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Abstract

Current study reports the enhanced cancer cells photothermal ablation
efficiency of Microwave Reduced Graphene Oxide (MRGO). Reduction of
chemically exfoliated graphene oxide has been carried out using a microwave
(700W for 5 minutes). The produced MRGO have been characterized with
TEM, SEM, XRD, FTIR, RAMAN, AFM and UV-Vis spectroscopy. MRGO nano
size sheets with average lateral dimension ~200nm, exhibited higher NIR
absorption efficiency, in comparison to Graphene Oxide (GO). Photothermal
efficacy (at optimized NIR laser 808 nm, power of 5.0W/cm? for 5 min) of MRGO
have been tested against human alveolar epithelial carcinoma cell (A549) and
human colorectal carcinoma cells (HCT116). As a result, a significant decrease
in cell viability by 84% and 80% for A549 and HCT116 cell lines respectively
has been estimated. No significant toxicity has been observed with MRGO (in
absence of NIR treatment) at the concentrations well above the doses needed

Received: April 10, 2017; Accepted: May 22, 2017; for photothermal heating against the same cancer cells. Our study introduces

Published: June 07, 2017

MRGO as a biocompatible and efficient photothermal agent.
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Introduction

Cancer is the leading cause of death worldwide. Around 14.1
million cases of cancer were found in the world in which 7.4 million
were of men and 6.7 million of women in 2012 and it is expected this
number can increase to 24 million till 2035 [1]. More than 200 types
of cancer have been reported. Out of these, lung and colorectal cancer
are the serious concern to both developed as well as developing
countries. Lung cancer is the most frequently diagnosed cancer (1.61
million, 12.7% of the total) while, colorectal cancer is the third most
common causes of cancer death (1.23 million, 9.7% of the total) [2].
There are several means for the treatment of cancer such as surgery,
chemotherapy, radiotherapy, and sometimes a combination of them.
But each of them suffers with certain drawbacks such as severe
adverse reactions, low efficiency and occurrence of other health
complications [3-6]. In past decades, photothermal therapy using
near-infrared spectrum of light employing a photothermal agent
has emerged as an alternative and effective tool for photo ablation of
cancer cells with minimum side effects to nearby healthy cells [7-10].

In recent years, 2-D carbon nanomaterials ie. Graphene
Oxide (GO) and Reduced Graphene Oxide (RGO) owing excellent
physicochemical properties, have been widely explored for NIR
mediated photothermal ablation of cancer cells [11,12 ]. However,
the issue of inherent toxicity of RGO acquired through the utilization
of toxic reducing agents remains a matter of debate [12]. Up to now,
in most of biomedical applications Chemically Reduced Graphene
Oxide (CRGO) have been used. In chemical reduction of GO, several
non-ecofriendly reducing agent like hydrazine hydrate, its derivatives
like dimethyl hydrazine and various metal hydrides, e.g. sodium
hydride, sodium borohydride (NaBH,) and Lithium Aluminium
Hydride (LiAlH,) have been employed [13]. These chemical reducing

agents are generally toxic in nature and not efficient for complete
reduction of all functional groups present over GO. For e.g. NaBH,
effectively reduces only C = O rather than epoxy groups, carboxylic
acids groups and alcohol groups [14]. Usually RGO is obtained by
graphene oxide reduction at high temperature, or by use of reducing
agent [15]. Reduction of GO by unconventional heating resources as
microwave irradiation is better alternative over the popular chemical
reduction methods. It facilitates quick, inexpensive and mass
production of RGO with little energy cost, overcoming the problems
associated with chemically reduced RGO [16-18]. Further in the best
of our knowledge, no reports are available towards the biomedical
application of MRGO. In the current study, an attempt have been
made to exploit the enhanced NIR absorption efficiency of MRGO
for photothermal destruction of human alveolar epithelial carcinoma
cell (A549) and human colorectal carcinoma cells (HCT116). This is
the first study which reports the photothermal application of MRGO.

Experimental Details

Materials

Graphite flakes were obtained from NGS Naturgraphit GmbH
(Germany). H,SO,, H,PO, and all other chemicals were purchased
from Merck limited, Mumbai, India. All the chemical reagents were
of analytical grade.

Synthesis of graphene oxide (GO)

GO have been synthesized by improved Hummers method with
a slight modification [19,]. In brief, 1 g of graphite powder have been
pre-oxidized by reacting it with a mixture of 40 ml of 98% H_SO,,
5g K,$,0, and 5 g of P,O, for 4h at 80°C. Further oxidation have
been achieved by adding the pre-oxidized graphite to a mixture of
concentrated H,SO,-H,PO, (v/v: 180: 13) with constant stirring.
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After 5 min, 6 g of KMnO A have been added to the mixture and the
stirring is continued for 15 h at 55°C. The reaction is stopped and
the reactants were allowed to cool at RT followed by pouring of
200 ml of ice and 1.5 ml of H,O, (30%). Multiple washings of the
material have been carried out with DI water, 30% HCI and ethanol
and finally coagulated with ether. The obtained semi-solid material
has been vacuum dried overnight to obtain brown Graphene Oxide
(GO) powder.

Reduction of graphene oxide (GO)

Reduced Graphene Oxide (RGO) has been obtained by reduction
of Graphene Oxide (GO) by microwave reduction method. In
microwave reduction, 100 mg of GO powder (kept in 250 ml conical
flask) was irradiated with 700 W of microwaves for 5 minute (using a
domestic microwave oven). The exfoliation of GO layers takes place
and fluky lightweight MRGO was obtained (Figure S3).

Characterization

Transmission electron microscopy (TEM, Tecnaii-G2F30
STWIN), operated at an accelerating voltage of 200 KeV and scanning
electron microscopy (SEM, JEOL-Model JSM6300F) have been used
for structural characterization of GO and MRGO. The UV-Visible
absorbance spectra of GO and MRGO solutions were recorded with
Perkin Elmer UV-Visible-Lambda 25 spectrophotometer. FTIR
and Raman spectrum have been recorded using Thermo scientific
Fourier transform infrared spectroscopy (Thermo Nicolet-6700)
and FT-Raman by Perkin Elmer Spectrum Raman instrument. The
X-ray diffraction (XRD, Rigakuminiflex-II diffractometer at 30 kV,
15mA) was used to find the diffraction patterns of GO and MRGO
(at wavelength of radiation Cu-Kal~ 1.5405A). AFM image was
recorded by (Nanosurf Model: Easy scan 2 with scan rate of 0.5.Hz.
Cellular imaging was done using a Primo vert Zeiss microscope.
Hemocytometer-Superior Marienfeld Germany Plate Reader-
TECAN Austria Gmb, Model-Sunrise Basic Tecan.were used for cell
counting and cell viability assay.

Cell culture

Human Colorectal carcinoma cells (HCT116 cells) and human
alveolar epithelial carcinoma cells. (A549 cells) were cultured
separately in a 25cm? tissue culture flask with Dulbecco’s Modified
Eagle Medium (DMEM) and Ham’s F12 containing 10% FBS (Fetal
Bovine serum) 20mM D-glucose, penicillin (100 units/mL), and
100pg/mL streptomycin. Cells were allowed to grow in a humidified
condition at 37 °C and 5% CO, atmosphere.

Cytotoxicity evaluation

3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide
(MTT) assays was carried out to evaluate the cytotoxic effects of
MRGO against both A549 cells and HCT116 cells. For this, cells were
cultured and maintained in DMEM and Ham’s F12 medium, 5000
cells/well were seeded in 96 wells plates. Different concentrations
(such as 0, 5, 10, 20, 50, 100 and 200ug/mL) of MRGO were added
in separate wells followed by 24 hours of incubation at 37°C with 5%
CO, atmosphere. Each concentration was added in triplicates. After
24 hours of incubation 20uL of 5.0 mg/mL MTT was added in each
well and incubated for 4 hours, there after 200uL of DMSO was added
to solubilize the resultant formazan crystals. Optical density was
measured at 590-610 nm. The cell viability was estimated according

to the following equation:
Cell Viability [%] = (OD treated/ OD control) x100%

Where, OD control was absorbance value estimated from cells
without incubation of MRGO and OD treated was absorbance
estimated in the presence of MRGO.

NIR mediated phototherapy

NIR laser (Nd:YAG) of 808 nm with 5.0 W/cm? of power density
was used for phototherapy experiment.5000 of each kind of cells/wells
(A549 cells and HCT116) were seeded in 96 well plates in six different
groups in triplicate separately. In first group, normal cell (without
MRGO) with no laser treatment were taken. In second group, cells
(without MRGO) after laser treatment were taken. The third group
consists of cells with15.0pug/mL MRGO without laser treatment. The
fourth, fifth and sixth group consist of cells with 15.0ug/mL MRGO
exposed by NIR laser with different time interval as 2.0, 3.0 and 5.0
minutes respectively. After the NIR irradiation cells were washed
with PBS (pH-7.4) and cell viability was estimated with trypan blue
exclusion method.

Statistical analysis

Statistical analysis were done with SPSS-16 software using One
way ANOVA and significant difference of means were determined
using Duncan’s multiple range test at the level of p<0.05 and p<0.001.

Results and Discussion

Structural characterization of MRGO has been carried out using
Atomic Force Microscope (AFM), Scanning Electron Microscopy
(SEM) and Transmission Electron Microscopy (TEM). The AFM
image (Figure 1A) of MRGO showed uniform larger sheet with lateral
dimension of 500 nm and average height profile of ~90nm, which
has been reduced significantly i.e upto ~200 nm by ultra-sonication
(Figure S1A) supporting information). The ultrasonicated MRGO
sheets with ~200 nm of lateral dimension have been further used for
photothermal experiments. The average height profile of the MRGO
nanosheets has been found to be ~40nm (Figure S1.B supporting
information). Well-exfoliated but crumpled and aggregated MRGO
sheets are observable in the SEM image (Figure 1B) which is a

A)

Figure 1: (A) AFM image of MRGO (B) SEM image of MRGO (C) TEM image
of MRGO (D) HRTEM image of MRGO.
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Figure 2: Characterizations of GO and MRGO, (A) UV-Vis absorption spectra,
inset: Optical images of GO and MRGO dispersions, (B) FTIR spectrum, (C)
XRD pattern, (D) RAMAN spectrum.

common feature of the RGO. TEM image of the MRGO (Figure 1C)
shows the wrinkled structure of folded sheet with lateral dimension
of ~1pum which break up into small sheet sizes with lateral dimension
around ~200 nm after ultrasonication (Figure S2). Thus the results
obtained in TEM image are in well agreement with the observation
made in AFM. HRTEM (Figure 1D) of MRGO indicates its crystal
and few layered nature [20,21].

In Figure 2A shows the UV-Vis absorption spectrum of GO and
MRGO (Inset picture show the optical image of GO and MRGO
Figure 2A). The absorption peak at 230 nm is due to m—7* transition
of aromatic C-C bonds which is red shifted to 268 nm, indicating
the electronic conjugation within the reduction of GO by exfoliation
of GO layers due to microwave irradiation [22]. The RAMAN
spectrums of as synthesized GO and MRGO were shown in Figure
2D. The GO and MRGO show G-band due to C-C vibration with
sp? carbon which corresponds to the Eg? phonon at the centre of the
Brillouinzone and D-band (sp’ carbon) comes from the out-of-plane
breathing mode of the sp” carbons, which is due to the presence of
defects that were introduced in oxidization and reduction procedure.
In case of GO, the G band was at 1571.7 cm™!, while in case of MRGO
the G band shifted to 1600.5 cm™. This indicated the reduction of
GO is happening by exfoliation of layered structures of GO under
microwave irradiation. The D band for GO and MRGO was sited at
1349 cm™ and 1347cm respectively. In case of MRGO, the I /I ratio
was 0.80, which was smaller than the I /I, ratio of GO. The reduced
I /1, value was attributed to the removal of defects originated due to
oxygen containing functional groups and the conversion of sp’ to sp?
carbon [23].

In the FT-IR spectrum of the GO (Figure 2B), the peaks at,
3432, 1720,1410,1245 and 1045cm™! were attributed to O-H, C=0
stretch of COOH, C-OH, C-O and C-O-C bands, respectively. The
absorption peaks at 2930 cm™ and 2850 cm™ show the symmetric
and anti-symmetric stretching vibrations of C-H, while the presence
of two absorption peaks observed at 1630 cmcan be attributed
to the stretching vibration of C=C. Upon the exfoliation of GO by
microwave irradiation, the C=0O bands disappear and intensity of
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Figure 3: (A) Temperature response curves of aqueous suspension of
GO at different concentrations (B) MRGO and medium with 808 nm laser
irradiation for 5 minutes.

C-H stretching band increase. In the FTIR spectrum of MRGO
(Figure 2B), the intensity of -OH vibrations observed at 3400 cm
is significantly reduced due to deoxygenation but it confirmed the
presence of carboxylic functional group [24].

The powder X-Ray Diffraction (XRD) pattern (CuKa radiation)
measurements were carried out to investigate the phase and structure
of as synthesized RGO. In the XRD pattern of the GO (Figure 2C),
a sharp peak at 10.60°% corresponding to reflection of (001) plane
(interlayer spacing of 0.83 nm) and the other one less intense peak
at 22.12° was shown corresponding to (002) plane. After microwave
reduction of GO, the sharp (002) peak of GO disappeared while
another broad peak of around 23.68° shows up. The disappearance
of the sharp peak in MRGO can be attributed to the exfoliation of
layered structures of GO under microwave irradiation and the broad
peak at 23.68° with interlayer spacing of 0.37 nm may originate from
the partial restacking of exfoliated graphene layers [24].

The temperature response curves measured at different time
points with different concentration of GO and MRGO after
irradiating laser at 808 nm (5.0 W/cm?) are shown in Figure 4. The
laser irradiation effect (for 5 minutes) with the varying concentration
of GO like 5.0 mg/L, 10.0 mg/L, 15.0 mg/L and 20.0 mg/L leads to
rise in temperature as 32°C, 34°C, 37°C and 35°C respectively (Figure
3A). In contrast under same set of condition the temperature rise
in case of MRGO was noticed to be 45°C, 50.1°C, 55°C and 54.4°C
respectively (Figure 3B). DMEM media, Ham’s12 media, Phosphate-
Buffered Saline (PBS) and water did not show any response to the
irradiation even at 5.0 W/cm” The above observations suggest the
superior photothermal heating property in MRGO in comparison to
GO.

Cytotoxic effect of MRGO on A549 and HCTI116 cells were
evaluated by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide] assays, result of which were shown in Figure
4A and B. Up to 200pg/mL concentration of MRGO, no significant
toxicity has been estimated for both A549 cells and HCT116 cells,
which describe the good biocompatibility of MRGO. The statistical
analysis of the result was done by One way ANOVA followed by
Duncan’s test at the level of p<0.05. Cytotoxicity results reveal that
there is no significant difference in the biocompatibility of MRGO
and CRGO.

The photothermal effect of MRGO against A549 and HCT 116
cells were studied with the help of try pan blue exclusion method and
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Figure 4: (A) MTT based colorimetric assay graph for cell viability of A549
cells and (B) HCT116 cells incubated for 24 hours with different concentration
of MRGO as (0, 5,10, 20, 50, 100 and 200 pg/mL). The statistically not
significant values are labelled with # at (p>0.05).
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Figure 5: (A) Cell viability of A549 cells and (B) HCT116 cells after exposure
of NIR laser (808 nm, 5.0 W/cm?) at different time interval of 0, 2, 3, 5 min
with 15ug/mL concentration of MRGO. The statistically significant values is
labelled by *at (p<0.05).

the results were shown in Figure 5A and B. Percentage decrease in
cell viability was calculated as 41%, 72% and 84% for A549 cells and
31.0%, 67% and 80% for HCT116 after 2.0, 3.0 and 5.0 minutes of NIR
irradiation in the above cell suspensions containing MRGO. Further,
negligible decrease in cell viability i.e. 99.6% and 99.4% for HCT116
and A549 cells respectively have been noticed after NIR irradiation for
5 minutes without MRGO in cell suspensions. Moreover, almost no
decrease in cell viability i.e. 99.2% and 99.5% for HCT116 and A549
respectively was observed when only MRGO was incubated with cell
for 5 minutes. The cell viability results shown above were calculated
and were in respect of control cell’s viability which was 100%.

After photothermal treatment mediated by MRGO both A549
and HCT116 were stained with trypan blue and further examination
was made under light microscope (Figure 6 and 7). The cells with
only MRGO (Figure 6C and 7C) and treated with NIR (Figure 6B
and 7B), did not show any uptake the blue colour of trypan dye like
control cells (Figure 6A and7A) which indicates that all the cells were
viable, and this is because neither NIR laser nor MRGO itself may
have potential to induce severe cell death. However, the presence of
MRGO in cell suspension coupled with NIR radiation causes cell death
which increases with time of irradiation for both kind of cells. Several
blue stained dead cells appeared (Figure 6D and 7D) after 2 minute
exposure of laser with MRGO treatment with preponderance of live
cells, on the other hand almost all cells were blue stained 5.0 minutes
of exposure (Figure 6E, F and 7E,F). Moreover, morphological

Figure 6: (A) Optical images of A549 Control cells, (B) Control cells after
laser irradiation, (C) Cells with 15.0ug/mL MRGO, (D) Cells with 15.0pug/mL
MRGO after 2 minutes of laser irradiation (5.0W/cm?, 808 nm ), (E) after 3
minutes of laser irradiation, (F) after 5Sminutes of laser irradiation. Blue.colour
indicates dead cells (Trypanblue test). Scale bar = 60 um.

Figure 7: (A) Optical images of HCT 116 Control cells, (B) Control cells after
laser irradiation, (C) Cells with 15.0ug/mL MRGO, (D) Cells with 15.0pug/mL
MRGO after 2 minutes of laser irradiation (5.0W/cm?, 808 nm ), (E) after 3
minutes of laser irradiation, (F) after 5 minutes laser irradiation. Blue colour
indicates dead cells (Trypan blue test). Scale bar = 60 um.

changes can also be seen in microscopic examination of the cells with
MRGO after NIR exposure.

In the current, study we could not explore the exact mechanism
of cell death but it may be due to protein denaturation and
coagulation as well as membrane destruction, which is primarily due
to thermal disintegration up to 55°C expansion during NIR mediated
phototherapy of MRGO. MRGO have shown better photothermal
effect at lower laser power density i.e.5.0W/cm? in comparison to
other nanomaterial based photothermal agent such as gold nano
shell, and nanorod, which require high power density such as 35.0 W/
cm’ and 10.0W/cm’ respectively [25, 26]. Further, study is underway
to explore the mechanism of cell death and in-vivo application.

Facile and quick microwave assisted synthesis of MRGO with its
high potential as photothermal agent will be an alternative therapeutic
means for cancer therapy.

The high near infra-red absorption property of MRGO is solely
attributed to the microwave assisted reduction of GO into MRGO.
In the current study, we could not explore the exact mechanism of
high NIR efficiency of MRGO but we propose similar mechanisms
reported earlier [27].
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Conclusion

In summary, our study establishes Microwave Reduced
Graphene Oxide (MRGO) as a biocompatible and efficient NIR
photothermal agent. Microwave assisted reduction of graphene oxide
create nearly removal of oxygen functional groups in MRGO. It is
presumed that reduction of oxygen functional group in MRGO nano
sheets facilitates high NIR absorption by MRGO. Hence, MRGO
nanosheets with lateral dimension of ~200 nm exhibited enhanced
photohothermal effects at low power density in short time. Rapid and
effective photothermal ablation of A549 and HCT 116 cancer cells
by MRGO using NIR laser (808 nm at 5.0 W/cm?in 5 minutes) make
it an interesting material for cancer phototherapy. The cost effective
and ecofriendly production of MRGO with its high NIR absorption
property can be further employed for in vivo photothermal
application.
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