decompo-
sition of graphitic planes. The remaining solid residue above
this temperature could be related to the silver content on the
hybrid and may be the reason for greater stability of AGS.

The quantitative identification and elemental composition
of AF and AGS were further analyzed by EDS (Fig. 7). The
presence of carbon and oxygen in GO is clearly observable
in the EDS spectrum of AF. In AGS elemental spectra, the
peak corresponding to silver is spotted in addition to carbon
and oxygen which demonstrates the successful loading of
silver on partially reduced graphene oxide. The decreased
oxygen content establishes the successful reduction of GO
into partially reduced GO.

The surface composition of samples was examined using
XPS. The wide scan spectrum of AGS given in Fig. 8 clearly
shows the presence of C 1s, O 1s, Ag 3d, Ag 3p, Ag 4d,
and Ag 4p peaks indicating the loading of silver on reduced
graphene oxide. Information regarding the chemical state
of carbon and silver species in the as-prepared samples is
also provided by XPS spectra. Figure 9 shows XPS sig-
nature of silver metal—the Ag 3d doublet. The Ag 3d;/,
and Ag 3ds, of pure silver sample AS appear at binding
energies 374.2 eV and 368.2 eV, respectively. These two
peaks remarkably shift to lower energies at 373.07 eV and
367.07 eV for the nanohybrid AGS. This may be due to
the electron transfer from AgNPs to partially reduced GO
owing to the smaller work function of silver (4.2 eV) in
comparison with that of graphene (4.48 eV) which might
have occurred during the formation of the AGS [57]. The
interaction between Ag and the carboxyl groups on the edge
of graphene sheets also contributes to the electron transfer.
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Fig.6 TGA curve of a graphene oxide, b silver nanoparticles, and ¢
reduced graphene oxide—silver nanohybrid

The binding energy of the higher ionic state of Ag is lower
than that of zero-valent Ag which is attributed to the shifts
in the initial-state potential of ionic charge and the lattice
potential [72]. The slight oxidation on the surface of silver
nanoparticles may be another reason for the negative shift of
Ag 3dy;, and Ag 3ds ), binding energies [73]. Furthermore,
the spin orbit splitting of the doublet components of Ag 3d
is 6 eV which validates the formation of metallic silver in the
hybrid nanomaterial AGS [74]. Figure 10 shows Cls XPS
spectra of AF and AGS samples. For GO, this C 1 s spec-
tra are deconvoluted into four peaks with binding energies
284.8 ¢V (C-C and or C=C), 285.4 ¢V (C=C and or C-OH),
286.9 eV (C-OH and or C-0-C), and 288.2 eV (HO-C=0)
[75, 76]. This clearly indicates that GO is enriched with oxy-
gen functional groups. As a consequence of close interaction
between AgNPs and GO, the electronic properties of both
samples get altered. From the deconvoluted C 1 s spectra
of AGS, we can observe the absence/reduction in intensity

3.29 18.70
5.52 23.57
91.19 57.73

Fig. 7 EDS spectra of a graphene oxide and b reduced graphene oxide—silver nanohybrid
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Fig.8 Wide-scan XPS spectra of a graphene oxide and b reduced
graphene oxide—silver nanohybrid

of some oxygenated functional peaks indicating the partial
reduction of GO [56].

Based on nitrogen sorption measurements at 77 K, the
Brunauer—-Emmett-Teller (BET) surface areas of AS and
AGS were investigated and the corresponding isotherms
are depicted in Fig. 11 The BET surface area of sample
AS is 5.7498 mZ/g, while for AGS, the value is 18.087
m?/g. The increased value of AGS can be assigned to the
incorporation of rGO which has a large surface area. Both
samples exhibit a type IV isotherm with H3 hysteresis loop
which indicates the formation of aggregates of plate-like
particles forming slit-like pores [77, 78]. The small hys-
teresis loop of AS in the relative pressure (P/P,) range of

150004 g Ag3d,,

Ag 3d,,

u.)

5 10000

5000

Intensity(a

360 365 370 375 380
Binding Energy (eV)

0.85-1.0 is typically credited with the presence of textual
mesopores [79, 80]. The addition of rGO shifts the hyster-
esis loop in the relative pressure (P/P) range to 0.4-1.0.
Comparatively large hysteresis loop of AGS in this relative
pressure (P/P,) range is characteristic of the inhomogene-
ous hierarchically porous structure [81]. The nonlimiting
adsorption for high relative pressure (P/P) > 0.9—char-
acteristic of an H3 hysteresis loop indicates the presence
of large meso- and macroporous materials [82].

Figure 12 shows the morphological characterization
of the samples AF, AS, and AGS. The confirmation of
the attachment of silver particles on reduced graphene
oxide sheets are obtained from HRTEM studies. Almost
transparent wrinkled sheet-like structure of GO is evident
from the TEM image of AF (Fig. 12a), while that of silver
nanoparticles presented in Fig. 12¢ indicates agglomer-
ates of spherical or roughly spherical particles of sizes
in the range 30—60 nm. Poly-dispersed silver particles
in the range of 6-35 nm anchored to the silky wave sur-
face of reduced graphene oxide are clearly observable in
Fig. 12e. Of these, ultrafine silver particles (size < 10 nm)
have spherical morphologies and an even homogeneous
spreading on the rGO surface. The clean silky wavy nature
of reduced graphene oxide sheets prevents the aggregation
of rGO and facilitate the adherence of silver particles on
rGO’s surface. Selected area electron diffraction (SAED)
pattern of AF (Fig. 12b) shows the polycrystalline nature
of GO, while that of AS shown in Fig. 12d clearly indi-
cates that the formation of nanoparticles is in crystalline
nature [23]. Multiple crystal diffraction features of AGS
are clearly evident in the SAED pattern given in Fig. 12f.
Also the diffraction rings observed in background are due
to rGO and bright spots correspond to the crystalline silver
nanoparticles [83].

100004 b Ag 3d,,

Ag 3d,,

Intensity(a.u.)
3
8

360 365 370 375 380
Binding Energy (eV)

Fig.9 XPS spectra of Ag 3d of a silver nanoparticles and b reduced graphene oxide—silver nanohybrid
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Fig. 10 XPS spectra of C 1 s of a graphene oxide and b reduced graphene oxide—silver nanohybrid

604 |——AS Adsorption
—+—AS Desorption
e ——AGS Adsorption
2 —>— AGS Desorption
“E 40
)
°
(0]
2
(o]
35
S 20+
=
1=
(]
>
S/ et :
O_ f o e e e e

T T T T T T J T N T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/Po)

Fig. 11 N, adsorption—desorption isotherms of silver (AS) and
reduced graphene oxide—silver nanohybrid (AGS)

3.2 Application as a biomaterial
3.2.1 Antibacterial activity: RMDA method

The RMDA method is carried out for finding the MIC value
of the samples AF, AS, and AGS. In this antimicrobial sus-
ceptibility testing method, the twofold dilutions of the anti-
microbial agent in a liquid growth medium are carried out
using microtitration plates. Antibacterial activity of samples
AF, AS, and AGS against two microorganisms Escherichia
coli and Bacillus subtilis were investigated by this method.
The experimental results are displayed in Fig. 13. C,, C2,
and C; represent the positive, negative, and broth control,
respectively, while the samples AF, AS, and AGS are repre-
sented by A, B, and C.

All these experiments were performed in triplicate and
the colour change was then assessed visually. The low-
est concentration (average value) at which colour changed
occurred from purple to pink was taken as the MIC value.
As is clear from the tabulated results (Table 1), of the three
samples, AGS showed a significant decrease in MIC value
indicating total inhibition in growth of the bacteria—a
decline in cellular viability. This phenomenon may be
attributed to the synergistic antibacterial effect from both
Ag and rGO. Exposure of silver nanoparticles to micro-
organisms causes adhesion of nanoparticles onto the cell
wall. The bactericidal effect of these silver nanoparticles
usually disrupts the bacterial cell membrane and dam-
age intracellular structures which will lead to bacterial
dysfunction and finally death [84]. The cell entrapment
property of rGO ensures high local concentrations of Ag
ions in the immediate vicinity of the cell membrane. At
the same time, the physical interaction between the sharp
edges of rGO sheets rupture the cell wall which enhances
the transport of silver ions across it. It is also reported that
the generation of reactive oxygen species (ROS) causes
an increase in oxidative stress in cells and consequent cell
death. AgNPS are associated with this ROS generation and
the rGO sheets present in AGS could release silver ions
slowly and will remain in stable structure for a relatively
long time to generate ROS for bacteria inactivation [85,
86]. All these lead to the better antibacterial performance
of AGS. Among the two bacterial strains evaluated, the
Gram-positive bacteria Bacillus subtilis demonstrated the
lowest MIC value in the presence of AGS nanohybrid.
This may be due to the difference in the cellular wall struc-
ture between Gram-negative and Gram-positive bacteria
and also due to the difference in the bactericidal activity of
the nano hybrid which can be attributed to many different
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Fig. 12 TEM images of a
graphene oxide, ¢ silver nano-
particles, e reduced graphene
oxide-silver nanohybrid, and
SAED pattern of b graphene
oxide, d silver nanoparticles,
and f reduced graphene oxide-
silver nanohybrid

properties like ability to generate ROS [87]. Moreover, the ~ Ampicillin, and for Escherichia coli, it is as good as the

MIC value of AGS for Bacillus subtilis was significantly  antibiotic. All these results support the potential applica-

lower than that presented by the conventional antibiotic  tion of rGO/Ag nanohybrid as an effective antimicrobial
agent.
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Bacillus substilis

Escherichia coli

Fig. 13 MIC calculation of graphene oxide, silver nanoparticles,
and reduced graphene oxide-silver nanohybrid against Escheri-
chia coli and Bacillus subtilis: C1—positive control (ampicillin in
serial ~ dilution + broth 4 bacteria+indicator), C2—negative con-
trol (broth+ bacteria+ indicator), C3—broth control (broth+ indi-
cator); [A—CJ]—prepared samples (in serial dilution in wells
1-12 + broth + bacteria + indicator)

3.2.2 Cytotoxicity study: trypan blue exclusion assay

Analyzing the effects of various materials on cell growth
inhibition and/or cell death has been an important com-
ponent of biological research. Trypan blue dye exclusion
method is one of the methods used for this purpose and this
method was employed to evaluate the short-term in vitro
cytotoxicity of the as-prepared samples AGS, AS, and AF.
The percentage cell death of the DLA cells at different con-
centrations of these nanomaterials ranging from 10 pg/mL
to 200 pg/mL is studied and the results are shown in Fig. 14.
The results demonstrate a dose-dependent inhibition of the
growth of DLA cells with best results obtained for AGS at
higher concentrations. The micrographs (Fig. 15) obtained
when treated with the highest concentration of these materi-
als indicate that the nanohybrid could be a potential agent
in the area of cancer treatment. In these micrographs, dead
cells appear as stained (blue) ones, because they have rup-
tured plasma membranes and cannot exclude trypan blue. At

80

o ] !
ol e M

10 20 50 100 200
Concentration (ng/mL)

B AF mAS mAGS

% Cell Death

Fig. 14 Cytotoxicity analysis of DLA cells when treated with gra-
phene oxide (AF), silver nanoparticles (AS), and reduced graphene
oxide-silver nanohybrid (AGS)

the same time, live cells have intact plasma membranes and
they appear as unstained [49]. All these support our earlier
assumption of the better capability shown by Ag/rGO nano-
hybrid in disrupting the cell membranes which exert a cyto-
toxic effect in tumour cells and inhibit tumour progression.
Several previous studies already reported on the potential of
GO and AgNP independently on inhibiting the cell viability
in various types of cancer cells [15, 88, 89]. Reports suggest
that the degree of toxicity of graphene family materials may
vary due to a number of factors like the different carbon-to-
oxygen ratio, chemical composition, charge transfer, pres-
ence of sharp edges, and the presence of functional groups
[90]. The active physicochemical interaction of silver ions
with the functional groups of intracellular proteins as well
as with the nitrogen bases and phosphate groups in DNA
is usually considered as the reason for the cytotoxic effect
shown by AgNPs [91]. The synergistic interaction of both
GO and AgNPs in a single platform may be the reason for
the better performance of AGS. The rGO sheets decorated
with AgNPs will prevent the aggregation of nanoparticles
and hence allow the controlled release of AgNP* ions which
eventually increase its cytotoxic performance [92].

3.2.3 Cytotoxicity study: MTT assay

To check the cytotoxicity in human cells, human colon
epithelial carcinoma cells (HCT-15) were treated with
test samples AS and AGS. The results obtained from the
trypan blue assay method confirmed the trivial cytotoxic
property of sample AF. Accordingly, we have not included
AF in this study. The competence of the nanomaterials

Table 1 Minimum inhibitory
concentrations of samples

Bacteria Minimum inhibitory concentrations (mg/mL)

AF AS AGS Ampicillin
Escherichia coli (ATCC 8739) 0.73+0.48 0.52+0.18 0.024+0.02 0.02+0.01
Bacillus subtilis (ATCC 11778) 1.04+0.36 0.28+0.29 0.019+0.02 0.06£0.04
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AS and AGS as a potential inhibitory agent were probed
using the MTT assay. The cytotoxicity of these nano-
materials was evaluated in a dose—response manner and
the results are reported in Fig. 16. In addition, the half
maximal inhibitory concentration, ICs, which is used to
determine the lethal dosage of a substance in inhibiting
biological functions was calculated. ICs, of AGS and AS
on HCT-15 cell line were 42.73 pug/mL and 60.02 ug/mL

| '

Wy |1
%MM% b

at 48 h, respectively. This shows that AGS possesses a
more conspicuous anticancer capability and better inhibi-
tory effect on cell viability than the other nanomaterial
tested, AS. This might be due to the superior intracellular
deliver properties of rGO, by which the cells are able to
accumulate much more AgNPs when they are conjugated
to rGO sheets and these particles are slowly released over
long duration. Another reason for the high toxicity of AGS

Fig. 15 Micrographs of DLA cells when treated with a graphene oxide, b silver nanoparticles, and ¢ reduced graphene oxide—silver nanohybrid
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3 6 12 25 50 75

% Cell Death

N

0

Concentration(pg/mL)

b AGS

80

) l I I l
6 12 25 50 70

% Cell Death

0

Concentration(pg/mL)

Fig. 16 Cytotoxicity analysis of HCT cells when treated with a silver nanoparticles (AS) and b reduced graphene oxide-silver nanohybrid

(AGS)

--

Fig. 17 Micrographs of a normal HCT cells, b when treated with 75 pg/mL silver nanoparticles, and ¢ when treated with 50 pg/mL reduced gra-

phene oxide—silver nanohybrid
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is that metal-contaminated carbon products get more easily
delivered to cells than other type of pure materials [93].

We further evaluated the effect of these nanomaterials
on the cell morphology. Photomicrographs of the normal
HCT cells and those of treated cancer cells with nanomate-
rials AGS and AS are given in Fig. 17. When treated with
AS, reduced number of cells with a change on the cell mor-
phology are observed. At the same time, AGS-treated cells
appeared to be different from AS-treated cells. A substan-
tial morphological change is observed between AGS-treated
cells and normal ones. A high degree of cell growth inhibi-
tion is also observed in AGS-treated cells.

3.3 Application as an SERS substrate

The loading of irregular-shaped silver particles on the sur-
face of rGO nanosheets produces a number of hot spots
which make the hybrid material as a useful SERS substrate
[94]. Figure 18 depicts the SERS spectra of 10> M RhB
aqueous solution adsorbed on AS, AGS, and bare glass
substrates. The spectra of the substrates show clearly the
strong Raman active peaks of RhB molecules at 1205, 1279,
1358, 1507, and 1649 cm™", respectively, in good agree-
ment with the literature reports [95, 96]. The signal observed
at 1205 cm™! is ascribed to aromatic C—H bending, while
the peaks at 1358, 1507, and 1649 cm~! are attributed to
the C—C stretching of aromatic rings. The remaining one
observed at 1279 cm™! is assigned to C—C bridge band
stretching. Throughout this work, we focus on 1649 cm™!
peak to characterize the Raman signal of RhB. It can be
observed that the SERS intensity of as-prepared hybrid sub-
strate AGS is substantially increased in comparison with

——AS
——AGS
——RhB

1649

Intensity(a.u.)

T T T T T T T T T T
800 1000 1200 1400 1600
Raman shift (cm'1)

Fig. 18 SERS spectra of RhB (10~ M) on substrates

bare silver substrate AS. Furthermore, the SERS spectrum
from AGS exhibits very sharp well-defined characteristic
peaks revealing the high signal-to-noise ratio. This strong
SERS activity may be attributed to the synchronic effects
of silver particles and rGO. The rGO provides 2D platform
with large surface area for the adsorption of AgNPs. These
imbibed particles might have made the main contributions
by the generation of more hotspots. The hotspot effect pro-
vides further enhancement in localized electromagnetic
field which in turn may be caused by the localized surface
plasmon resonance of metal nanostructures [97, 98]. Conse-
quently, the D and G band intensities emanating from rGO
in AGS are shielded and the characteristic peaks of RhB
molecules are only observed [99].

Different concentrations of RhB were used to test the
SERS sensitivity of the substrate AGS and the signature
Raman peaks were still distinctive even at very low molar
concentration. The Raman spectrum slightly shifts at lower
concentrations (Fig. 19) which might be due to chemical
enhancement mechanism [100]. To quantify the SERS activ-
ity of the substrate AGS, the enhancement factor (EF) was
calculated using the formula:

I N,
o= () (20, )
IR NSERS

where Iggrg and I are the intensities of the selected scat-
tering bands in the SERS and bulk Raman spectra, respec-
tively, Ngggrs 1s the number of probe molecules contributing
to the SERS signal, and Ny, is the number of probe molecules
contributing to the bulk Raman signal. Assuming that the

1649 cm™

—10™Mm

Intensity(a.u.)

P S S A SO
800 1000 1200 1400 1600
Raman shift(cm'1 )

Fig. 19 SERS spectra of different concentrations of RhB on reduced
graphene oxide—silver nanohybrid substrate
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Fig.20 SERS spectra of RhB at different positions on reduced gra-
phene oxide—silver nanohybrid substrate

probed molecules are distributed on the substrates uniformly,
the number of probe molecules contributing to the signal N
can be estimated by:

N = NA X Cx Vdroplel/Aspot X Alaser’ (4)

where N, is the Avogadro’s number, C is the concentra-
tion of the used RhB, V. is the volume of the RhB drop-
let, A is the area of the spot formed by the RhB droplet,
and A, is the area of the laser spot. Since the substrates for
SERS and bulk Raman tests are prepared in the same man-
ner and measured with the same set of parameters, Eq. (3)
can be written as:

I C
e - (L) (), )
IR CSERS

where the subscripts R and SERS represent bulk Raman
measurement and SERS measurement respectively [96,
101].

The peak intensity of 1649 cm™" was chosen to calculate
the EF of AGS for RhB molecules and it is approximately
estimated to be 2.2 x 10”.

To check the reproducibility and stability, SERS spec-
tra (10 M) from five different positions on the substrate
are collected under the same experimental conditions and
are shown in Fig. 20. The relative standard deviation for
the peak intensity at 1649 cm™! is 5.3%, which confirms a
good reproducibility over the whole area of the sample. The
Raman spectra taken at different random points are nearly
similar, the slight variations in intensity can be assigned to
the non-uniform absorption of AgNPs on rGO surface.

The high EF value of this hybrid can be assigned to the
synergistic effect between the AgNPs and the rGO sheets.
Generally, there are two mechanisms to account for the

@ Springer

SERS effect, chemical enhancement (CM), and electromag-
netic enhancement (EM). The formation of more hot spots
enhances the local electromagnetic field of AgNPs thus pro-
viding EM effect. The hot spots are formed mainly due to the
surface plasmon resonance of AgNPs excited by the incident
light [89]. CM effect and admirable adsorption properties to
probe molecules introduced by the rGO sheets also contrib-
ute to higher value of EF [102]. The high surface area of the
rGO sheets eases the charge transfer between the analyte and
the substrate, and this provides the chemical enhancement.

4 Conclusions

In the current scenario of nanoscience, rtGO/Ag nanohybrids
are acquiring more and more attention due to its vast pos-
sibilities in various fields. Here, we have developed rGO/Ag
nanohybrids as an effective SERS substrate with potentially
active antibacterial, anticancerous properties. By optimizing
this material with proper tuning of the load amount of silver
particles on rGO surface, we can still improve its properties
and can be explored for further potential applications. Since
the use of SERS in biomedical and pharmaceutical research
is rapidly growing, we hope that this hybrid material can
further be developed, so that it finds wide application both
as a drug and as a detection tool for biomolecules.
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