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Abstract

Recent advances in nanotechnology and nano biomaterials have attracted considerable attention in the field of cancer therapy.
The development of biocompatible nanotherapeutics that selectively target cancer cells is a prime area of interest in cur-
rent research. In the present study, graphene oxide nanosheets were synthesized using a modified Hummer’s method and
characterized by using FTIR spectroscopy, Raman spectroscopy, and X-ray Diffraction analyses, FE-SEM, HR-TEM and
AFM. FT-IR spectra revealed the presence of the characteristic wave-numbers of 1585 cm™!, 2841 cm™!, and 3443 cm™!
uncovering the presence of intrinsic functional groups predominantly C=C, C-O, and C=0 bonds. The characteristic intrinsic
defect proportions in the as-prepared GO sheets exhibited a portion of the I/l ratio of ~1.05, indicating thereby a lesser
proportion of available defect quantity in our synthesized graphene oxide sheets. XRD studies uncovered an interesting
characteristic value of (001) and (002) lattice planes at a diffraction angle of 30°, which indicated a crystalline nature of the
as-prepared graphene sheets. Thermo Gravimetric analyses of the as-prepared sheets indicated that in the range of 300-900
°C, the sheet exhibited a tremendous rate of thermal response at different applied temperatures, uncovering the underlying
physico-chemical attributes of the sheets. It is observed from the DLS experimentation that GO sheets exhibited a zeta
potential C-potential of — 9.3 mV, which is expected to be a most stable colloidal form. The lateral thickness of the graphene
nanosheets was approximately 6.45 nm, which was corroborated by the TEM and AFM analyses, respectively. The potential
biomedical application of graphene nanosheets was evaluated by assessing the cytotoxicity and antioxidant activity. The
IC4, of H,0, scavenging activity by GO sheets was determined to be 61.91 + 1.14 pg/ml. The DPPH and H,0, scavenging
activity of the GO sheets increases with the increase with the dosage concentrations from 25 to 400 pg/ml, respectively. The
in-vitro tests revealed that the GO sheets had a high level of cytotoxicity to the human breast cancer MDA-MB-231 cells
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that was concentration dependent. In contrast, the cytotoxicity of the GO sheets against the HaCaT normal cell line was
marginal, suggesting that the graphene nanosheets could be safely used in cancer therapy.
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1 Introduction

The novel and fascinating properties of graphene-based
materials suggest that these materials may have many poten-
tial biomedical applications [1, 2]. Graphene oxides are a
class of nano-materials in the size range of 1-100 nm and
fall into a category of two-dimensional carbonaceous nano-
materials with dimensions of approximately a few nanom-
eters in thickness. Owing to the unique physio-chemical
properties of graphene oxide (GO), including the available
surface oxygen groups, GO can form a stable suspension in
different solvents, indicating its hydrophilic nature within
the family of carbonaceous nanomaterials [3, 4]. Due to the
presence of a unique surface to volume ratio, along with
surface properties such as a huge concentration of surface
atoms, augmented surface energy value, and other charac-
teristics, makes GO a suitable candidate for a myriad of
applications. Potential applications range from biomedical
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applications (viz. drug delivery, protein therapy etc. ) and
bioengineering (biosensors and bioimaging) to anti-micro-
bial therapy and bioengineering (scaffolding of tissue) [5, 6].
Due to its high surface to volume ratio, GO sheets provide a
reactivity and adsorption platform for other biological mac-
romolecules enabling bioprocesses to occur at a nanoscale
level that are mesoscopic in nature [7]. The probability of
redox reactions between the material and a biological system
due to the free electrons present on the surface of graphene
oxide sheets, increases the number of potential applications
of carbonaceous nano-materials in biological systems [8].
Nanobiotechnology has emerged as a promising platform
for employing nanomaterials in the field of cancer biology
[7]. Due to the unique physio-chemical properties of the
nanomaterials, the same could be used for targeted drug
delivery for bearing the outcompeting behavior of natural
delivery mechanisms such as reaching the nuclear membrane
and penetrating it for delivery in the proteins and the DNA
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sequences [5]. Graphene oxide [GO] has been recently pro-
posed as a good agent in cancer therapeutics and diagno-
sis [9, 10]. The morphology and the viability of the glioma
cells U887 and U118 respectively, have been shown to be
less effective from the treatment of GO sheets [11]. Also,
[12] has studied the adverse effect over the A549 cells due
to the generation of oxidative stress by GO. It has also been
reported that GO sheets bring significant damage to the
mitochondrial membrane, resulting in altered mitochon-
drial potential [13]. Compared to other nano-scaled nano-
materials, such as gold and silver nanoparticles which are
used in different medical therapies, carbonaceous materials
like GO have lesser deleterious intrinsic activity in the drug
delivery process of DNA, RNA for achieving targeted drug
delivery mechanism [14—16]. Apart from, such graphene-
based nanomaterials, several other combined organometal-
lic nanomaterials are developed both physico-chemical and
eco-friendly approach for potential biological and environ-
mental applications [17]. Inspired from the research findings
on the development of novel nanomaterials, the current GO
nanomaterials with potential cancer therapeutic applica-
tions have been conceptualized [18-22]. Besides biomedi-
cal applications, these nanomaterials are technologically a
very beneficial kind of materials for usage in environmental
remediation and coating materials [23-28]. As a result, these
materials are becoming immensely popular as novel tools in
the biomedical field [29].

The surface properties of pristine graphene oxide and
graphene sheets increases their overall potential for activity
within biocompatible applications [30, 31]. In this regard,
an interaction between GO sheets and targeted ligands in
lung epithelial cells [32], neuronal cells [33] and fibroblast
cells has been reported [34]. Furthermore, the use of GO
sheets in conjunction with sulfonic acid in drug delivery
systems makes the GO suspension more stable, while deco-
rating the sheets with folic acid molecules has been used to
target human breast cancer cells with folic acid receptors
[35]. Folic acid-conjugated GO sheets have been employed
for the delivery of anti-cancer drugs, such as doxorubicin
and calprotectin, into tumor cell lines with great success in
MGCS803 cells [36]. Yang et al., [37] reported that a higher
rate of uptake in tumor cells and in-vivo photothermal ther-
apy was achieved by using PEGylated Graphene sheets in
a mouse model subjected to an ultra-low power laser injec-
tion of 2 W cm™2. The interaction of graphene with DNA/
RNA macromolecules favors the use of GO sheets over GO
alone, due to the presence of the carboxylic, hydroxide, and
epoxy groups present in GO sheets, which provides greater
potential bioactivity and thus, greater potential application
in a wide range of biomedical fields and bio-macromo-
lecular systems [30]. The higher rate of drug adsorption to
hydrophobic materials also makes GO a preferred choice
amongst the graphene family of nano-scaled materials, such
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as graphene, rGO (large GO), and others [38]. Extensive
studies of graphene-based materials for different biomedical
applications have fostered nano-biomaterial development for
practical use and commercialization. More studies on gra-
phene are required, however, to achieve safe and effective
commercial applications of this technology.

Considering the high rate of death rate in carcinoma that
is a repercussion of the inadequacy of response to current
therapy, there is a constant search for new targets and more
efficient therapeutic materials, as well as unique avenue of
therapy deliver to tumor cells [39]. Moreover, the combi-
natorial approach of numerous drugs administers higher
healing efficacy than single one. The composed drugs
consolidation with graphene-based nanocarriers has been
recommended in cancer therapy [40, 41]. Graphene and
derivatives have been suggested as nanocarriers in cancer
treatment due to low toxicity to mammalian cells at low
concentrations; but in high concentrations it can destroy the
plasma membrane and prevent the cellular internalization.
Thus, it is highly indispensable to investigate the standard
nanomaterial concentration for adequate cellular internali-
zation [42].

In this present study, the Hummers method, with some
modifications, such as the use of sulphuric acid [H,SO,],
and varying the Graphite: KMnO, ratio in the reaction mix-
ture, was used to optimize GO production. The cytotoxic
activity of the GO nanosheets against the MDA-MB-231
breast cancer cell line was also evaluated, along with its
effect on a normal, HaCaT cell line. During the application
of any foreign biomaterials, there is the potential of inducing
oxidative stress. Therefore, the DDPH radical and peroxide
scavenging assays were also conducted. Results of the study
indicate that oxidation plays a key role in the activity of GO
nanosheets in biological systems.

2 Materials and Methods
2.1 Preparation of GO Nanosheets

GO nanosheets were prepared using the commonly-used
method described by Zaaba et al. [43]. Graphite powder was
subjected to chemical exfoliation using a modified Hum-
mer’s method. Briefly, 1.5 g of sodium nitrate [MERCK,
98%] were mixed with 2 g of graphitic powder [Sigma
Aldrich, 99.99]. The resulting powdered mixture was then
placed in 75 ml of H,SO, [Sigma Aldrich, 98%] and stirred
for 48 h. The solution was then placed at 10 °C for 12 h, after
which 10 g of KMnO, [Sigma Aldrich, 95%] powder was
mixed in. The mixture was then placed in a 0 °C ice bath
for 15 min. After this, the solution was heated to 35 °C on
a hot-plate. Subsequently, 140 ml of deionized water [DI]
was added to the solution during which time the exothermic
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reaction occurring in the solution raised the temperature of
the solution to ~98 “C. The temperature of the solution was
then lowered by placing the reaction solution in a 35°C-water
bath for 20 min. The color of the solution began to change
from black to brown, indicating that a chemical exfoliation
process was occurring in the solution at a nano-scale level.
After 25 min, 450 ml of DI water and 10-15 ml of H,0,
[Merck, 30%] was added to the solution. The solution then
took on a yellowish hue, indicating the synthesis of GO
sheets. The solution was then centrifuged and the precipi-
tate was collected and washed with HCL [Sigma Aldrich,
37%], followed by a second washing with DI water. The
pH of the solution was maintained at a pH of 7.0. The GO
slurry was then poured into a fresh container for further use.
The GO slurry was used to characterize the GO sheets and
to prepare a dry powder by air drying the slurry in an oven
at 90° C for 24 h.

2.2 FT-IR Spectroscopy

The FT-IR spectra of dried samples of GO sheets were iden-
tified and recorded using a Perkin-Elmer spectrum RX-1
IR spectrophotometer. The analysis of the GO sheets was
performed by preparing the powdered samples into a KBr
pellet [FT-IR grade, >99%] drying the pellet, and subse-
quently subjecting the dried pellet to ATR-attenuated FT-IR
at 4500-500 cm™'. Different functional groups against a spe-
cific inverse peak of wavenumber [cm™!'] were calculated to
identify specific functional groups present in the structure
of the GO sheets.

2.3 Raman Spectroscopy

The powdered samples of GO sheets were analyzed by
Raman spectroscopy to identify any aberrant proportions in
its structure by calculating the I,/I5 ratio, which is a hall-
mark signature of any carbonaceous nano-materials. An
Ar+ion laser at an excitation wavelength of 514 nm was
used and the vibrational modes of the intrinsic structures
were studied using Lab Ram HR800 micro-Raman spectros-
copy [Horiba Jobin-Yvon, France].

2.4 X-Ray Diffraction (XRD) of GO Sheets

The powdered samples were subjected to XRD [Bruker
Advance D8] with a Cu Ko [A=1.5406 A] to determine the
crystalline structure and lattice planes in the material.

Different lattice planes against specific diffraction angles
were calculated and used to determine the intrinsic details
of the structure based on the diffractogram.

2.5 Field Emission Scanning Electron Microscopy
(FE-SEM) of GO

The surface topography of the powdered GO sheets was
observed using FE-SEM [EVO-60, Zeiss company]. The
powdered samples of GO sheets were drop-casted on to the
surface of a glass coverslip and dried overnight. The result-
ing samples were viewed under an FE-SEM at an operating
voltage of 20 kV. The particle size of the GO sheets was
calculated using a technique for determining the layer thick-
ness and the particle diameter based on the use of a raster
scanning mode.

2.6 High Resolution-Transmission Electron
Microscopy (HR-TEM) of GO

For the HR-TEM analyses, the powdered samples were
deposited on carbon-coated, copper grids [300 mesh size,
regular grip, spi 2030 C] and allowed to dry overnight. The
resulting samples were viewed in HR-TEM [FEI-TECNAI
G2 20S-TWIN, Netherland] at a frequency of 80 Hz.

2.7 Atomic Force Microscopy of GO

AFM [Bruker AXS Pte Ltd, Innova] was used to examine the
surface properties of the GO sheets at a differential electro-
static charge distribution [in mV] using a cantilever-based
deflection. The sample was prepared by drop-casting slurry
onto a silicon wafer and allowing the samples to dry prior
to examination by AFM.

2.8 Dynamic Light Scattering (DLS) of GO

The particle size and zeta-potential of the powdered GO
sheets at room temperature were analyzed using a Zetasizer
[Zs-90, Malvern, UK]. The dried samples were first ade-
quately diluted in Phosphate Buffer Saline solution [0.15 M,
pH 7.2]. Aliquots of the GO suspensions, at a concentra-
tion of 10 pg/ml from a stock [1 mg/ml], were subjected to
further analysis under DLS. Particle size distribution was
determined at a scattering angle of ~90 °C.

2.9 Antioxidant Activity

The anti-oxidant potential of GO sheets was evaluated based
upon a measurement of resistant DPPH free-radical scav-
enging. Briefly, 1.9 ml of a methanol solution of DPPH
[Sigma Aldrich, 0.004%], and 0.1 ml of different concen-
trations of GO, were mixed together. The solution was then
mixed robustly and kept for 30 min in the dark. Absorbance
of the solution at 517 nm was then determined by using
a Shimadzu UV-1280 spectrophotometer. The addition of

@ Springer



4240

Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:4236-4249

6 o
n, & 10 gof ko,
Ui, X { n
) & ) 140 ml DW
35°C
/s
| Incubation
il I at 10°C for
g 12 hr

T,
75 ml of 98% HyS0,

|

B>
w un :
3d8
s3n ws
QoW
883 Ny
o5 5 ~359C (20 minutes)
X3 £ A
Centrifuged at 10,000 rpm % Rl b
for collection of a2 Vi g

precipitate & than washed

with 37 % HCL and DW for
further use by air drying
a B 90°C for 24 hr

— Color changing from black to brown

25.0 -

Fig. 1 a Synthesis of GO nanosheets. b FT-IR of graphene oxide nanosheet

ascorbic acid to DPPH was used as a control. All tests were
performed in triplicate. The ability to scavenge DPPH radi-
cals was calculated by using the following Eq. (1):

Ability avenge DPPH [%] = [AO — A1]A0 x 100 (1

In the equation, AO is the absorbance of the control,
while Al is sample absorbance.

H,0, scavenging activity of the GO sheets was also
determined using a slightly modified Ruch Figure method
[16]. Briefly, a 40 mM H,0, solution was prepared in
KH,PO,-K,HPO, [Sigma Aldrich, 0.05 M] phosphate buffer
[pH 7.4]. Various concentrations of GO were then added to
the prepared H,O, solution (1.4 ml phosphate buffer and 0.6
ml 40 mM H,0,). The absorbance of the H,0,/GO solution
was then measured after 10 min at 230 nm using a Shimadzu
UV-1280 spectrophotometer, and used to estimate the con-
centration of H,O,. Ascorbic acid, instead of the GO solu-
tion, was used as a positive control. All tests were performed
in triplicate and H,0O, scavenging ability was calculated by
using Eq. [1].

2.10 Cytotoxicity and Biocompability with Different
Cell Lines

2.10.1 Cell Culture

The cell lines chosen for the cytotoxicity assay were a human
skin HaCaT and a breast cancer cell line [MDA-MB 231].
The basal medium used for all cell culture experiments was
Dulbecco’s Modified Eagle’s medium [GIBCO™ USA] sup-
plemented with 10% Fetal Bovine Serum [GIBCO™ USA]
and streptomycin sulfate and benzyl antibiotics [Sigma
Aldrich, >96%] at a final concentration of 100 pug/ml and
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Fig.2 Raman spectroscopy plot of graphene oxide nanosheet

100 U/ml, respectively. Cell cultures were maintained at 5%
CO, and 37 °C throughout all the experiments. The cells
were passaged using 0.25% Trypsin-EDTA [GIBCO™ USA]
at around 80% confluence. Cells were seeded in 96-well
plates at a density of 5x 10? cells/well for the MTT assays.

2.10.2 MTT Assay

Cytotoxicity and biocompatibility were assessed using an
MTT colorimetric assay at 24 and 48 h after incubation of
the cell lines with the GO nanosheets [44]. Doxorubicin
[Sigma Aldrich, 98.0-102.0%] was used as a positive con-
trol. A stock solution of dimethyl thiazolyl-diphenyltetra-
zolium bromide [MTT; 1 mg ml™'] in PBS was prepared
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immediately prior to use. A 500 pl volume of the MTT solu-
tion [50 ug mI"! MTT in culture medium] was added to each
culture dish without a cover. Cells were incubated for 3 h,
and reduced formazan was then extracted with 500 ul DMSO
and absorbance was measured at 570 nm in a spectropho-
tometer. Cell survival was expressed as the percentage of
absorption of treated cells in comparison with untreated,
control cells.

2.11 Statistical Analysis

Each assay was performed in triplicate to ensure reproduc-
ibility. The results of the antioxidant assays were expressed
as a percentage of inhibition, while the cytotoxicity results
were expressed as percent viability, relative to the control.
Values obtained in the antioxidant and cytotoxicity assays
for the different treatment groups vs. the controls were sta-
tistically evaluated using a Student’s t-test (p <0.05).

3 Results and Discussion
3.1 Characterisation of GO Sheets
3.1.1 Fourier Transform Infra-Red Spectroscopy

The GO nanosheets were evaluated prior to their use in the
in vivo bio-application studies. The structure and possible
function of individual molecules were evaluated to better
link activity of the GO nanosheets with its structural com-
ponents. Prior knowledge of the molecules and bonding
pattern could also help to predict expected outcomes in the
use of the GO nanosheets. The FT-IR spectra of the archi-
tecture of GO sheets (Fig. 1b) revealed the presence of the
characteristic wave-numbers of 1585 cm™!, 2841 cm™!, and
3443 cm™!. These wave numbers represent the functional
groups linked to the structure of the GO sheets, and reveal
the presence of C=C, C-0O, and C=0 bonds, respectively.
The wave number present at ~ 1096 cm™ ! is associated with

both C-C and C-O bonds. The broad signal observed around
3443 cm™ ! indicates the O-H bond vibration of the hydroxyl
groups present in the GO architecture [45]. Such vibrational
peaks indicate the pristine architecture of the carbonaceous
skeleton of the as prepared GO sheets similar to the previous
findings [46]. Such interesting findings denotes the major
oxygenated functional groups associated with the formation
of the as synthesized GO sheets during bottom-up fabrica-
tion of GO sheets from its native precursor Graphite with
several interplay of reducing and oxidizing agents. Our find-
ings are broadly in closer proximity to the recent findings
in one of such studies where the influence of KMNO, has
been ascertained over the synthesis of GO sheets in a typical
bottom-up laboratory preparation of GO thin sheets.

3.1.2 Raman Spectroscopy

Raman spectroscopy is an important analytical tool that
provides both qualitative and quantitative data on nano-
materials based on its chemical composition and structure
[47]. The Raman plot (Fig. 2) contains the I/l ratio of
~1.05, which is characteristic of powdered GO sheets. The
defect ratio represents the compromised proportion and
lesser quantified nature of the available defects present in
the GO sheets. More specifically, it indicates the presence
of a slightly lower number of dangling bond associations
in the native structure of the GO sheets, compared to the
previously reported graphene sheets of rGO forms that have
a value of 1.35. Such observations indicate a more conduc-
tive nature for GO forms, relative to its other counterparts
[Graphene, rGO, etc. ], making it suitable as an inhibitory
anti-cancerous agent that can be used against a variety of
cancer cells. Further, from the Raman analyses it is becom-
ing evident the nature of the symmetry of the available D
and G bands, which in returns dictates the formation of the
defects associated with the synthesis of the GO sheets. Such
defected symmetry is mainly occurring due to the presence
of available sp2 hybridization of the carbon architecture in
the GO sheets [48]. As it has been reported previously [48]

Fig.3 a XRD spectroscopy plot
of graphene oxide nanosheet; 1400 [ (002)

b TGA of GO sheets
1100

500

Intensity (au)
-]
S

200

(312 Graphite Oxide
(421) 14
0
5 ml 15I z(; 2I5 3:) 35 300 600 900
A 2 Theta (degree) b Temperature (Deg C)

@ Springer



4242 Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:4236-4249

Fig.4 a FESEM and b EDAX of graphene oxide nanosheet

that G band peak refers to the symmetry of the carbon atoms
whereas D band peak refers to the disorder induction in the
available carbon atoms [49, 50]. In our findings there seems
to be occurrence of lateral shifting in the ID/IG ratio, which
is mainly due to the graphitic exfoliation taking place dur-
ing oxidizing effect of KMNO, reagent. The shifting in the
defect ratio and proportions is also in corroboration with the
rising oxidizing level owing to the disruption in the graphitic
stacking order [51].

3.1.3 X-Ray Diffraction

The X-Ray Diffraction [XRD] analysis (Fig. 3) revealed the
presence of lattice planes that are characteristic for pow-
dered GO sheets. Notably, (001) and (002) lattice planes at
a diffraction angle of ~ 10° were evident. These characteristic
lattice planes indicate the nature of the available crystallin-
ity of GO sheets. The polycrystalline nature of GO sheets is
evidence that such lattice planes are present and were cor-
roborated by the TEM SAED pattern. It is usually noticed
from the X-Ray Diffraction studies that different phase
purity of the synthesized GO sheets at the different amount
of KMNO, reagent as oxidizing agents [46]. The differential
peak of lattice planes as evident from the Fig. 3, is mainly

Fig.5 a h-TEM of graphene
oxide nanosheets; b SAED of
GO sheets indicating crystalline
lattices
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because of the incomplete rate of oxidation of the Graphitic
flakes upon subjection to the oxidizing agents [52]. The crys-
talline lattice planes at around (002) demonstrates the for-
mation of well-ordered crystalline nature of the GO sheets
in the synthesis process. The studies explain the interlayer
spacing distance of 0.19 nm, which is in parity with previ-
ous findings [46]. It could be understood that the rate and
type of crystalline lattice formation of GO sheets is mainly
dependent upon the oxidation level of the GO films by the
oxidizing agents.

Thermo-gravimetric analysis (TGA) is a method of ther-
mal analysis in which the physical and chemical properties
of materials are measured as a function of increasing tem-
perature (with a constant heating rate), or as a function of
time (with constant temperature and/or constant mass loss).
TGA contrasts with DTA, where the material under study
and an inert reference undergoes identical thermal cycles,
and differences in the temperature between a sample and
reference are recorded [53]. The results indicated that expos-
ing the as-prepared GO materials to temperature changes
affected its physico-chemical properties with time. The
physico-chemical properties of the GO sheets were altered
by changes in temperature and defects were induced in the
structure of the material, which was corroborated by the

21/nm
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Raman defect ratio (Ip/I;) of the material. The changing
thermal losses with the increasing temperature range from
300-900°C shows the dynamical response of the GO sheets
underlying physico-chemical properties which is dependent
upon the thermal kinetics of the system. It is understood that
with the subjection of the thermal exposure, the available
C-C bonds starts to jiggle, resulting into a thermodynamical
change in the interlayer of the GO sheets, causing a resultant
TGA plot as shown in Fig. 3b. Such studies aids in uncover-
ing the impact of changing temperature over the GO sheets
which would enable to understand the percentage of weight
loss (mass) [54] of the GO material and its associated vola-
tile components with the constant rate of heating exposure
in a period of time.

3.1.4 FE-SEM Analysis

Field emission scanning electron microscopy provides
information on the surface topography and composition of
nanoscale materials [53]. Data on the surface morphology is
highly useful regarding the potential use of the nanomateri-
als in medical devices and for other applications. The typical
surface topography of GO sheets was evident in the FESEM
analysis (Fig. 4). Surface undulations were evident in GO
sheets (Fig. 4A), as well as rough edges. Undulations and
rough edges are the result of reaction kinetic phenomenon
resulting in reduction and oxidation processes during the
production of the GO powders. Energy Dispersive X-Ray
Spectroscopy (EDAX or EDS) at a characteristic energy
(keV) was used to evaluate the intrinsic chemical constit-
uents of the as-prepared GO sheets (Fig. 4b). As evident
in Fig. 4B, carbon (C) and oxygen (O) make up the major
proportion of the as-prepared GO sheets. The EDS results
indicate that during the synthesis of the GO sheets from its
precursor graphite compound, various reducing agents and
other chemical constituents used in its preparation, as well

-2.2V

Fig.6 AFM of graphene oxide nanosheets

as solvents such as H,SO,, are present as trace amounts of
Sulphur (S), while the traces of silicon (Si) been originated
from the silicon substrate of the grid used to examine the GO
sheets in the FE-SEM. It could be noticed from Fig. 4a that
the implications of oxidizing agents over the GO surface is
clearly evident as more crumpling in the surface properties
which could be easily seen from the figure. Our findings are
in strong agreement with the previous literature [55], where
the implication of KMNQO, as oxidizing agent and other rea-
gents involved during the synthesis procedure is seen. The
formation of clear crumpling nature over the surface of the
GO sheets is an indication that perfect exfoliation of graphite
precursor has been taken place which resulting into deforma-
tion process during exfoliation and simultaneous restacking
process taking place during the synthesis procedures which
is in agreement to the previous findings [55].

3.1.5 HR-TEM Analysis

The primary purpose of the High Resolution-Transmission
Electron Microscopy (HR-TEM) analysis was to observe
high magnification images of the internal structure of the
GO sheets and gather information related to the crystalline
structures, internal fractures, stress, and contamination of
the test sample. Information on the internal structure allows
one to have greater confidence in the potential application of
the nanomaterial and predict potential effects on the target
system [56]. HR-TEM observations indicated that the inter-
nal structure of the prepared GO sheets possesses a folded
morphology (Fig. 5). The presence of undulating folds and
rough edges in the carbon sheets are evidence of the success-
ful synthesis of GO sheets as previously noted by several
authors. HR-TEM imaging enables one to visualize the inter-
nal, structural architecture of the prepared GO sheets, which
is not possible by FE-SEM. In contrast, HR-TEM provides a
clear picture of the internal structure of GO sheets at a reso-
lution of 2 microns. The layers of the GO sheets, resulting
from the reduction and oxidation processes occurring during
GO synthesis, can be readily seen in Fig. 5. The lateral thick-
ness of the GO sheets was ~9 nm. Selected Area Electron

Zeta Potential Distribution
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Fig.7 DLS of graphene oxide nanosheets
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Diffraction (SAED) is an attachment to HR-TEM system of
imaging that provides information on the underlying crys-
talline properties of the examined samples. SAED analysis
of the powdered GO sheets revealed the characteristic poly-
crystalline nature of the samples (Fig. 5b). The results of the
SAED analysis are in agreement with the results obtained
in the X-ray Diffraction (XRD) analysis, both of which have
revealed the polycrystalline structure of the GO sheets, due
to its crystalline lattice planes (Fig. 3). Thus, SAED studies
complement X-ray Diffraction studies for the examination
of GO nanomaterials. The relative crumpling nature which
is an indication of the successful formation of the GO sheets
is clearly seen from Fig. 5a. It is clearly understood that such
folded architecture bears a more robust rate of electronic
conductivity in its layered structure, which is thought to be
the responsible cause of the elicitation of the penetrating
cell inhibiting activity when subjected to in-vitro cell lines.
It is further anticipated that when the GO films bearing such
rough edges comes into contact with the soft membraned
cell systems like cancer cell lines, there undergoes an inter-
play of relative charge transfer mechanism between the tip of
the GO films and the outer layered charged membrane result-
ing thereby a formation of electrostatic interaction making
the cells susceptible to GO ingestion and thereby causing the
cellular dis-integrity and damage.

3.1.6 AFM Analysis

In the application of a nanoscale material in living systems,
local properties of a sample, such as height, friction, and
magnetism, should be carefully assessed. The atomic force
microscopy (AFM) analysis conducted in the present study
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provided information needed to determine its suitability for
use in different bio-applications. Rough undulations at dif-
ferent tapping voltages of the AFM tip can be observed in
Fig. 6. The thickness determined by AFM was in agreement
with the results obtained in the HR-TEM analysis of the GO
sheets. The charge distribution of the sheet at different elec-
trostatic voltages is indicated by the colored bar graph. It is
contemplated that as evident from the AFM images, the dif-
ferential charge distribution in mV for the GO films causes
a net interaction with the cellular membrane resulting into
membrane rupture of the cancer in-vitro cells. Topologically,
the 3D micrograph of the GO films (Fig. 6) makes it a clear
impression that due to the use of oxidizing and reducing
agents involved in the bottom-up synthesis of the GO sheets,
there is an observation of irregular peaks and strains noticed
in the micrographs. Such un-even exfoliated architecture
which is in corroboration with the TEM images, indicates
a better chance of cell inhibiting activity when tested into
different soft biological systems in-vitro.

3.1.7 DLS Measurements of {-Potential

GO exhibits a {- potential of -29.3 mV, which is thought to
be the most colloidal stable form (Fig. 7). An augmented
cytotoxic effect against cancerous cells is observed by GO
sheets due to its surface anionic charge. The percolation ten-
dency of GO sheets may be attributed to the average size
and overall tension occurring in the membranes of cancer-
ous cells, which ruptures the membrane and allows entry
of the material into the cell [57]. Endocytosis appears to
be the prime mechanism underlying the entry of GO sheets
into cells, however, further validation is required to confirm
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Fig. 10 Fluorescence and bright
field images of GFP-tagged
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Fig. 11 Cell viability of MDA-MB-231 and HaCaT after treatment
with different concentrations of GO nano formulations after 24 and
48 h

the mechanism by which GO sheets enter and exit living
cells [58]. The interface of GO sheets with biological cells is
also attributed to the electrical disruptions that occur at the
material-bio interface. In this regard, the dimensions, size,
shape, and intrinsic chemical composition of GO sheets play
a significant role in the net cytotoxicity of the nanoparticles
in biological systems [59].

The DLS analysis was repeated three times and a statisti-
cal significance of p <0.05 was achieved for the repeatability
of the experiments using a student’s- t test. Colloidal stabil-
ity of the GO was observed, which determines the surface

Bright field

Fluorescent

charge of the powdered GO sheets. The average colloidal
stability of the material was determined to be ~29.3 mV.

The experimentation has been repeated thrice and the
statistical significance of p <0.05 has been achieved for the
repeatability of the experimentations using students- t test.
Colloidal stability has been observed in this study which
determines how much is the surface charge existing over the
powdered sample when experimented. The average colloidal
stability of the material came to be ~29.3 mV upon triple
repetition of the experimentation. It is clearly understood
that the GO films of differential particle distribution and
colloidal stability makes it a potential candidate for the net
electrostatic interaction between the material and the cellular
architecture. The colloidal stability also enables to under-
stands the materials thermodynamical free energy associ-
ated with its intrinsic atomic configuration which makes it
a suitable biomaterial when tested into different biological
systems safely.

3.2 Anti-oxidant Assays

As indicated by previous studies, there are various types
of nanoparticles that can function in free radical scaveng-
ing and act as antioxidant agents [60, 61]. The antioxidant
properties of the prepared GO sheets were analyzed using
the DPPH radical scavenging assay and an H,O, assay.
Results indicated that the free radical scavenging activity
of GO sheets was concentration dependent (Fig. 8), with
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Fig. 12 Cell viability assay of
a GO treated MDA-MB-231

cell lines [24-hour post 1902
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Fig. 13 Cell viability [IC 50 value] of MDA-MB-231, HaCaT, after
treatment with different nano formulations [Dox: Doxorubicin [con-
trol], GO nanosheets] after 24 and 48 h. Error bar represents standard
deviation of mean. *p < 0.05. Significant difference (p< 0.05) within
a parameter between two lines is denoted by asterisk

scavenging activity increasing as the concentration of GO
sheets increased from 25 to 400 pug/ml. The ICs, value was
105.82 + 1.78 pg/ml. The mechanism of DPPH radical scav-
enging is achieved by the donation of hydrogen to the free
radical s [62]. H,0, radical scavenging activity was con-
centration dependent (Fig. 9). The IC, of H,0, scavenging
activity by GO sheets was determined to be 61.91 +1.14 ng/
ml. The intrinsic cytotoxicity of H,O, is due to the release
of OH- as H,0, is not in itself reactive in nature. Therefore,
any treatment regime employing the H,0, assay needs to
be carefully examined when dealing with the interface with
biological systems, specifically liver cells in vitro. The use of
a graphene-based treatment [graphene, rGO, and GO] in the
biological systems helps to counterbalance the free radicals
generated as a side effect of the peroxide assay in biological
systems. This needs to be taken into account when measur-
ing cytotoxicity and antioxidant activity of graphene-based
compounds in biological systems. The antioxidant activ-
ity of GO sheets is based on the overall physico-chemical
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properties of the GO materials [63]. The formation of the
radical adduct at the sp? carbon sites determines the anti-
oxidant activity of carbonaceous nanomaterials. The mini-
mization of free radicals generated in H,0, assays is also
mediated by the formation of the second adduct leading to
the donation of free radicals and a chelation system, thereby
inhibiting the Fenton-based free radical system making GO-
based antioxidant activity more prominent and significant
[61, 62]. Based on the results of the DPPH and H,O, assays,
it appears that the GO nanosheets are safe for the develop-
ment and use of biocompatible nanomaterials for different
healthcare applications.

3.3 Microscopic Studies of GO Invasion

The cellular uptake of GO nanosheet was studied using fluo-
rescent protein [GFP] tagged-MDA-MB-231 cells (Fig. 10).
The cells were treated with 100 pg/mL of GO for a period
of 48 h, after which the cells were visualized under a flour’s
fluorescence inverted microscope. The analysis of micro-
scopic images indicated that the clusters of nanoparticles
appeared in close vicinity to and in the cytoplasm of GFP-
MDA-MB-231 cells and was passively absorbed into the
cells in a time-dependent manner.

3.4 Cell Viability Assay

The HaCaT cells were treated with GO sheets in culture
at varied concentration (0.97 nM to 1000 nM) for 24 h at
37° C. The methyl thiazolyl diphenyl-tetrazolium bromide
[MTT] assay was used to evaluate Human keratinocyte
(HaCaT) cell viability upon treatment with GO nanosheet
(Fig. 11). The concentration dependent effect of GO sheets
on HaCaT cell viability was observed from assay results.
HaCaT cells exposed to 125 nM GO exhibited 99.26% level
of cell viability. The viability percentage, however, slowly
decreased as the concentration of GO increased. Exposure
to 1000 nM GO reduced cell viability of HaCaT cells to,
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73.43%. These results confirm that GO is relatively non-
toxic to normal cells as more than 50% of the cells were
viable, even at a higher concentration. Therefore, it appears
that GO nanosheets can be used for various potential bio-
logical applications due to its biocompatibility property. The
biocompatibility of GO with HaCaT cells has also been pre-
viously demonstrated in earlier studies [64].

The cell viability of GO treated breast cancer cells
[MDA-MB-231] was accessed in a similar manner. In con-
trast to results with normal cells (HaCaT), the cytotoxicity
assay of GO sheets with breast cancer cells [MDA-MB-231]
revealed significantly higher levels of cytotoxicity (Figs. 12
and 13). The treatment of the cancer cells with a~ 1000 nM
GO sheets for 24 h decreased cell viability to ~23.46%. A
time-dependent and dose-dependent cytotoxicity of GO
nanosheets against MDA-MB-231 cells have been previ-
ously reported [65, 66].

The percentage of viable cancer cells were decreased as
the concentration of GO increased. The percentage of viable
cells were 63.82 and 92.04% after treatment with 125 nM and
1.95 nM GO solutions, respectively. These results indicate
that MDA-MB-231 cells exhibit a concentration dependent
response in cytotoxicity. The cytotoxicity, however, did not
appear to be time-dependent as a similar percentage of viable
cells were observed after both 24 and 48 h of incubation with
the same concentration of GO sheets (Fig. 9). It is suggested
that ROS production plays a measure role in the mechanism
of cellular toxicity of GO sheets in human breast cancer cells
[MDA-MB-231] [66]. GO toxicity in cellular systems is also
determined by the biologically essential organelle, the mito-
chondrion, and the ROS that is generated and induces cellular
apoptosis when a material, such as GO sheets, are introduced
into a cell and disrupts metabolism [65]. In the case of treat-
ment with doxorubicin [control], the IC50 values are higher in
MDA MB 231 cells than HaCaT cells after both 24 and 48 h
of exposure. In contrast, the IC50 values for the GO treatment
were significantly lower in MDA MB 231 cells than in HaCaT
cells after both 24 and 48 h of exposure (Fig. 13).

4 Conclusions

The present study demonstrated the impact of GO sheets
on the viability of breast cancer cells. It was shown that
due to the rough edges, and the lesser number of available
defects in the structure of the GO sheets, the level of cyto-
toxicity towards the cancerous cells was very strong. GO
sheets have exhibited an architectural skeleton of C=C,
C-0, and C=0 bonds. , a polycrystalline morphology
bearing predominant (002) diffraction peaks at incident
angle of ~ 10° as evident from the X-Ray Diffraction analy-
ses. The obtained GO sheets exhibited an intrinsic lesser
/1 ratio possessing lesser quantifiable defect proportions

of ~ 1.05, which is much lesser as compared to previously
published work of ~ 1.35, making it thereby a potential and
biocompatible carbonaceous material to be used in bio-
systems for achieving an augmented therapeutic efficacy.
The morphology and surface properties of the as-prepared
GO sheets also supports the successful formation of lateral
thickness of ~9nm, with colloidal net stability of ~29.3
mV, indicating a thermodynamically more stable form of
GO sheets as compared to previously reported cases. The
morphology of the treated cells was also altered upon GO
solution exposure at different dosages, as when compared
to the untreated cells, indicating that the cancer cells had
been damaged by the GO treatment. GO-based treatment
of cancerous cells demonstrates the extreme potential and
capabilities of employing nanomaterials as an effective
carbon-based anti-cancerous agent in the treatment of
dreaded life-threatening diseases like cancers.
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