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ABSTRACT: Herein, we demonstrate a simple method to prepare graphene dispersions in an aqueous solution of DNA by the
sonication of bulk graphite. The use of a commercial double-stranded DNA as a stabilizer for graphite exfoliation without any
chemical modification is presented. The high energy sound waves cleave a double-stranded DNA into two single-stranded DNAs.
UV—vis spectral studies show that the nucleobases in the product are intact. Atomic force microscopy studies reveal that the size
of the obtained nanosheets can be enriched into smaller lateral dimensions using centrifugation. Raman spectroscopy suggests
that the defects found in the nanosheets induced by the sonication are edge defects, whereas the bodies of the sheets remain
relatively defect free. The graphene dispersions are extremely stable over a wide range of pH values, possessing high negative zeta
potential values. The anti-proliferative effect observed through in vitro cytotoxicity studies is supported by in vivo studies using
the zebrafish human tumor xenograft model. The migration of cancer cells in zebrafish embryos are inhibited by the graphene
nanosheet dispersion. The negatively charged nanosheet serves as a platform for the adsorption of gold nanoparticles with

positively charged surfaces.
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1. INTRODUCTION

Graphene, a two-dimensional lattice of carbon with a thickness
of a single atom’s diameter, is currently the most extensively
studied material because of its outstanding electronic,
mechanical and chemical properties.' * These unique proper-
ties make graphene and graphene-based materials promising
candidates in applications such as electronics, photonics, energy
storage, bioapplications, electrochemical devices, sensors,
composite materials, paints and coating.”~” Graphene research
has progressed rapidly because of its relatively simple and cheap
pioneering laboratory procedure to obtain a high-quality
product.' Nevertheless, the challenge for industrial applications
is to produce graphene on a large scale with the same
outstanding performance as the best samples obtained in
research laboratories. Currently, both physical and chemical
methods are employed to prepare graphene of various
dimensions, shapes and quality, including mechanical exfolia-
tion, chemical vapor deposition, epitaxial growth and liquid
phase exfoliation. Graphene was discovered using mechanical
exfoliation, although this method can result in pure graphene
sheets, the process is not economical and is impossible for mass
production.” Similarly, the yields of high-quality graphene
produced by methods such as chemical vapor deposition” and

-4 ACS Publications  © 2014 American Chemical Society

3347

epitaxial growth on SiC” are too low for large-scale application.
However, liquid phase exfoliation, especially the chemical
modification of graphite, has been known for years as a scalable
method. The chemical modification of graphite involves the
oxidation of graphite, followed by exfoliation in water to give
aqueous dispersions of graphene oxide, which is later reduced
chemically or by thermal treatment to graphene.'”'! However,
the oxidization process also exposes a large number of
structural defects within the graphene sheets that compromise
some of the properties and the unique morphology of the
pristine two-dimensional hexagonal carbon lattices.">"* Addi-
tionally, the multistep process involves toxic oxidizing and
reducing reagents, which increases the economic, safety, and
environmental costs involved in large scale production.

To overcome the drawbacks of the above method, simpler
liquid phase exfoliation methods have been developed to
directly exfoliate graphene from graphite without oxidation or
defect formation. These methods use specific solvents to
exfoliate and stabilize graphene in combination with the aid of
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sonication, which causes the graphite to split into individual
platelets, and prolonged treatment resulting in a significant
fraction of monolayer sheets in the suspension, which can be
further enriched by centrifugation."> ™' However, this process
also has its drawbacks because the solvents are expensive and
require special care while handling. In addition, some solvents,
such as N-methyl-pyrrolidone, ortho-dichlorobenzene and
benzylamine have high boiling points, making it difficult to
deposit individual monolayers onto the surfaces.">'¥** Most
importantly, water, the most useful solvent of all, does not
result in good dispersion of graphene as its solubility
parameters lie further away from the prerequisite values.”'
This issue was addressed by exfoliating graphite in surfactant-
water solutions in a manner similar to surfactant-supported
carbon nanotube dispersions.””>”>* In addition to surfactants,
biomolecules such as deoxyribonucleic acid (DNA), proteins,
and enzymes can also be used to exfoliate graphite, as it is
known to effectively debundle and disperse carbon nano-
tubes.*6 "

Exfoliation of graphene in water using biocompatible
materials is important because it is a necessary requirement
for potential application in biological or medical fields. The best
possible method to prepare such biocompatible graphene is to
utilize biomolecules to directly exfoliate graphite aided by
sonication. Among the biomolecules, DNA is the most popular
and extensively studied material when considering the
preparation of graphene-biomolecule hybrids.”*"** Apart
from its fundamental importance in biology, DNA is known
to possess specific recognition interactions that can interact
with graphene through hydrophobic adsorption and 7—x
stacking.*** There are a number of reports on the non-
covalent functionalization of 3graphene oxide and reduced
graphene oxide with DNA.”*"** However, to date there are
only two reports®>* on the direct exfoliation of graphite to
graphene using DNA aided by sonication. Both groups have
utilized single-stranded (ss) DNA, as a previous report
suggested that double-stranded (ds) DNA resulted in less
stable graphene suspensions, presumably because hydrophobic
interactions with the graphene surface were sterically hindered
by the base pairing of the nucleobases.”” The researchers
reported that ssDNA was obtained by heating dsDNA at 95 °C
for 1-2 h to break the hydrogen bonding between the two
polynucleotide strands, thereby separating them into two
ssDNAs. Subsequently, the objective of our work was to
prepare graphene directly from graphite with the aid of
sonication in the presence of DNA. We utilized dsDNA to
understand if the sonication would disrupt its double-helical
conformation to form cleaved ssDNAs, which could stabilize
the graphene nanosheets (GNs) by hydrophobic interactions
and n—r stacking. Additionally, GNs with smaller lateral
dimensions were targeted as a potential successful interface
with biological systems and to study its cytotoxicity behavior for
biomedical applications.>"**

Herein we report on the exfoliation of graphite to graphene
aided by sonication in an aqueous solution of dsDNA. The
exfoliated GNs have average lengths of 130 nm and thicknesses
of 0.8 nm, confirmed using AFM and Raman studies.
Additionally, the dispersion exhibits high pH stability in a
wide range of pH values (3 to 13). MTT assays were used to
study the in vitro cell viabilities of fibroblasts and cancer cells
after treatment with the DNA-supported GNs to check their
cytotoxicity and their antimigration properties for future
biomedical applications. In vivo studies were carried out
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using a zebrafish human tumor xenograft model to understand
the anti-proliferation properties of the GNs by studying the
cancer cell migration in zebrafish embryos. The electrostatic
interaction between the GNs and gold nanoparticles was
studied by adsorbing gold nanoparticles with a positive surface
charge, which were prepared using a basic protein, to the
surface of the GNs.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. Graphite powder (<20 um),
double-stranded DNA (from Herring testes, sodium salt), calf histone
(HIS), ethyl 3-aminobenzoate methanesulfonate salt (tricaine), and
taxol used for the experiments were obtained from Sigma Aldrich,
USA. 1,1’-dioctadecyl-3,3,3',3"-tetramethyl-indocarbocyanine perchlo-
rate (Dil) was purchased from Invitrogen. Deionized (Milli-Q grade)
water was used to prepare all of the solutions. Sonication was
performed with an ultrasonic processor (Sonics and Materials, Inc.,
model VC 750) equipped with a standard tip probe (diameter: 13
mm). The microwave system utilized a 10 mL pressurized vial and cap
that automatically vented when the vial internal pressure reached 300
psi. Absorption spectra were recorded on a PerkinElmer UV—vis
spectrophotometer (Lambda 750). Atomic force microscopy (AFM)
(Park System Corp, XE-Bio) in the contact mode was used to analyze
the thickness and length of the GNs. All AFM images were processed
using XEI software provided by Park System Corp. The samples for
AFM measurements were prepared by spotting S0 4L of a sample onto
a freshly cleaved mica surface. The mica substrate was carefully tilted
to allow the droplet to spread evenly on the mica surface. After 10
minutes, the sample droplet was removed by rinsing with deionized
water, and the mica surface was dried with compressed air before
imaging. Raman scattering studies were carried out using a Renishaw
InVia Raman spectrometer, with an excitation wavelength of 514 nm.
The zeta potential of the dispersions in aqueous solution was recorded
by light scattering using an ELS 8000 (Photal, Otsuka Electronics Co.
Ltd, Japan).

2.2. Preparation of DNA-Supported GNs and Gold Nano-
particle Hybrids. In a typical experiment, a 10 mL DNA solution
(0.5 mg/mL) was mixed with 20 mg of graphite powder to yield a 1:4
DNA:graphite mixture. The mixture was sonicated (cycles of S s ON
and 1 s OFF, the power of the ultrasonic tip was 60 %, 750 W) for 6 h
in an ice bath using a standard probe, resulting in a fine black
dispersion. The final products of the dispersion were collected from
the supernatant by employing a double-step centrifugation, 2500 rpm
for 30 min, followed by 5000 rpm for 30 min. The first centrifugation
removed the un-exfoliated graphite and multilayered graphene, which
led to a stable dispersion. The second centrifugation separated GNs of
smaller dimensions. Therefore, we considered these steps to be the
exfoliation and dispersion limits, and we used data from these steps to
calculate the graphene concentration in the dispersions. The histone-
coated AuNPs were prepared in 10 mL capped vials containing 5 mL
of an aqueous protein solution (1 mg/mL), KAuCl, (0.025 mL, 0.1
M) and AgNO; (0.005 mL, 0.1 M). The vials were microwaved at 250
W and 120 °C for 10 min. After cooling to 25 °C, the resultant
colloidal AuNPs were centrifuged at 15000 rpm for 15 min, the residue
was collected and mixed with 1 mL of the above obtained graphene
dispersion. The mixture was then sonicated under mild conditions for
15 min and then allowed to stand undisturbed for 12 h. The product
was collected as a residue obtained from centrifugation at 15000 rpm
for 60 min and then characterized.

2.3. Cell Culture and Cell Viability Test (MTT Assay). Mouse
embryonic fibroblasts (NIH-3T3) and human colorectal cancer cells
(HCT-116) were routinely maintained in Dulbecco’s Modified Eagles
Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS,
SIGMA) and 1 % antibiotic-antimycotic (GIBCO). The NIH-3T3
cells were originally obtained from the Korean Cell line Bank (Seoul,
Korea) and HCT-116 cells were purchased from the American Type
Culture Collection. All of the cells were cultured in a humidified
atmosphere containing 5% CO, and maintained at 37 °C. To assess
the effect of GNs on the viability percentages of the cells, MTT [3-(4,
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S-dimethylthiazol-2-yl)-2, S-diphenyltetrazolium bromide] colorimet-
ric assays were performed. The cells were seeded in 96-well plates at a
density of 5 x 10* cells/well and incubated for 24 h in 200 uL of
culture media at 37 °C. On the following day, the cells were further
treated with different concentrations of graphene samples prepared in
fresh media, substituting the prior culture media in which the cells
were seeded. After a 24 h incubation period, the media were removed,
the cells were rinsed with PBS, and again incubated with 40 uL of
MTT solution for 4 h. The supernatant was then removed carefully,
and dimethyl sulfoxide (Junsei Chemical Co. Ltd) was added to each
well to dissolve the purple formazan produced by the MTT. The
absorbance was measured using a microplate reader (FL600,
Microplate Fluorescence Reader, Bio-Tek Company) at a wavelength
of 570 nm. All experiments were carried out in triplicates. The
concentration of the sample causing 50% inhibition of proliferation of
the cells (ICS0) was determined by plotting the percentage of cell
viability versus the sample concentrations.

2.4. Zebrafish Human Cancer Cell Xenograft Model. Zebrafish
were maintained in accordance with standard guidelines. Care and
treatment of the zebrafish were conducted in accordance with
guidelines established by the Animal Care and Ethics Committee of
the Gwangju Institute of Science and Technology, Republic of Korea.
Zebrafish embryos were obtained using standard mating conditions
and staged for cell xenoplantation at 48 h post fertilization. Each
treatment group was comprised of 20 embryos. After staining of the
cancer cells, the embryos were de-chorionized using micro-forceps and
anesthetized with 0.0016 % tricaine and positioned on their right side
on a wet 1.0 % agarose pad. Tumor cells were detached from the
culture dishes using 0.05 % trypsin-EDTA and washed twice with PBS
at room temperature. The cells were stained with 2 yg/mL Dil diluted
in PBS and washed four times: once with FBS, twice with PBS and
then once with 10 % FBS diluted in PBS. The cells were kept on ice
before injection. Cancer cells were counted by microscopy, suspended
in 10% FBS and injected into the center of the yolk sac using an
injector (PV820 pneumatic picopump, World Precision Instruments)
equipped with borosilicate glass capillaries (World Precision Instru-
ments, FL, USA). Injected embryos were transferred to a 96-well plate
(one embryo/well) containing the GNs in 200 xL E3 media (without
methylene blue). The number of embryos exhibiting cancer cell
dissemination from the injection site was counted using upright
fluorescence microscopy (Leica DM2500 Microscope, Germany).
Representative pictures were also captured using upright microscopy.
The student’s t-test was used for comparison between experimental
groups (Microsoft Excel). P values of 0.05 were considered significant.

3. RESULTS AND DISCUSSION

The ultrasonication process implodes the cavitation bubbles
formed in the solution, creating high pressures and temper-
atures, while the implosions also cause violent high-speed
collisions between particles.’” We speculate that this extreme
transient condition, produced during acoustic cavitation,
dissociates the hydrogen bonding between the dsDNA
nucleobases leading to two ssDNA. To investigate the
concentration of DNA in the dispersion after sonication, a
DNA solution was sonicated for 6 h without graphite, and the
solution was then studied using UV—vis spectroscopy. DNA
exhibits a strong absorbance at 260 nm,*® and this absorbance
peak was also present in the DNA solution sonicated for 6 h.
The nucleobases containing the conjugated 7z bonds are
responsible for the strong absorbance peak at 260 nm, the
presence of this peak indicates that the structural integrity of
the nucleobases are retained even after sonication for 6 h. To
determine the actual DNA concentration after sonication,
samples with five different and known DNA concentrations
from 0.1 to 0.5 mg/mL were prepared and studied using a
UV—vis spectrophotometer. The absorbance values of the
samples were recorded and, as expected, the absorbance
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Figure 1. (A) Absorption spectra of the graphene dispersions and (B)
graphene concentration plot as a function of initial graphite
concentration.

intensity was dependent on the DNA concentration. Figure S1
in the Supporting Information shows a comparative absorption
plot of the known DNA concentrations and the unknown
sonicated DNA sample. The concentration of the DNA in the
sonicated solution was approximately 0.5 mg/mL, which was
the initial concentration used for the study. Therefore, the
above study clearly demonstrates that even though the
sonication causes the cleavage of the hydrogen bonds between
the nucleobases, it does not affect the structure and
concentration of the nucleobases in the dispersion.

The graphene concentrations in the dispersions were
determined by UV—vis absorption spectroscopy as follows.**
The supernatant obtained after the second centrifugation step
was freeze dried, and the powder collected and weighed. Five
samples of different and known concentrations (mg/mL) were
prepared and their UV—vis absorption at 660 nm was measured
(see Figure S2A in the Supporting Information). The
concentrations and the 660 nm absorbance afforded the linear
calibration curve shown in Figure S2B in the Supporting
Information. The extinction coefficient, ag = 13.67 mL mg™'
cm™!, obtained from the slope of the calibration curve, was used
to determine the sample concentrations through the Beer—
Lambert law (A = agCgl). To determine the maximum
concentration of graphene that can be obtained by this method,
we carried out reactions with variable initial graphite
concentrations, followed by absorption studies. Sonication
was performed for 6 h with a fixed concentration of DNA, 0.5
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Figure 2. Morphological analysis of nanosheets in DNA-G2: (A) AFM image of graphene nanosheets. Statistical analysis of the nanosheets: (B)

thickness, (C) length, and (D) width.

mg/mL, in a 10 mL aqueous solution, whereas the initial
graphite feed amounts varied from 10 to 150 mg/mL. The
black dispersion obtained after the sonication was centrifuged
and the resultant dispersion was subjected to absorption studies
(Figure 1A). The absorbance value at 660 nm for each of the
products was used to determine the respective concentration of
graphene in the dispersion. The maximum graphene concen-
tration (2.29 mg/mlL, Figure 1B) was achieved with an initial
graphite feed of 100 mg, while initial graphite feeds above 100
mg resulted in poor graphene dispersion. We speculate that this
poor dispersion arose from insufficient penetration of the
sound waves into the highly concentrated graphite solution.
Therefore, cavitation, which is responsible for the exfoliation
process, could not occur.

The morphology, thickness, length, width and aspect ratio of
the GNs were explored using AFM. A large-area image of the
GNss is shown in Figure 2A. The AFM images clearly indicated
that the GNs were small, possessing dimensions less than 200
nm. Dimensions (length, width, aspect ratio, and thickness) for
50 graphene flakes were measured, and the statistical analyses
are plotted in Figures 2B—D. The average length and width of
the GNs were both 128 nm, corresponding to an aspect ratio of
1. The average thickness of the GNs was 0.71 nm,
corresponding to approximately single or bilayer GNs.** To
compare the dimensions of the 2nd centrifugate shown above
with the first centrifugate, AFM studies were also carried out on
the 1st centrifugate sample. Results suggest that the GNs were
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slightly thicker and larger in lateral dimension, with an average
thickness of 1.3 nm and length of 235 nm (Figure 3).

To obtain graphene sheets with smaller lateral dimensions,
we carried out sonication for 6 h using a high power sonic tip.
During the sonication process, as the large graphite crystallites
are exfoliated and cut into smaller sheets, the introduction of
edge defects was unavoidable. The quality of the GNs was
assessed using Raman spectroscopy, which allowed a non-
destructive identification of the number of layers in the GNs.
Comparative Raman studies for the 1st and the 2nd
centrifugate were conducted to develop a better understanding
of the defects induced by the sonication. Raman spectra for the
graphite powder and the DNA graphene samples, DNA-G1
(1st centrifugate) and DNA-G2 (2nd centrifugate), are shown
in Figure 4. The three most intense peaks were observed at
~1350 cm™ (D band), ~1580 cm™ (G band) and ~2700
em™! (2D band).">'®** In addition to the G and 2D peaks in
DNA-G, the presence of the significant D peak, the D’ shoulder
peak and the combination mode D + D’ at 2950 cm™!
confirmed graphite exfoliation.*' The presence of the D band
suggested either edge or topological defects in the sheets' '
because this sp>-carbon breathing mode requires a defect for its
activation. The D-band intensity is directly related to the
amount of disorder in the graphene sheets. The size of the
defect-free sp” cluster regions is inversely related to the D band
to G band intensity ratio (Ip/Ig).* The Ip/I; for DNA-G1 and
DNA-G2 samples was calculated to be 0.61 and 0.79,
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Figure 3. Morphological analysis of nanosheets in DNA-G1: (A) AFM image of graphene nanosheets. Statistical analysis of the nanosheets: (B)
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Figure 4. Raman spectra of graphite powder and the DNA-supported
graphene nanosheets.

respectively, indicating that relatively defect-free GNs were
produced. These values are significantly lower than the
graphene sheets obtained from GO reduction by hydrazine
(In/Ig ~ 1.44)."" Therefore, our approach for exfoliating
graphite in water using DNA produced GNs with significantly
fewer defects. However, it remains to be determined if these
defects are on the basal plane of the graphene sheets or defects

3351

associated with new edges. Coleman and coworkers reported
that as the centrifugal rotation times are increased for samples
prepared using the same sonication time, the size of the sheets
decrease and the Ij/I; values increase. They concluded from
this study that the observed defects are associated with the
edges and the bodies of the sheets are relatively defect free.'” A
similar behavior is also observed in our work, therefore, we
compared the Ip/I; values for DNA-G1 and DNA-G2 and
found that more defects are induced in the later sample. This is
because DNA-G2 is centrifuged at a higher speed in
comparison to DNA-G1, resulting in sheets with smaller size
to be retained in the dispersion (Figure 4). Hence, these
smaller sheets have more edges per unit mass resulting in an
increase in edge defect population, which concurs with the
above report. Additionally, the lack of G-band broadening also
implied that the D-band defects originate from new edges and
not from basal-plane defects. The 2D peak appeared because of
the activation of two phonons with identical momentum. No
defects are required for this activation; the 2D band is always
observed, even when no D band is present. Green and Hersam
reported that as the graphene sheet thickness increased, I,p/Ig
decreased steadily from a high of 2.1 + 0.2 for single-layer
graphene to 0.8 + 0.1 for quadruple-layer graphene.”> We
collected spectra from at least 15 different locations and
determined the I,,/I; mean value as 0.6, which corresponded
to approximately S or less layers. Because we used a 2 pm laser
beam and the prepared GNs had dimensions less than 150 nm,
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we Dbelieve that a large number of sheets were exposed.
Moreover, the GNs may stack during the Raman sample
preparation and result in single or bilayer graphene appearing as
three or more layers. Therefore, the Raman spectrum obtained
was a cumulative spectrum of 2 ym radius sheets. By comparing
the AFM and the Raman data, we confirmed that the number
of layers in the GNs was less than 3.

Understanding the correlation between pH and the zeta
potential is important to understanding how the dispersion
would behave in the human body, which differs with varying
pH conditions. Zeta potential is the electrical potential
difference between the dispersion medium and the stationary
layer of fluid attached to the dispersed particle. In other words,
it is the overall charge a particle acquires in a specific medium.
The magnitude of the zeta potential gives an indication of the
potential stability of the colloidal system. If all the particles have
a large negative or positive zeta potential, they will repel each
other, resulting in dispersion stability. If the particles have low
zeta potential values, then there is no force to prevent the
particles from coming together and the dispersion is unstable. A
dividing line between stable and unstable aqueous dispersions is
generally observed at either +30 or —30 mV. Particles with zeta
potentials more positive than +30 mV or more negative than
—30 mV are normally considered stable. The most important
factor affecting the zeta potential is pH. We observed in a
previous study, related to lysozyme-supported graphene, that as
we added an acidic solution to the dispersion, the nanosheets
acquired more positive charge. When a basic solution was
added, there was a negative charge buildup on the nanosheets.
The zeta potential versus the pH curve was positive at low pH
values and negative at high pH values. There was a point at
which the curve passed through zero zeta potential that lead to
a highly unstable dispersion, and a clear solution was observed
(unpublished results). This behavior was also observed in a
similar study done by our group with carbon nanotubes
dispersed using lysozyme.*® The pH sensitivity of the DNA-
supported graphene dispersions was analyzed by subjecting the
aqueous dispersion to pH-dependent zeta potential titration
studies using a zeta potential analyzer. The negative zeta
potential values in Figure S indicate that the GNs are negatively
charged. A low negative zeta potential value at pH of 1 is
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Figure S. Variation in the zeta potential of DNA-supported graphene
nanosheets as a function of the pH in the aqueous medium. The inset
shows the pictorial representation of the negatively charged DNA-
supported graphene nanosheets.
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observed and, as the pH increased, the values also increased,
coming to almost a constant value between pH values of 7 and
13. Under highly acidic conditions, the concentration of H*
ions in the dispersion increases, these are attracted by the
negatively charged GNs, which lead to a low negative zeta
potential value. When the concentration of H* ions in the
solution is decreased with an increase in pH (3 to 7), the
relative number of positive charges in the dispersion decreases,
thereby leading to higher negative zeta potential values. Above
a pH of 7, when OH™ ions are replaced by H' ions in the
dispersion, there is no substantial change in the zeta potential
values, which shows that OH— ions are repelled by the
nanosheets and are unaffected. It is interesting to note that the
zeta potential values lie above —30 mV at all of the pH values
expect a pH value of 1, which corresponds to high stability.
These results clearly demonstrate that the GNs contain a
negative surface charge that is stable over a long range of pH
values. Because the DNA is highly polymerized and contains a
large number of negative phosphate groups, it is not possible
for the GNs to attain a dominant positive surface charge, even
at the highest H" ion concentrations.

The presence of a dominant negative charge on the GNs is
an interesting feature to study for bioapplications, as reports
suggest that the negatively charged nanomaterials are
internalized by the cells to a lesser extent than their positively
charged counterparts.*>™* Xia and coworkers reported that
when positively charged gold (Au) nanospheres are attached to
a negatively charged cell surface, the cell membrane will
attempt to maintain the original charge distribution by getting
rid of the attached Au nanospheres through endocytosis or
other pathways that cause the cell membrane to lose its rigidity.
Thus, positively charged Au nanospheres will be internalized
more easily by the cells than other types of Au nanospheres.*
Compared to the negatively charged cell surface, positively
charged surface sites are scarcer on the plasma membrane, but
previous reports have revealed a mechanism by which anionic
nanoparticles could be absorbed.** The negatively charged
nanoparticles that approach the cell surface are repelled by the
negatively charged cell surface, which leads to a cluster
formation that binds nonspecifically onto the cationic sites of
the plasma membrane, resulting in subsequent endocytosis.
Hence, negatively charged nanoparticles are internalized by
cells but to a lesser extent than that of the positively charged
nanoparticles.** This was confirmed in our previous study on
protein-supported graphene, where the positively charged
nanoparticles exhibited lower cell viability. Therefore, we
expected the DNA-supported GNs to show better biocompat-
ibility and higher cell viability; hence, cytotoxicity studies were
carried out to evaluate their biocompatibility and cytotoxicity
for its potential use in biomedical applications. The in vitro
cytotoxicity of the samples DNA-G1 and DNA-G2 were
investigated by conducting MTT assays with mouse embryonic
fibroblasts (NIH-3T3) and human colorectal cancer cells
(HCT-116) at four different concentrations. DNA-G1 showed
higher cell viability towards both the cell lines, whereas DNA-
G2 displayed lower cell viability with IC50 values of 72 and 47
ug/mL for NIH-3T3 and HCT-116, respectively. We speculate
that this difference in cell viability is a result of the difference in
the lateral dimensions and thickness of the GNs. The average
lateral dimensions of the GNs in DNA-G2 are 100 nm smaller
and 0.6 nm thinner than DNA-GI, thus they are internalized by
the cells with greater ease. DNA-GI exhibited a higher IC50
value for fibroblasts (72 ug/mL) than for the cancer cell line
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(47 pg/mL), which clearly indicates that the GNs were more
toxic to the cancer cells than the fibroblasts (Figure 6). The
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Figure 6. Cell viability studies using MTT assay on (A) NIH-3T3 and

(B) HCT116 cells treated with nanosheets prepared using DNA in
aqueous solution.

differences in cell viability can be explained by the zeta potential
values of the dispersions at a pH of S (acidic pH, pH in cancer
cells) and a pH of 7 (neutral pH, pH in normal cells).*® The
zeta potential values at pH values of 5 and 7 were —39.4 and
—43.9, respectively. Although this difference might look small,
it is clear that the GNs containing fewer negative charges are
internalized easier than the GNs with a higher negative charge.
Thus, because of the lower negative charge on GNs at a pH of
S, the cancer cells internalize a greater number of GNs, which
disrupts the signaling process and leads to cell death.
Comparatively, the normal cells with a pH of 7 internalize a
tewer number of GNs, resulting in fewer cell deaths.
Preventing metastasis, the spread of cancer cells from a
primary tumor to a secondary site, represents an important
therapeutic approach to cancer treatment.*” To assess the anti-
proliferative effect of the GNs in vivo, we studied the cell
migration, the first step in metastasis, using the zebrafish human
tumor xenograft model. In zebrafish cancer models, tumors can
develop at various organ sites and show striking histologic and
genetic similarities with their human cancer counterparts.
Moreover, this model has established itself as a validated and
convenient assay for testing anticancer drug candidates in vivo.
In addition, zebrafish is a relevant vertebrate platform for
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predicting toxicological effects in mammals.**~*° The optimal

concentrations of the samples used for these studies was
obtained from the in vitro cytotoxicity studies for the HCT-116
cancer cells. The concentrations, 50 and 75 ug/ml, were
chosen based on the IC50 and IC30 values, respectively. Before
carrying out the antimigration activity studies, the biocompat-
ibility of the GNs were studied by placing zebrafish embryos at
50 and 75 pg/mL for three days at a temperature of 31 °C.
After 3 days, it was observed that all the embryos were alive and
healthy, confirming that the GNs are highly biocompatible. For
antimigration studies, the cancer cells were injected into the
yolk-sac of the embryos and incubated at 31 °C for three days
after which the studies on the migration of the cancer cells were
complete. For a comparative study and as a standard, similar
experiments were carried out with 50 nM Taxol, a commercially
available anticancer drug. Xenografted embryos exhibited 68 =+
5.0 % (P value = 0.010) and 74 + 13.2 % (P value = 0.014) (see
Figure S3 in the Supporting Information) of cancer cell
dissemination by S0 ug/mL and 75 pg/mlL, respectively, for
GNs treatment. The control group (untreated) and the Taxol
treated embryos showed 82 + 6.7 % and 67 + 4.7 % of
embryos with cancer cell dissemination, respectively. Repre-
sentative pictures taken at 6 days post injection are shown in
Figure 7. These results suggest that the 50 ug/mL graphene
sample inhibits the cancer cell proliferation in vivo, resulting in
decreased cancer cell dissemination similar to that of 50 nM

Figure 7. Representative fluorescent images and merged DIC:fluor-
escent images showing effect of (A) control, (B) S0 nM Taxol, (C) SO
and (D) 75 pg/mL of graphene nanosheets on xenografted cancer cell
dissemination. Arrows indicates tumor foci disseminated from the
injection site (yolk sac). Bar = 200 mm.
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Figure 8. TEM images of the graphene nanosheet/gold nanoparticles hybrid at different magnifications.

Taxol. Although the 50 pg/mL inhibits the cancer cell
proliferation by 14 % compared to the control, the 75 ug/
mL showed only 8 % inhibition. This could be a result of the
agglomeration of the GNs inside the embryo as observed in
Figure 7D, preventing them from internalizing into the cancer
cells. Therefore, the in vitro and in vivo studies suggest that if
appropriate concentrations are formulated, these DNA-
supported GNs on their own can be used in cancer therapy.

Graphene-based hybrids, especially metal-nanoparticle hy-
brids, have gained significant interest in energy and sensing
applications.”” To study whether the prepared negatively
charged GNs could be used to electrostatically adsorb positively
charged nanomaterials, we prepared gold nanoparticles
(AuNPs) using histone, a protein that associates with DNA
in the nucleus and helps condense it into chromatin. Histones
are basic proteins, and their positive charges allow them to
associate with the negatively charged DNA. The GNs and
AuNPs with zeta potentials of —6129 and +49.09 mV,
respectively were prepared separately and mixed followed by
mild sonication. The mixture was then allowed to stand
overnight and was analyzed using TEM. Figure 8 shows the
TEM image of a single graphene sheet that has a uniform and
large number of gold nanoparticles with a diameter of 12 nm
adsorbed onto the graphene. It was surprising to observe that
the size of the graphene sheet was increased, we speculate that
this could be a result of the Iayer-bgr—layer self-assembly of the
nanoparticle embedded in the GNs.>> The zeta potential of the
product was —45.10, which shows that the high negative zeta
potential of the graphene nanosheets was lowered on
adsorption of the positively charged gold nanoparticles.
Although these results show that positively charged gold
nanoparticles can be adsorbed onto GNs, more information,
such as adsorption studies on negatively charged AuNPs and
other metal or metal oxide nanoparticles is still needed to
understand the adsorption properties of these negatively
charged GNs.

4. CONCLUSION

In summary, we have developed a simple method to directly
exfoliate graphene from graphite in the aqueous phase with the
assistance of dsDNA. The high energy produced during
acoustic cavitation dissociates the hydrogen bonding between
the dsDNA nucleobases resulting in two separate ssDNAs.
These ss-deoxyribonucleotides then interact with the exfoliated
graphene through hydrophobic forces and non-covalent 7—7x
bonding, preventing the graphene from restacking or
agglomerating. The hydrophilic sugar-phosphate backbone
aids the dispersion of graphene in water and results in stability
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for more than a year. The negative charge on the surface of the
GNs was confirmed by pH-dependent zeta potential analysis.
UV—vis spectroscopic analysis was used to determine the
concentration of graphene in the dispersion and a maximum
concentration of 2.29 mg/mL was obtained using this method.
As the lateral dimensions of the sheets become smaller, an
increase in the defects was observed, Raman analysis confirmed
that these defects were primarily edge defects, not basal-plane
defects. In vitro cytotoxicity studies revealed lower cell viability
towards cancer cells in comparison to fibroblasts. In vivo results
show that the GNs are highly biocompatible and display dose-
dependent inhibition of cancer cell dissemination in the
zebrafish xenograft model. Therefore, by formulating appro-
priate concentrations, these GNs can be used as anti-
proliferative agents. The negatively charged nanosheet adsorbs
positively charged gold nanoparticles, which shows promise for
toxic metal ion adsorption and the nanoparticle hybrids for
energy and sensing applications. The prepared GNs also show
promise for use in biomedical applications because of their high
stability and biocompatible DNA surface.
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