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Curcumin (as a natural reductant material) was utilized for green reduction and functionalization of chemically
exfoliated graphene oxide (GO) sheets. The m—m attachment of the curcumin molecules onto the curcumin-
reduced graphene oxide (rGO) sheets was confirmed by Raman and Fourier transform infrared spectroscopies.
Zeta potential of the GO sheets decreased from about —40 mV to —20 mV, after the green reduction and
functionalization. The probable cytotoxicity of the curcumin-rGO sheets was studied through their interactions
with two human breast cancer cell lines (MDA-MB-231 and SKBR3 cell lines) and a normal cell line (mouse fibro-
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Grﬁghene blast L929 cell line). The curcumin-rGO sheet with concentrations <70 pg/mL in the cell culture medium, not only
Curcumin exhibited no significant toxicity and/or cell morphological changes, but also caused some cell growths (~25%
Cell viability after 48 h incubation time). Nevertheless, at 70 pg/mL, initiation of some cell morphological changes was ob-

Cancer cells served. At higher concentrations (e.g., 100 ug/mL), some slight cytotoxic effects (resulting in ~15 — 25% cell de-
struction) were detected by MTT assay. In addition, the interaction of the rGO sheets and cells resulted in
apoptosis as well as morphological transformation of the cells (from elongated to roundup morphology).
These results indicated the concentration-dependent toxicity of functionalized-rGO nanomaterials (here,

curcumin-rGO) at the threshold concentration of ~100 pg/mL.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Graphene, as one of the most promising nanomaterials in upcoming
nanotechnology-based bioapplications [1], has attracted many atten-
tions in recent years. In this regard, it efficiently utilized in bactericidal
[2-6], antiviral [7] and nematocidal [8] purposes and applied in disease
diagnosis [9], extremely sensitive biosensing [10-12], stem cell-based
tissue engineering [13-15] as well as neural cell proliferation, differen-
tiation and network regenerations [16-19], drug delivery [20,21], and
cancer cell imaging, targeting as well as therapy [22-25].

Due to potential cyto- and geno-toxicity of graphene, even at low
concentrations (~10 pg/mL) [26,27], further attentions and treatments
are required in bioapplications of graphene, especially in drug delivery
and cancer therapeutic applications which usually require high concen-
trations of graphene (typically >10 pg/mL) [28-30]. Recently, it was
shown that functionalized graphene sheets can exhibit lower cytotoxic
effects [31-33]. Moreover, it was found that some green reductants
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having aromatic structures, such as vitamin C [34], melatonin [35,36],
polyphenols of green tea [37,38] and ginseng [32], can not only reduce
graphene oxide (GO) sheets, but also functionalize the reduced
graphene oxide (rGO) ones through m-m attachment of the reductant
molecules onto the rGO surface. Recently, it was found that green tea
polyphenol-functionalized rGO sheets can also decrease the reactive ox-
ygen species (ROS) generated in cell culture media, while hydrazine-
GO sheets induce more ROS generation [39].

Among the natural reducing agents, curcumin (as the main
component and coloring agent in the rhizomes of curcuma longa
(zingiberaceae)) is known as one of the effective natural antioxidants.
For example, it has successfully been utilized in many therapeutic applica-
tions as antioxidant, anti-inflammatory, and anticancer agent [40,41].
There are also some recent reports concerning application of curcumin
in synthesis and functionalization of nanoparticles having antioxidant
properties [42]. But, so far, no investigation has been reported about syn-
thesis and functionalization of rGO sheets by curcumin.

In this work, at first, curcumin was utilized for simultaneous reduc-
tion of chemically exfoliated GO sheets and functionalization of the rGO
ones. The m-m attachment of the curcumin molecules onto the rGO
sheets was studied by Raman and Fourier transform infrared (FTIR)
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spectroscopies. Then, the potential concentration-dependent cytotoxic-
ity of the curcumin-functionalized rGO sheets (with concentrations up
to 100 pg/mL) was investigated against two human breast cancer cell
lines and a normal mouse cell line using MTT assay and monitoring
the cell morphological changes.

2. Experimental
2.1. Synthesis of GO

Graphite oxide was synthesized by using a modified Hummer's
method, as its details reported previously [43]. In summary, 0.5 g graph-
ite powder (<20 pm, Fluka) was added into 23 mL sulfuric acid (98%,
Merck) in an ice bath. Then, 0.5 g KMnO,4 was gradually added into
the mixture and stirred with for 10 min. After that, 2 g NaNO3; was
added into the solution and stirred again for 3 h at 35 °C. The obtained
solution was diluted by adding 40 mL deionized (DI) water. The reaction
in the solution was over by adding a clear solution of DI water and H,0,
(30%). The obtained graphite oxide suspension (with a light yellow
color) was washed with diluted HCI (with a volume ratio of 1:10 for
HCl to DI water) to remove the residual ions. Finally, the materials of
the suspension were filtered using a filter paper and washed with DI
water for several times till pH of the aqueous graphite oxide suspension
(with a brown color) reached to ~5. Then, the graphite oxide suspension
was sonicated at a frequency of 100 kHz with power of 120 W for
40 min to exfoliate the graphite oxide to GO sheets. Then, the sonicated
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suspension was centrifuged at 3500 rpm for 30 min to remove the
unexfoliated materials.

2.2. Reduction of GO by curcumin

For the reduction of the GO suspension, 5 mg curcumin (1,7-bis[4-
hydroxy-3-methoxyphenyl]-1,6-heptadiene-3,5-dione) was dissolved
in the 10 mL ethanol to obtain a uniform yellowish solution. Then, the
curcumin solution was gradually added into the homogeneous GO sus-
pension, while it was stirred. Then, 10 pL of ammonia solution was
added into the curcumin-GO suspension in order to increase its pH to
10. This resulted in better stability and homogeneity of the curcumin-
GO suspension. The suspension was heated at 85 °C for 120 min. Finally,
the obtained curcumin-rGO suspension (with black color) was dialyzed
by using a dialysis pack and centrifuged at 3000 rpm for 20 min to re-
move any residuals (especially the ammonia) and control the pH ~7.

2.3. Material characterization

The sheet-like morphology of the curcumin-rGO sheets was exam-
ined by transmission electron microscopy (TEM). For sample prepara-
tion, at first, the rGO sheets were dispersed in ethanol and a drop of
sample was placed on a copper grid coated with a carbon film. Then,
the loaded grid was dried in air at room temperature. The surface topog-
raphy and height profile of the graphene sheets were studied by atomic
force microscopy (AFM, Digital Instruments NanoScope V) in tapping
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Fig. 1. a) TEM and b) AFM images of curcumin-rGO sheets. (c) shows height profile diagram of the rGO sheets marked by a line in (a).
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mode. The samples for AFM imaging were prepared by drop-casting a
diluted graphene suspension (10 pg/mL) onto a cleaned SiO,/Si(100)
substrate. Raman spectroscopy (HR-800 Jobin-Yvon) was performed
at room temperature using an Nd-YAG laser source operating at a
wavelength of 532 nm. The samples for Raman spectroscopy were
prepared by drop-casting the graphene suspension onto the cleaned
Si0,/Si(100) substrates. UV-vis spectrophotometer (UV-2550 UV-vis
SHIMADZU) was utilized to record the absorption spectra of the
graphene suspensions. FTIR spectra of the samples were obtained by
using an EQUINOX 55, Bruker. The samples were prepared by grinding
the graphene powders (obtained through precipitates of the dried
suspensions) along with KBr, and compressing into thin pellets.
Thermo-gravimetric analysis (TGA) and differential scanning calorime-
try (DSC) were performed using a SDT Q600 V8.3 Build 101 system at a
ramp rate of 1 °C/min up to 1000 °C in a nitrogen environment with
flow of 100 mL/min. X-ray photoelectron spectroscopy (XPS) was ap-
plied to analyze the chemical state of carbon atoms in the GO and
curcumin-rGO samples. The XPS data were gathered by a hemispherical
analyzer supplied by an Al Ko X-ray source working at an energy of
1486.6 eV in a vacuum better than ~10~7 Pa. The XPS peaks were cali-
brated by fixing the Au(4f7/2) corelevels of the samples coated by a
thin Au layer (using a desktop sputtering system (Nanostructured Coat-
ing Co., Iran)) at 83.7 eV. Then, the XPS peaks were analyzed by
deconvolution using suitable Gaussian components after a Shirley back-
ground subtraction. X-ray diffraction (XRD) patterns were obtained by
using a Philips X'Pert Pro MRD system with Nxay of 1.54 A. Zeta
potential of the rGO sheets dispersed in sodium phosphate buffer
(PBS) at pH ~7 was measured by a Malvern Instrument Ltd.-UK.

24. Cell assays

Viability of the cells exposed to the graphene samples was checked
by using MTT assay as a colorimetric and non-radioactive assay. In
fact, MTT assay is based on cellular uptake of 3-[4,5-dimethylthiazol-
2yl]-2,5-diphenyltetrazoliumbromide (MTT) and subsequently reduc-
tion in the mitochondria of living cells into dark blue formazan crystals.
MTT viability assay was performed using breast cancer cell lines (MDA-
MB-231 and SKBR3) and a mouse fibroblast (L929) cell line (applied as a
normal cell) which were prepared from Pasture Institute of Iran. The
cancer cells (typically ~2 x 10% cells) and L929 normal cells (typically
~5 % 10% cells) were grown in 48-well plates and cultured in minimum
essential medium Eagle (MEM), supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin at 37 °C under 5% CO,, for 24 h followed
by washing using serum-free MEM and incubated with different con-
centrations of graphene. The curcumin-rGO sheets used for viability
assay were also put in an autoclave at 120 °C for 20 min. After 48 h in-
cubation, 100 pL of MTT was added into each 48-well plate, followed
by 2 h incubation at 37 °C under 5% CO,. Finally, the suspended
graphene sheets were removed by centrifuging at ~20,000 rpm for
15 min and then the supernatant was collected. The insoluble formazen,
which was produced by live cells, was solubilized in dimethylsulfoxide
(DMSO), and then, optical density (OD) of each well was monitored at
570 nm using a micro plate reader (Bio-Tek ELX8000). Meantime, the
OD at 655 nm was considered as the reference. The absorbance recorded
by a microplate was used for calculation of the survival cells using the
following equation:

MTT assay(cell viability %) = (sample abs 570 nm)/(control abs 570 nm) x 100

The surface topography and height profile of the MDA-MB-231 cell
line and graphene sheets embedded in the cells were studied by AFM
in tapping mode. To do this, cleaned SiO,/Si(100) substrates were im-
mersed in 2-well plates containing curcumin-rGO (~10 pg/mL in the
culture medium). Then, the substrates were removed from the wells
and the breast cancer cells were fixed using glutaraldehyde followed
by drying at 37 °C for 20 min.

3. Results and discussion

Fig. 1a shows TEM image of one of the curcumin-rGO sheets. It pre-
sents the sheet-like morphology of the curcumin-rGO materials with a
high transparency (because of their atomic thicknesses). The wrinkles
of such thin sheets are also observable in the image.

Fig. 1b presents AFM image of some curcumin-rGO sheets deposited
on the SiO,/Si substrate. The height profile diagram of the sheets is also
shown in Fig. 1c. It is well-known that the typical thickness of single-
layer GO sheets is ~0.8 nm, that is, ~0.44 nm thicker than the typical
thickness of graphene (~0.36 nm), due to bonding the oxygen-
containing functional groups on each side of GO [44-46]. Fig. 1c shows
that thickness of the curcumin-rGO sheets is ~1.5 nm, while our AFM
analysis indicated that the average thickness of the synthesized GO
sheets was ~0.8 nm (see, for example, [47]). The increase in the thick-
nesses of the reduced sheets (as compared to the GO ones) was assigned
to m—m attachment of curcumin molecules on both sides of the reduced
sheets, as previously demonstrated for other aromatic molecules [48],
such as ginseng [32], vitamin C [34], melatonin [35], and polyphenols
of green tea [37]. AFM, TEM and scanning electron microscopic images
of GO sheets were previously reported elsewhere [49,50].
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Fig. 2. UV-vis absorption spectra of a) GO, curcumin-rGO and curcumin suspensions
(0.5 pg/mL) and b) GO suspension (0.1 pg/mL) reduced by curcumin at 85 °C for various
periods of time ranging from 10 to 100 min. Digital pictures of a) GO, curcumin-rGO and
curcumin suspensions and b) GO suspensions reduced by curcumin at 85 °C for 10, 40,
80 and 120 min (from left to right) are also presented.
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Fig. 3. A) Raman and B) FTIR spectra of a) GO, b) curcumin-rGO and c) curcumin, C) TGA curves of a) graphite, b) GO, ¢) curcumin-rGO and d) curcumin, and D) corresponding mass loss

rate (dW/dT) in DSC of a) graphite, b) GO, ¢) curcumin-rGO, and d) curcumin.

Fig. 2a shows UV-vis absorption spectra of GO and curcumin-rGO
aqueous suspensions as compared to the curcumin suspension in etha-
nol. The GO sample shows an absorption peak at ~230 nm and a shoul-
der at ~310 nm which are assigned to the - transition of C=C and
n-m* transition of C=0 bonds, respectively [51]. The curcumin spec-
trum exhibits a strong absorption band at 422 nm and a shoulder at
270 nm, which are consistent with the m-m transition and absorption

maxima of the n-m* transition of curcumin in ethanol, respectively
[52]. The curcumin-rGO sample exhibits a broad peak at 270 nm,
which indicates ~40 nm red-shift relative to the absorption peak of
the GO. These changes can be assigned to deoxygenation of the GO
sheets. It should be noted that after addition of curcumin into the GO so-
lution, the peak related to curcumin at 420 nm disappeared. This can be
assigned to attachment of the chromophore sides of curcumin onto the
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Fig. 4. A) Peak deconvolution of C(1s) core level of XPS and B) XRD patterns of a) GO and b) curcumin-rGO samples.
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Table 1
Zeta potentials of GO and curcumin-rGO sheets with concentration of
~50 pg/mL in PBS with pH ~7.

Sample

GO —40.1 +£0.7
Curcumin-rGO —202+1.13

Zeta potential (mV)

rGO surfaces [53]. These results indicate reduction of GO by curcumin.
The time evolution of reduction is shown in Fig. 2b. This also indicates
controllable as well as continuous deoxygenation of GO by curcumin.
Raman spectroscopy is a powerful technique to investigate the
carbon structure of graphene materials, especially the ordered and dis-
ordered crystal structures and also the single- and multi-layer proper-
ties of graphene sheets. Fig. 3A shows Raman spectra of the GO and
curcumin-rGO sheets as compared to the spectrum of the curcumin. In
Fig. 3A, the typical features of carbon materials, i.e., the G band
(~1580 cm™ ') which is usually attributed to the E,, phonon of the
graphitized structure and the D band (~1350 cm™!) as a breathing
mode of kK-point phonons of A;; symmetry [54,55] associated with
local defects/disorder [56,57], are clearly distinguishable. It is known
that the peak position of the G band of the single-layer graphene sheets
(1585 cm™ ') shifts about 6 cm™! into lower frequencies after stacking
more graphene layers (for 2-6 layers the G band shifts to 1579 cm™!)
[56-59]. It is also well-established that the 2D band of Raman spectros-
copy of graphene materials is much sensitive to stacking of the sheets
|60]. For instance, the 2D band of single-layer graphene locates at
~2679 cm™ !, while for multi-layer graphene (including 2-4 layers),
the 2D band appears as a broadened peak with 19 cm™ ! shift into larger
wavenumbers [61]. Furthermore, the I p/Ig intensity ratio of single-,
double-, triple- and multi- (>4) layer graphene is typically >1.6, ~0.8,
~0.30 and ~0.07, respectively (see, e.g., [62-64]). In this work, the
peak positions of the G band of the GO and the 2D band of all samples
(GO in Fig. 3Aa and curcumin-rGO in Fig. 3Ab) were found at ~1580
and 2680 cm™ !, respectively. Moreover, the I,p/I¢ ratio of the GO was
found to be 0.42. These results confirmed that the synthesized GO
sheets exhibited multilayer structures with <3 single-layer structure,
in well consistency with the AFM results. In Fig. 3Ab and Ac, the band lo-
cated at 2911 cm™ ' is assigned to the asymmetric stretching vibrations
of the CH, groups of curcumin [65]. The strong bands located at 1630
and 1600 cm™ ! are attributed to the mixed of C=0 and C=C stretching
of benzene rings. In addition, the band at 1430 cm™' is assigned to in-
plane aromatic C-C-C or C-C-H deformation (in-plane skeletal defor-
mations) [66]. The vibration bands at 1185 and 1150 cm ™! are also
assigned to bending (connected to keto part) of C-O-C in phenolic
part of curcumin molecule [66]. Since similar patterns (in addition to
the D, G and 2D bands) are also observable in the spectrum of the
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curcumin-rGO sample (compare Fig. 3Ab and Ac), it can be concluded
that the curcumin molecules were attached on the surface of the rGO
sheets.

Reduction of the GO using the polyphenols of curcumin can be fur-
ther studied by FTIR. Fig. 3B shows FTIR spectra of GO and curcumin-
rGO as compared to the spectrum of the curcumin. For the GO, the
sharp peak at 1733 cm™ ! is assigned to the C=0 bond of the carboxylic
groups. The peak at 1622 cm ™! is related to the C=C band [13]. Vibra-
tion band of the epoxy is located at 1055 cm™ ! and O-H sign is ap-
peared at 3386 cm ™' [67-69]. After reduction of graphene oxide by
curcumin, the vibrational absorption band of carboxylic groups was dis-
appeared (the peak located at the 1733 cm™!) and the peak relating to
the C-0O-C band (at 1052 cm™~ ') became very weak [70]. The FTIR spec-
trum of curcumin shows the presence of O-H (3514 cm™!), (=0 and
(=C ring (1450-1630 cm~ ), C-H methyl ring (2845 cm~'), aromatic
ring (3016 cm™ '), and C-0O-C (1000-1300 cm™!) functional groups
[71]. By comparing the spectra of the GO and curcumin, it can be con-
cluded that the FTIR spectrum of the curcumin-rGO shows significant
reduction of nearly all of the oxygen-containing functional groups espe-
cially the carboxylic acid groups and epoxide bonds. Nevertheless, the
signatures of curcumin are still observable in the curcumin-rGO sample,
indicating attachment of the curcumin molecules on the surface of the
reduced sheets.

The functionalization of the rGO by curcumin can be also checked by
using TGA and DSC. Fig. 3C and D shows TGA and DSC curves of graphite,
GO, curcumin-rGO and curcumin samples. As a benchmark, the raw
graphite material exhibited a high thermal stability with only ~10%
mass loss up to 700 °C. The GO showed a mass loss of ~20% at around
120 °C due to the water removal, a second mass loss of ~25% at around
200 °C relating to the loss of oxygen-containing functional groups, and a
third mass loss of ~30% at around 480 °C due to combustion to carbon
dioxide (corresponding to the endothermic DSC signal shown in
Fig. 3D). The same TGA trend was also reported previously [72,73].
The curcumin showed only two mass losses at ~280 and 420 °C relating
to the removal of the oxygen bonds and combustion, respectively. The
curcumin-rGO material exhibited two main steps of mass loss at ~170
and 520 °C due to the water removal and combustion. The slight mass
loss at the temperatures >250 °C can be assigned to the removal of
the oxygen groups of the residual bonds and/or the curcumin molecules
remained on the surface of the reduced sheets. Moreover, the reduced
sheets exhibited a higher thermal stability than the GO ones.

To confirm the reduction of GO by curcumin in more details, XPS and
XRD techniques were used. Fig. 4A shows XPS peak deconvolution of
C(1s) core levels of the GO and curcumin-rGO samples. The peak cen-
tered at 285.0 eV was attributed to the C-C and C=C bonds. The other
deconvoluted peaks located at the binding energies of 286.6, 287.2,
288.3 and 289.4 eV were assigned to the C-OH, C-0-C, C==0, and

;100 pm

Fig. 5. Optical microscopy of breast cancer cell lines SKBR3 incubated with a) 0, b) 10, c) 40, and d) 70 pg/mL curcumin-rGO for 48 h, before and after MTT treatment.
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Fig. 6. MTT cell viability of a) SKBR3 and b) MDA-MB-230 breast cancer cell lines incubated
with curcumin-rGO sheets at various concentrations for 48 h.

0=C-OH oxygen-containing functional groups, respectively (see,
e.g., [74,75]). The O/C ratio obtained was 0.52 and 0.37 for the GO and
curcumin-rGO samples, respectively. This indicates the effect of
curcumin on the deoxygenation of the GO sheets. Moreover, the relative
increase in the peak area ratio of the C-OH peak to the C-O-C peak of
the curcumin-rGO sample (~88% increase relative to the GO) can be
assigned to m-m attaching of the curcumin molecules with phenol
groups on the rGO sheets (in consistency with the AFM results).

The crystalline structure of the GO and curcumin-rGO samples was
studied by XRD. Fig. 4B presents XRD patterns of the samples. The dif-
fraction peak of exfoliated GO was found at 26 ~ 11° with crystalline ori-
entation of (002) and interlay space (d-spacing) of ~0.8 nm. For the
curcumin-rGO samples, the (002) peak at 26 ~ 11° disappeared and an-
other reappeared at ~21°, indicating the reduction of the GO sheets and
formation of stacked rGO sheets with d-spacing of ~0.4 nm.

Since cell membranes are usually charged, the surface charge of
nanomaterials plays a key role in cell-nanomaterial interactions [76].
Zeta potentials of the GO and curcumin-rGO sheets are listed in
Table 1. It was found that zeta potential of the GO and curcumin-rGO
sheets was negative. The higher zeta potential of the GO sheets than
that of the rGO ones can be attributed to the oxygen content of the GO.

To study the cytotoxic effects of curcumin-rGO sheets, the human
breast cancer cell lines MDA-MB-231 and SKBR3 were utilized. The op-
tical images of the SKBR3 cells incubated with the curcumin-rGO sheets
are shown in Fig. 5. MTT cell viability of the cells exposed to the various
concentrations of rGO sheets (ranging from 0 to 100 pg/mL) is also

[7.84 pm] 8.46 pm

051
L fur)
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[wri]
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presented in Fig. 6. To monitor the effect of MTT assay on the cells incu-
bated with the rGO, the optical images of the cells after MTT assay were
also compared with the images taken before the MTT assay (see Fig. 5).
At the concentrations <70 pg/mL, no significant toxic effects was ob-
served. Instead, some cell growth was found, indicating no toxicity of
the curcumin-rGO sheets up to this concentration. This biocompatibility
can be assigned to scavenging the ROS generated in the culture medium
by the curcumin molecules attached onto the rGO sheets, as recently
demonstrated for green tea polyphenol-functionalized rGO sheets
[39]. The optical images (Fig. 5) show that at 70 pg/mL, the morphology
of the cells significantly changed. Consistently, at the higher concentration
(100 pg/mL), some more toxic effects (~15 — 25% cell destruction) were
detected by MTT assay (Fig. 6). These results indicate concentration-
dependent toxicity of functionalized-rGO nanomaterials (here,
curcumin-rGO) at the threshold concentration of 100 pg/mL, as also
reported previously for other functionalized rGO sheets [31-33].

To have a control sample, the effects of GO (as the starting
nanomaterial) on the cancer cells were also checked. It was found that
the GO and curcumin-rGO samples exhibit the same time- and
concentration-dependent activity. It should be noted that the rGO sam-
ples (e.g., hydrazine-rGO ones) usually present higher cytotoxic effects
than GO ones, due to generation of more reactive oxygen species, sharp-
er edges [2,26] and/or capability of aggregation resulting in wrapping
the cells [36]. Hence, the slight cytotoxic effects of the curcumin-rGO
sheets can be assigned to the presence of the curcumin molecules
(which contain phenol groups) on the surface of the reduced sheets.
The presence of curcumin on the surface of the reduced sheets
prevented aggregation of the reduced sheets (i.e., no wrapping the
cells) and increase the effective thickness of the sheets (i.e., lower effec-
tive interactions of the sharp edges of the sheets with the cell wall
membranes).

The time- and concentration-dependent cytotoxic effects of the
curcumin-rGO sheets were also checked on L929 cell line as a normal
cell. No cytotoxic effects were observed after 24 h incubation time, inde-
pendent from the concentration of curcumin-rGO. After 48 h, only the
concentration of 100 pg/mL could induce a slight cytotoxicity (~10% de-
crease in the cell viability). However, after 72 h incubation, some more
cytotoxic effects were observed, especially at the high concentration of
100 pg/mL (~25% decrease in viability of the initial cells). Hence, the ef-
fects of the curcumin-rGO sheets on the cancer cells were also checked
after the longer incubation time of 72 h. But, no significant changes were
found in the cytotoxic effects of the sheets on the cancer cells after 72 h
(as compared to their effects after 48 h). These results confirmed that
the curcumin-rGO sheets finally showed the same cytotoxic effects on
the cancerous and normal cells, although their effect on the cancer
cells is accelerated. The fast interaction of curcumin-rGO sheets with

[124 pm ] 12.7 pm

N v—

o %

o =
-
=1
ol

=

= @

. L

o r—

0 [pm] 200

Fig. 7. AFM image of MDA-MB-231 cells a) before and b) after exposing to ~100 pg/mL curcumin-rGO sheets for 48 h. The roundup morphology of a dead cell is clearly observable in (b).
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the cancerous cells (as compared to normal cells) is consistent with the
recent potential applications of functionalized graphene nanomaterials
in tumor imaging [77] and cancer therapy [23].

Fig. 7 shows the effect of curcumin-rGO sheets on morphology of
MDA-MB-231 cell lines. It was found that by increasing the rGO concen-
tration to ~100 pg/mL, the cell morphology significantly changed. In
fact, the cells were roundup and detached from the culture plate after
48 h incubation, as shown in Fig. 7. This can be assigned to apoptosis
of the cells effectively interacted by the graphene sheets at such high
concentration. Using a statistical analysis for AFM images (~10 images),
it was found that ~30% of cell apoptosis occurred after interactions of
the cells with curcumin-rGO sheets at a concentration of ~100 pg/mL.
This is well consistent with the results obtained by MTT assay. Therefore,
we concluded that nearly all the cells inactivated by the curcumin-rGO
sheets experienced apoptosis (using AFM and MTT assay).

4. Conclusions

Chemically exfoliated GO sheets were successfully reduced and
functionalized by curcumin, as a natural reductant material. The m-m
attachment of the curcumin molecules onto the rGO sheets was
confirmed by FTIR and Raman spectroscopies. Zeta potential of the
curcumin-rGO sheets (—20 mV) was found smaller than that of the
GO ones (—40 mV). The curcumin-functionalized rGO sheets with
concentrations <70 pug/mL showed no significant cytotoxicity and cell
morphological changes. Meanwhile, they could induce further growths
of cancer cells (~25% after 48 h incubation). At concentrations
>70 pg/mL, some cytotoxic effects inducing slight cell deaths (~15-
25%), cell apoptosis and cell morphological changes (from elongated
to roundup morphology) were observed. These results indicated that
the functionalized-rGO nanomaterials (here, curcumin-rGO) can effec-
tively be used in nanotechnology-based bioapplications that required
high concentrations of graphene, without encountering a significant
toxicity.
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