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Abstract

Here, we report the cytotoxicity properties of silver nanostructure—reduced graphene oxide composites (rGO-Ag) prepared
with different ionic liquids (ILs). The role of ILs anions in tuning the morphologies of Ag (nanoparticles, wires, and rods)
on the rGO was studied. The 1-butyl-3-methylimidazolium methylsulfate acts as an effective additional surfactant for the
formation of lengthy silver nanowires (rGO-Ag4). The ILs play a significant role in the morphologies of silver nanostruc-
tures, which in turn highly determine the cytotoxicity of prepared composites against the A549 lung cancer cell lines. With
the standard methyl-thiazole-tetrazolium (MTT) assay, an ICs, value of 20 pg/mL was obtained for biocompatible rGO-Ag
composite prepared using 1-butyl-3-methylimidazolium trifluoroacetate (BMIM TFA), which is found to be equivalent (i.e.
20 pg/mL) for bare Ag. The morphological evolution of A549 cells was carefully examined in the acridine orange/ethidium
bromide dual stain. Further, the reactive oxygen species production, a controlling factor of cytotoxicity was studied by
DCFH-DA stain, whereas nucleus condensation/fragmentation was probed with Hoechst 33258 stain. It is shown that the
rGO-Ag composite prepared with BMIM TFA IL can be effectively used for cytotoxic activity toward A549 cells, due to the

effective release of Ag™ ions into the intracellular region and the mechanism is discussed in detail.
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1 Introduction

In recent times, cancer becomes a common disease and
identified as a severe threat to humanity. Among its various
types, lung cancer is found to be the second most observed
menace. With a high mortality rate of 18%, it is a major con-
cern that needs to be addressed imminently [1]. Typically,
lung cancer cells are categorized as (i) small cell carcinoma
and (ii) non-small cell carcinoma cells, where the former
covers 85% of the reported cases. Factors like smoking,
exposure to radiation into the lungs, genetic factors, tox-
ins, particle pollution, lack of exercise and stress may lead
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to such disease. Oncologists decide the treatment method
based on the cancer stage, patient’s age and performance
score [2]. Though chemotherapy is commonly used method
for treating earlier-stage tumor, it has side effects, due to the
poor biocompatibility of the drugs used which cannot be
avoided [3]. Nanomaterials could be a better alternative to
these conventional chemotherapy drugs, with an advantage
of improved cytotoxicity upon minimal drug load. Of these,
carbon-based nanomaterials are effective due to its biocom-
patibility and drug-carrying ability [4].

Graphene-based materials have gained significant atten-
tion in recent times for their reliable electrical, optical,
mechanical and thermal properties [5—7]. The presence of
localized m-electrons in the sp® bonded carbon structures
are widely used in energy storage/harvesting, sensing, elec-
tronic, optoelectronic, thermal, biosensing, and biomedi-
cal applications [8—11]. The 2-dimentional graphene oxide
(GO)/ reduced graphene oxide (rGO) are suitable in biomed-
ical applications, because oxygen functional groups present
in these structures enhances their properties. Oxygen func-
tional groups serve as the spots to attach different bioactive
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materials and drug molecules over rGO structures [12]. In
recent reports GO and rGO show cytotoxicity against cancer
cells with greater loading. By producing excessive reactive
oxygen species (ROS) in cancer cells causes the oxidative
stress, which will result to the death of the cancer cells. GO/
rGO shows low cytotoxicity against cancer cells compared
to other materials like metal-based nanostructures. This
impediment of low cytotoxicity against cancer cells can only
be addressed by making composites with suitable materials.

Historically, silver is known for its therapeutic proper-
ties [13]. In modern times silver nanoparticles (AgNPs)
found their applications in anti-cancer, antibacterial, bio-
sensing and bioimaging [14, 15]. Cytotoxicity of AgNPs is
highly reliant on their size and morphology. The small-sized
AgNPs are adsorbed on cell membrane and induce oxida-
tive stress by producing ROS which leads to apoptosis [16].
However, long-time ingestion of silver will cause a disease
condition called argyria [17]. To reduce the amount of silver
administration in treatment process, targeted release of silver
to cancerous tissues is essential. This can be achieved by
employing GO/rGO as carriers [18]. For the past few years,
GO-AgNPs and rGO-AgNPs composites are used for anti-
cancer activity applications due to their improved biocom-
patibility [19-21]. Different physical and chemical methods
are available to prepare rGO-AgNPs composites, among
which polyol-based chemical reduction methods are widely
used. To tune the morphology of Ag decorated over rGO is
achieved by varying the reaction conditions like concentra-
tion of AgNO;, temperature, mode of reduction, reducing
agents and surfactants used. One pot synthesis of AgNWs-
rGO composites with Abelmoschus esculentus plant extract
as reducing agent, for nitroarene reduction [22], had a spiral
morphology with low aspect ratio, which is not suitable for
certain applications. Albeit their good sensitivity against
ascorbic acid, dopamine and uric acid, recent AgNWs-rGO
based electrochemical biosensors requires multiple steps in
their synthesis [23]. Even though, these AgNW-rGO com-
posites are demonstrated for various potential applications
[24-26], their long preparation time, agglomeration of silver
and inability to control the morphology of silver need to be
fixed.

To overcome the aforementioned difficulties, in the
present work, we adopted a one-pot microwave-assisted
synthesis method. Here, rGO-silver nanocomposites with
tunable morphologies of silver nanostructures decorated on
rGO sheets are reported. To ascertain this, imidazolium and
pyrrolidone cations-based ionic liquids (ILs) were utilized.
There are many possible combinations of cations and anions
that can be used to design ILs, a good deal of room tempera-
ture ILs are available [27]. Growth and morphologies of the
nanostructures prepared in ILs are depends on the length of
alkyl chain in IL cation and nature of the anion. In recent
times, ILs are used to covalently modify GO/rGO structures,
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as well as to prepare tunable metal nanostructures due to
their low vapor pressure, high viscosity, high boiling point,
and high chemical and thermal stabilities [28, 29]. Cytotox-
icity of the prepared samples was tested against A549 lung
cancer cells.

2 Experimental Techniques
2.1 Preparation of GO and lonic Liquids

The modified Hummers method was adapted to synthesize
GO [30]. The ILs 1-butyl-3-methylimidazolium tetrafluor-
oborate (BMIM BF,), 1-butyl-3-methylimidazolium trif-
luoroacetate (BMIM TFA), 1-butyl-3-methylimidazolium
methylsulfate (BMIM MeSO,) and N-methyl-2-pyrrolidone
hydrogen sulfate (NMP HSO,) were prepared by following
the previously described synthesis methods [31, 32].

2.2 Preparation of rGO-Ag Composites

Two-steps process was adapted to synthesize rGO-Ag com-
posites. Initially, three different stock solutions were pre-
pared. Solution (A): 0.3 M of AgNOj; in 36 ml ethylene
glycol (EG) in a 100 mL beaker stirred for an hour at 27 °C.
Solution (B): 1.8 M of PVP+4.3 mg of FeCl,.H;O, in
36 mL EG in 250 ml beaker and stirred for an h at 80 °C and
the solution turned to a pale yellow. Solution (C): 108 mg of
GO in 36 mL of EG sonicated for an hour at 27 °C.

In the first step, solution (B) was allowed to cool to 27 °C,
then solution (C) was added to it and sonicated for 30 min to
attain dispersion. The solution was then treated with micro-
wave irradiation for 2 min at 360 W after the addition of
50 pL of solution (A). Once the above seed solution cooled
to 27 °C, 14 mL of the seed solution was transferred to a
100 mL beaker in five sets. Different ionic liquids of each
5 pL were added to the above solutions (rGO-Ag1-without
adding IL, rGO-Ag2 with the addition of BMIM BF,, rGO-
Ag3 with the addition of BMIM TFA, rGO-Ag4 with the
addition of BMIM MeSO, and rGO-Ag5 with the addition
of NMP HSO,) and sonicated for 5 min which was then MW
irradiated for 3 min at 360 W. The solution was then allowed
to cool to 27 °C and was washed using water, ethanol and
acetone through centrifugation at a relative centrifugal force
(RCF) of 4226xg to collect the samples.

2.3 Synthesis of rGO and Ag

To synthesize Ag, 7.2 mL of the stock solution (A) and
7.2 mL of the solution (B) were taken in 100 mL beaker and
were MW treated for 3 min at 360 W. Then, washed using
acetone, water, and ethanol through centrifugation at RCF
of 1304xg (6000 rpm). To prepare rGO, 7.2 mL of 1.8 M
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PVP solution and 7.2 mL of 3 mg/mL GO solutions were
taken in a 100 mL beaker and were MW treated for 3 min
at 360 W. The solution was allowed to cool to 27 °C and
washed using acetone, water, and ethanol by centrifugation
at RCF of 4226xg.

2.4 Cell Culture

The National Centre for Cell Science, Pune, India supplied
the NCI-A549 lung cancer cell lines. The obtained cells were
further cultured in Dulbecco's modified Eagle's medium
accompanied with fetal bovine serum (10% v/v) and 1%
penicillin/streptomycin at 37 °C with a 5% CO, atmosphere.
Using trypsin-EDTA the stock cultured cells were harvested
which were then sub-cultured for further use.

2.5 Cytotoxicity Assay

In this study, cytotoxicity of the synthesized samples was
assessed by the methyl-thiazole-tetrazolium (MTT) assay.
For this, 96 well plates (1 x 10* cells/well) were used to grow
the obtained cells. GO, rGO, Ag and rGO-Ag samples stock
solution in the non-toxic solvent and diluted to a final work-
ing solution with incomplete media. The NCI-A549 cells
were exposed to the prepared nanomaterials with different
concentrations (1-10 pg/mL). Triplicates were prepared
for all concentrations including untreated cells as control,
all maintained at the same condition. After treatment, 24 h
of incubation, 20 pL. of MTT solution was added to each
well [Dimethyl thiazolyltetrazolium bromide, 5 mg/mL in
(1xPBS)] (Hi Media Laboratories, Mumbai, India). Then,
the culture plates were incubated at 37 °C for 4 h, after
which it was covered with aluminum foil. After removal of
culture media, 200 pL of DMSO was added to each well to
dissolve formazan. Microplate reader (Bio-rad, USA) was
assisted to quantify the absorbance at 595 nm. The inhibition
percentage was calculated by accounting the results obtained
for triplicates with the formula:

_ [Mean Optical Density(OD) of control cells — Mean OD of nanoparticles salted cells] X1

attaining 60% confluency of seeded cells, the prepared sam-
ples were introduced and further allowed to incubate for
24 h. After the incubation time, EB/AO (50 pL/mL) dual
stain was introduced with the incubated cells and main-
tained at 37 °C for 30 min under a 5% CO, atmosphere.
To eliminate the excess dye the stained cells were washed
with 1 XPBS. To capture the images of apoptotic cells,
40 x objectives in a fluorescence microscope (FLoid Cell
Imaging Station, Life Technologies, USA) was used.

2.7 Measurement of ROS

Dysfunction of mitochondria will lead to overproduction of
ROS, which will lead to changes in the intracellular signal-
ing pathways [34]. ROS generation in NCI-A549 cells was
evaluated by fluorescence microscopy. To quantify the level
of ROS in NCI-A549 cells, the 6-well plates were used with
seeded cells concentration of 1x 10°. After reaching 60%
confluency, rGO-Ag composites were allowed to incubate
for 24 h. Following the incubation period, cells are stained
with 40 pM DCFH-DA (Sigma-Aldrich, Bangalore, India)
for 30 min. To eliminate the excess dye from the stained
cells, 1 X PBS was used to wash. The 40 X objectives were
used to record images of the cells under a fluorescence
microscope.

2.8 Nuclear Staining Analysis by Hoechst 33258

Hoechst 33258 produced strong fluorescence after binding
with the nucleus in dead and living cells [35]. To analyze
the nucleus of apoptotic NCI-A549 cells, the 6-well culture
plates were used with seeded cells concentration of 1x 10%/
mL. After attainment 60% confluency, rGO-Ag composites
were added to the plates. Later the 24 h of incubation, 50 pL/
mL of Hoechst 33,258 stain was introduced into it and incu-
bated in a 5% CO, atmosphere at 37 °C for 30 min. Fluores-
cence images of the cells were recorded with 40 X objectives
in a fluorescence microscope.

00 ey

Mean OD of control cells

2.6 Analyzing the Morphological Changes of Cancer
Cells by AO/EB Staining

To stain both the live and lifeless cells, acridine orange
(AO), a vibrant dye was used to study the morphologies
of the cells. Ethidium bromide (EB) was used to stain only
the cells that vanished their membrane integrity [33]. To
quantify the level of apoptosis in NCI-A549 cells upon
treated with the prepared samples, 6-well plates were used
with seeded cell concentrations of 1x 10° cells/well. After

3 Results and Discussion

Figure la, shows the powder XRD patterns of prepared
samples. GO shows two peaks at 11.26° and 42.80° cor-
responding to (001) and (101) planes of graphitic carbon,
respectively. The peak at 11.26° is evidenced for the com-
plete oxidation of graphite. In rGO, a wide peak centered at
about 23.50° is for the (002) plane of graphitic carbon. A
low-intensity broad peak is evidenced for the reduction of
GO to rGO. The peaks for prepared Ag appeared at 38.50°
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Fig.1 a Powder XRD patterns b UV—Visible absorption spectra, ¢ FT-IR spectra and d Micro-Raman spectra of the prepared samples

(111), 44.70° (200), 64.80° (220) and 77.80° (311). The
XRD pattern of prepared Ag matches with the JCPDS data
corresponding to FCC silver. By fitting the XRD data, the
areal intensity of peaks are calculated, and the fitted curves
are shown in supporting information (SI) Fig. SF1. The
areal intensity ratio of planes (111)/(200) are calculated as
2.21,2.28,1.99, 1.97, and 2.03 for composites rGO-Ag1-5,
respectively. It is also important to note that the intensity
ratio for planes (200)/(220) are 2.50, 2.02, 2.16, 2.75, and
2.60 for the composites rGO-Agl-5, respectively. Here,
rGO-Ag4 has the highest value of 2.75, indicating the for-
mation of nanowires (Table ST1, SI).

An absorption peak at 216 nm, originated from the
n—n* electronic transitions of aromatic C—C bonds in GO
(Fig. 1b) is noticed. An additional weak absorption at
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290 nm is observed for n—x* transitions of C=0 bonds.
In rGO spectrum, the peak originated from n—n* of aro-
matic C—C shifted to a higher wavelength of 270 nm, and
complete disappearance of n—n* are due to the reduction of
GO and refurbishment of sp? electronic structure of graph-
ite [7]. This is consistent with FT-IR results, there exhibits
the evidances for suppression of C=0 vibrations in rGO.
Silver nanostructures show three prominent surface plasmon
resonance (SPR) absorptions at UV—Vis spectral region. The
peak around 350 nm is longitudinal SPR for nanowires. And
it shows transverse SPR at around 380 nm corresponding to
nanowires. A broad peak around 430 nm is for SPR of nano-
particles [36]. The prepared Ag shows two SPR absorptions
at 354 nm and 437 nm (maximum intensity), indicating the
formation of more nanoparticles along with a few nanorods.
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The sample rGO-Ag4 shows peaks corresponding to silver
nanowires, like the longitudinal and transverse SPR at 352
and 388 nm, respectively. The samples rGO-Agl, rGO-
Ag3, and rGO-Ag5 show absorption peaks around 430 nm
corresponding to the nanoparticles. Sample rGO-Ag?2 did
not show any absorption at 352 nm but showed a peak at
461 nm supporting the formation of nanoparticles. Together
with the SPR absorptions of nano silver, electronic transi-
tions corresponding to C—C bonds also appeared in rGO-Ag
samples. The rGO (270 nm) absorptions are redshifted, and
centered at 293, 277, 271, 297 and 296 nm for composites
rGO-Agl-5, respectively. The shift is more in the case of
rGO-Agl, rGO-Ag4 and rGO-Ag5 compared to rest of the
composites. This is due to the changes occurs after interac-
tion of nanoparticles with rGO. These changes are guided
by the addition of ionic liquids. The Tauc plot is used to
calculate the band gap of the prepared samples and the rela-
tion is given in Eq. 2 and the plots are shown in SI (Fig.SF2).

(@hv)" = A(hv - E,) @)

Here, a- absorption coefficient, hv- energy of photons,
A- proportionality constant, E,- band gap of the material,
n- power factor (n=2 for direct band gap). By extrapolating
the absorption edges to the x- axis, the band gap of 4.36 eV,
5.66eV,5.03eV,4.58¢eV,5.13 eV, 5.44 eV and 5.91 eV for
the samples GO, rGO, rGO-Agl, rGO-Ag2, rGO-Ag3, rGO-
Ag4 and rGO-AgS, respectively. In rGO-Ag3, rGO-Ag4 and
rGO-Ag5 plasmonic absorption of silver nanostructures was
noticed which is shown in SI (Fig.SF2).

FT-IR vibrational spectra of prepared samples are given
in Fig. lc, and the appeared vibrational bands and their
assigned functional groups are given in Table 1. The car-
bonyl groups in GO are act as nucleating sites for the evolu-
tion of nanosilver [37]. Weak bands observed at wavenum-
bers lower than 1000 cm™! are validates for the existence of
silver in the prepared composites.

To further quantify the functional groups present in the
prepared samples, spectrum is analyzed between 900 and
1900 cm™! adapting the procedure reported elsewhere [39].
The deconvoluted spectra of prepared samples are shown in
SI (Fig.SF3), the functional group assignments are made,
and their areal intensities are calculated [40]. Fraction of
C =0 functional groups present in the prepared samples
are calculated from the FT-IR spectra using the following
formula,

A C=0 tional
Fraction of(C = O) groups = rea of Junctional group

Area of all functional groups €

The calculated values are 0.12, 0.33, 0.33, 0.32, 0.44,
0.37, 0.39 and 0.33 for the samples GO, Ag, rGO, rGO-
Agl, rGO-Ag2, rGO-Ag3, rGO-Ag4 and rGO-Ag5,

Table 1 Band assignments for FT-IR spectra of prepared samples

Wavenumber (cm™") Functional
groups and
mode

1040 v,(C-0-C) [38]

1610 v, (C=0C)

1718 v, (C=0)

3365, 3445 v, (O-H) [38]

1414 B(CH)

1560 S(N-H)

1639 v, (C=0)

2852 v(C-H)

2922 Vv, (C-H)

1384 B (C-H)

2960 B (C-H)

1122 v, (C-0)

<1000 v(O-Ag*) [37]

v, symmetric stretching, v,
and 6-bending vibrations

4 -asymmetric stretching, f-deformation

respectively. The increased fraction of C=0 in Ag, rGO
and composites compared to that of GO is due to the pres-
ence of PVP surfactant, which in turn improves biocom-
patibility of the composites.

Figure 1d displays the micro-Raman spectra for the pre-
pared samples. GO has two characteristic bands centered
at 1324 cm™! (D band for the disorder induced k-point
phonons of A, symmetry vibrations of sp> carbon struc-
tures) and at 1602 cm™! (G band for the first-order scatter-
ing of E,, mode of sp> carbons). The Iy/I ratio calculated
from the peak intensity of D and G bands are 1.4, 1.3, 1.0,
1.3, 1.8, 1.6 and 1.1 for GO, rGO, rGO-Agl, rGO-AG?2,
rGO-Ag3, rGO-Ag4 and rGO-Ag), respectively. Except for
rGO-Ag3 and rGO-Ag4, all other samples have a lower I/
I ratio than GO. The crystallite size of graphene sheets
in lateral direction was calculated from the I/l ratio by
Tuinstra—Koenig (T-K) relation [41]. The T-K equation
relates the crystallite size with Iy/I; as,

. (24x107%)(* .
a(nm) a7l “
Here, A is the wavelength of the laser used (532 nm).
The crystallite size calculated from the I/I; ratio of the
samples are 13.73, 14.79, 19.23, 14.79, 10.68, 12.02 and
17.48 for GO, rGO, rGO-Agl, rtGO-AG2, rGO-Ag3, rGO-
Ag4 and rGO-Ag5, respectively. To further analyze the
PVP capping in prepared composites through Raman spec-
tra, curve fitting was done and shown in SI (Fig.SF4). The
detailed discussion was done in the supporting information
under the section micro-Raman analysis.
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FE-SEM image of GO is given in Fig. 2a, GO sheets are
agglomerated and appeared as blurred images, due to the
less conducting nature of GO. In rGO, sheets are much more
visibly observed, because of their improved conductivity,
by the partial removal of functional groups. The sheets are
stacked together after the reduction and appear as a wavy
structure (Fig. 2b). In Ag (Fig. 2¢), small rods are grown
from nanoparticles. In sample rGO-Ag1 (Fig. 2d) nanorods
and nanoparticles are decorated on rGO. Sample rGO-Ag2
project (Fig. 2e) the rGO decorated with silver nanoparticles
at the edges. Silver nanoparticles are decorated throughout
the rGO sheets in rGO-Ag3 and no rod/wires were observed
(Fig. 2f). Long wires are formed on rGO sheets along with
particles in rGO-Ag4 (Fig. 2g). The average thickness of the
wires is measured as 110 nm (Fig. 2i). The sample rGO-Ag5
is shown in Fig. 2h, in which, the silver nanoparticles and
rods are decorated on the rGO sheets.

Figure 3 illustrates the synthesis of GO, rGO and rGO-Ag
composites. As explained in the experimental section, steps
1,2, and 3 in Fig. 3 are the preparation of GO by Hummers
method, synthesis of Ag seeds decorated rGO sheets, and
rGO by MW irradiation, respectively. Steps 4, 5 & 6 are for

the formation of rGO-Ag composites. With the addition of
different ILs, the growth of different silver nanostructures
decorated over rGO sheets are guided. This is explained
through the two possible mechanisms (1) anions exchange
reactions between the anion in ILs and NO;™ ions of sil-
ver nitrate precursor, and (2) the surfactant nature of ILs
used in the synthesis. The strength of anion exchange reac-
tions is reliant on the type of ions (cations and anions) that
combine to make IL and the interaction energy of involved
ions. The interaction energy is mostly contributed by the
long-range electrostatic attractions. The ILs having more
interaction energy are difficult to make exchange reactions,
and it relies on the parameters such as size, shape and dis-
tribution of charges on ions. In the case of imidazolium
based ILs, the interaction energy is also decided by alkyl
chain length of the cation [42]. In the preparation of rGO-
Aglcomposite, ILs are not used to modify morphology of
silver, which resulted to form nanoparticles/rods (step 4 in
the Fig. 3). Nanoparticles are evenly distributed over rGO
in rGO-Ag2 and rGO-Ag3and the absence of nanowires/
rods are observed (step 5 in Fig. 3). Anions involved in the
synthesis of rGO-Ag2 and rGO-Ag3 are BF, and TFA which

Fig.2 FE-SEM images of a GO, b rGO, ¢ Ag, d rGO-Agl, e rtGO-Ag2, f rGO-Ag3, g rGO-Ag4, h rGO-Ag5 and i rGO-Ag4 (at higher magnifi-

cation)
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have lesser interaction energies with BMIM cation compared
to NO;™ ion. This resulted in the formation of BMIM NO,
by anion exchange interaction. Native anions of BF, and
TFA are replaced by the NO;™ ions. Dissociated anions of
BF, and TFA are decomposed to give F~ ions which inter-
act with Ag* ions to form AgF. Highly reacting F~ ions are
deposited on the {111} facets of the multipletwined seed
crystals which arrests the growth in {111} direction. In
addition, AgF formed in multiple nucleating sites on rGO
restricts the growth of rods/wire as well as reduces the size
of silver nanoparticles. The formation of AgF is established
from the emergence of a peak at 20 =31.46° in the powder
XRD pattern of rGO-Ag2 and rGO-Ag3, which corresponds
to (111) plane of FCC AgF (JCPDS card no. 72-1535). The
rGO-Ag4 composite has lengthy nanowires grown from the
nanoparticles decorated on rGO (step 6 in the Fig. 3). Here,
the anion exchange interactions are not possible, because
the interaction energy is high between the MeSO, anion and
BMIM cation, NO; ions are not able to replace the native
MeSO, anion. As mentioned, BMIM MeSO, acts as an addi-
tional surfactant along with PVP to enhance 1D growth of
silver nanowires. The surface energy of FCC metal crystal
facets are in the order as {110} > {100} > {111} and stabil-
ity follows the reverse order [43]. PVP attached to{100}

facets arrests the growth in that direction, leading to the
formation of 1D growth. ILs are more interacting with high
surface energy facets of the metal crystals, and it covers
{110} facets of wires, which avoids the deposition of more
Ag* ions on {110} facet. Thus, {111} facets are not affected
by ILs as well as PVP that allows the Ag atoms to deposit on
{111} facet, enhancing the growth to form long nanowires.
In the sample, rGO-Ag5 silver nanoparticles and nanorods
are decorated over the rGO sheets, which supports the poor
anion exchange reaction (step 4 in Fig. 3). The strong inter-
action between HSO, anion with pyrrolidone cation prevents
the exchange interaction. Despite this, it fails to support the
growth of wires due to the poor surfactant nature of NMP
HSO,. Based on these results, morphology of silver metal
can be tuned with the help of different ILs in a microwave
irradiation method.

The inhibitor efficiency of the samples GO, rGO, Ag and
rGO-Ag composites against A549 cancer cells and their
cell viability analysis results are given in Fig. 4. The ICs,
concentrations values are estimated as 180 pg/mL, 140 pg/
mL, 20 pg/mL, 50 pg/mL, 22 pg/mL, 20 pg/mL, 32 pg/mL
and 34 pg/mL for the samples GO, rGO, Ag and rGO-Ag],
rGO-Ag2, rGO-Ag3, rGO-Ag4 and rGO-AgS, respectively.
At lower concentrations, GO/rGO samples show reduced

@ Springer



Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:3417-3428

190 100
90 | a 90}
80 | 80}
370- 3.70.

Zeol =
3 851
S50 S50}
Baol sa0l
G300} G300k
°\°20 °\°zo.
10 10
0

80 100 120 140 160 180 200 22C 60 80
Concentration of GO (ug/ mL)

100 120 140 160 180 200 22 5 0 15 20 25 30 35
Concentration of rGO (ug/ mL)

Concentration of Ag (ng/ mL)

100 o
100 | S5
d 90 80
70
80 80 60
50
z 3
360 il 20
,g > 50l 10
= 0
= ] 18
340 ‘g 40 7
"?: 2 30+
320 20}
104+
0

0 i 2 0 %
0 10 20 30 40 50 60 70 80 90 100110 0 10 20 30 40
Concentration of rGO-Ag1 (ng/ mL)

100 -455-

Concentration of rGO-Ag2 (ng/ mL)

g

30

% of cell viability
0
o

N
o

-
o o

Concentration of rGO-Ag4 (ug/ mL)

32 34 36 38 40 4

0 10 20 30 40 50 60 70 80 90 10t

: f

22 24

10 20 30 40 50 60 70 80 90 100 110
Concentration of rGO-Ag3 (ug/ mL)

h

60 70 80 90 100111 0

100

30 32 34 36 38 40 4

0 10 20 30 40 50 60 70 80 90 100
Concentration of rGO-Ag5 (ng/ mL)

Fig. 4 In-vitro cytotoxicity results of the prepared samples against A549 cells. The bars with green shading are corresponding to the ICy, con-
centration of the prepared samples a GO, b rGO, ¢ Ag, d rtGO-Agl, e tGO-Ag2, f rGO-Ag3, g rGO-Ag4 and h rGO-Ag5

cytotoxicity against the cancer cells. With improved con-
centrations, GO/rGO shows higher toxicity against cancer
cells due to the oxidative stress produced in cancer cells. The
sample Ag shows improved toxicity by the effective diffu-
sion of small size Ag particles into the intracellular region
through cell membrane in the endocytosis process. Bare Ag
shows highest toxicity due to the effective release of Ag*
ions to intracellular region. Nanoparticles in the intracellular
region are triggers to produce excess ROS, which are the
major cause to begin apoptosis. Among the tested samples,
Ag and rGO-Ag3 have the highest cytotoxicity (IC5,=20 pg/
mL) against A549 lung cancer cells. In the case of tGO-Ag3,
the size of Ag particles decorated over rGO are small, and no
agglomeration was observed which minimizes the loading of
Ag particles on rGO. The average size of Ag nanoparticles
on rGO are calculated to be 270 nm, 82 nm, 75 nm, 220 nm,
and 290 nm for rGO-Ag1-5, respectively. It is also evidenced

@ Springer

that the cytotoxicity relatively increased with the decreased
particle size.

Various mechanisms are involved in the apoptosis-based
cell death induced by AgNPs like the destruction of cell
membrane, ROS production, and DNA damage. Ag* ions
released from AgNPs involved the oxidization of glutathione
and rises the peroxidation of lipids in cellular membranes. It
leads to the destruction of cellular membrane and subsequent
leaking of cytoplasmic constituents from the injured cells.
Heavy metals catalyzed Haber—Weiss reactions are taking
place inside cells leading to the formation of highly reactive
ROS like -OH radicals from H,0,. These free radicals are
affecting the mitochondrial respiratory chain by defeating
ATP production pathway leading to cell death. This stops
the electron transport chain and will lead to the beginning of
apoptosis. Hydroxide radicals are directed to mitochondrial
outer membrane permeabilization and release hemeprotein
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cytochrome c to the cytosol. Apart from these two meth-
ods, DNA damage is the potential cause of apoptosis. The
basic structure of DNA is built from the four nucleic acids,
adenine (A), guanine (G), cysteine (C), and thymine (T).
These bases are making complementary pairs as G=C and
A =T through hydrogen bonding [44]. Ag" ions destruct
the hydrogen bonding by making bonding with the above
mentioned nucleic acids. Ag atoms are make twofold coor-
dinate linear bonds with N to form O=Ag*-N, N-Ag*-N,
and N=Ag"-0 in G=C pair, and N-Ag*-O and N-Ag*-N
in A=T pair. These Ag-based coordination bonds highly
damage the DNA, leading to apoptosis.

AO/EB dual stain was used to study the cell damage by
apoptosis and chromatin condensation of A549 lung cancer
cells treated with rGO-Ag samples with their respective ICs,
concentrations and the results are shown in Fig. 5. AO/EB
combined stain will give light green fluorescence for alive
cells, bright fluorescence for initial apoptotic cells, orange
fluorescence for late apoptotic cells and dark red spots for
the dead cells. From the results shown in Fig. 5, the sample
rGO-Ag3 treated cells has fewer green spots compared to
others and shows small condensed red spots corresponding
to more membrane damage and cell death. The results are

reliable with the cytotoxicity results of the samples against
A549 cells.

From the above results, it is established that the synthe-
sized rGO-Ag samples are showing cytotoxicity against
A549 lung cancer cells. The cytotoxicity is through apopto-
sis process initiated by ROS initiated with Ag™ ions released
from silver nanoparticles/wires decorated on rGO. Higher
accumulation of ROS results in oxidative stress and inter-
ruptions in cell functions leads to apoptosis. The dye 2’,
7" dichlorofluorescein-diacetate (DCFH-DA) was used to
spot the intracellular ROS production. Unoxidized DCFH-
DA is a non-fluorescent one, while it is oxidized by «OH
radicals highly fluorescent DCF was formed. The increased
fluorescence in nanomaterials treated cells are indications of
higher ROS in cells. Figure 6 shows the DCFH-DA treated
A549 cells. The images in Fig. 6a—i are for the cells treated
with control cells, GO, rGO, Ag, rGO-Agl, rtGO-Ag2, rtGO-
Ag3, rGO-Ag4 and rGO-AgS, respectively with their ICs,
concentrations. Compared to the control (Fig. 6a) all others
exhibit a higher intensity fluorescence, which indicates the
increased production of ROS in the apoptotic cells.

Hoechst 33,258 fluorochrome dye can diffuse through both
viable/nonviable cells and binds with DNA minor groove at

Fig. 5 Morphological changes of A549 lung cancer cells after treatment with a control, b GO, ¢ rGO, d Ag, e rGO-Agl, f rGO-Ag2, g rGO-
Ag3, hrGO-Ag4 and i rGO-Ag5 composites studied with the help of AO/EB dual staining
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Fig.6 Level of ROS in the A549 cells a control, b GO, ¢ rGO, d Ag, e rtGO-Agl, f rtGO-Ag2, g rGO-Ag3, h rGO-Ag4 and i rGO-Ag5

A-T rich regions giving a broad spectrum of blue fluorescence
at 460 nm. Fluorescent images of Hoechst 33,258 treated lung
cancer A549 cells are shown in the above Fig. 7. The Hoechst
33,258 gives weak fluorescence in normal cells (Fig. 7a), an
intense spherical fluorescence for the chromatin condensed
cells, and nuclear-fragmented products were observed. The
fluorescence images of GO, rGO, Ag, rGO-Agl, rGO-Ag2,
rGO-Ag3, rGO-Ag4 and rGO-Ag5 composites treated A549
cells with their respective ICs, concentrations are shown in
Fig. 7b—i, respectively. Except for the control cells, all the
nanocomposites treated cells showed intense fluorescence,
and shrunken nuclear size was noted, as a result of apoptosis.
Caspase-3 induced chromatin condensation is the signature
of earlier apoptosis-based cell death. More nucleus conden-
sation and fragmentation were observed in Ag and rGO-Ag
composites treated cells, this evidenced that the cell death is
a result of apoptosis.

@ Springer

4 Conclusion

In this work, composites with tunable size and morpholo-
gies of silver nanostructures decorated on rGO sheets in a
rapid microwave synthesis method are reported in detail.
ILs are used to tune the size and morphology of silver nano-
structures and it depends on anion exchange interaction
between IL native anion and NO; ions in AgNO; precur-
sor. Cytotoxicity of the samples against A549 cells indicates
that the composite rGO-Ag3 shows highest toxicity against
lung cancer cells with ICs;, value of 20 pg/mL. Based on
the results, the prepared composites can be used as poten-
tial chemo drugs against A549 cells. The results obtained
from this study open a new avenue to prepare rGO-metal
based nanocomposites with tunable morphologies using ILs.
The Ag nanoparticle loading and decorations on rGO are
controlled by ILs treatment, which enhanced the anticancer
activity of rGO-Ag composites. It also motivates us to study
the cytotoxicity properties of prepared composites against
different cancer cells in near future.
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Fig.7 Nuclear staining analyses of A549 cells treated with the ICy, concentrations of the prepared samples treated cells a control cells, b GO, ¢
rGO, d Ag, e rtGO-Agl, f rGO-Ag2, g rGO-Ag3, h rGO-Ag4 and i rGO-Ag5
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