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Glucose-Reduced Graphene Oxide with
Excellent Biocompatibility and Photothermal
Efficiency as well as Drug Loading
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Abstract

In the present work, we report a facile and rapid green strategy to fabricate functionalized reduced nano-graphene
oxide (nrGO) as a cooperative nanotemplate for both photothermal therapy and drug loading. Graphite oxide was
firstly oxidated by nitronium ions (NO, ") solution at the aid of microwave heating to obtain nano-GO (nGO) with
about 50 nm of diameter, and the nGO was then reduced in pure glucose at 135 °C for 30 min to obtain nrGO
with about 40 nm of diameter. The nrGO exhibits excellent biocompatibility including stable dispersibility in cell
culture medium and rapid cellular uptake as well as non-cytotoxicity up to 100 ug/mL. Absorption of the nrGO at
808 nm wavelength increased more than 10-folds compared with nGO. Moreover, the nrGO has the ability to load
about 317 % (w/w) of doxorubicin (DOX), and the loaded DOX could be effectively released by acid condition and/
or glutathione (GSH) and/or heating. Finally, a greater cancer cell death efficacy was observed in nrGO/DOX-treated
cells with GSH and heating stimulation respectively or their combination. Collectively, the nrGO developed here is
an outstanding cooperative nano-platform for high-efficiency photothermal therapy and controllable drug delivery.
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Background

Graphene oxide (GO) has been widely used as an alter-
native and promising photo-absorbing agent for photo-
thermal therapy (PTT) due to its high photothermal
responsiveness, low toxicity, and low cost [1-3]. On the
basis of ultrahigh surface area and polyaromatic struc-
tures, GO is also available for efficiently loading aro-
matic hydrophobic drugs via hydrophobic interaction
and m-1t stacking [4-6]. Reduced GO (rGO), owing to
the considerably enhanced optical absorbance and the
greatly restored conjugated structures, is more efficient
in PTT for large tumors or tumors deeply located inside
the body at relatively low power of near-infrared (NIR)
laser irradiation and also exhibits preferable drug carry-
ing capacity [7-10].
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Due to the mild reduction ability, easy accessibility,
abundant oxidative groups composition, and nontoxic
merit, glucose is considered as an excellent green candi-
date for the reduction of GO [11-14]. Zhu and co-
workers for the first time used glucose as reductant to
reduce GO, and the reaction was carried out at 95 °C for
60 min in the presence of reducing sugar and ammonia
solution [11]. The ammonia solution was used as cata-
lyst to accelerate the reduction reaction synergistically
and benefit the deoxygenation of GO, and it was illus-
trated that such reducing capability was closely related
to the ability of the saccharides to form open-chain
structures [15]. Iron (Fe) was also used as catalyst to
accelerate the electron transfer between GO and glucose
[14]. In addition, Yuan and co-workers reduced GO in
glucose and ammonia solution under 95 °C for 2 h to
obtain rGO with increased specific surface area and enor-
mous micro- and meso-pore [12], and Shen and co-works
reduced GO in this solution with different fractions of
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glucose and ammonia in an autoclave under 160 °C for
4 h to obtain rGO with 4.59 of C/O ratio [13]. However,
these synthetic materials become sediments after centrifu-
gation, thus they are too heavy and unsuitable for loading
abundant drugs. Furthermore, both catalyst and bacteria
must be removed before cell application.

In this work, we developed a novel green route to re-
duce nano-GO (nGO) by adopting pure glucose as a
reductant to obtain reduced nano-graphene oxide
(nrGO). Prior to the reduction, nGO was prepared by a
simple microwave-enabled nitronium oxidation on
graphite oxide. The resulting nrGO has three marked ad-
vantages: (1) excellent biocompatibility: very stable for at
least 1 month in both water and cell culture medium
(DMEM); (2) effective photothermal effects: ~10.2-fold
increment in NIR absorption at 808 nm compared with
the unreduced nGO; and (3) high drug loading
capability: about 317 % (w/w) of loading capacity for
doxorubicin (DOX). In addition, loaded DOX can be
effectively released by acid condition and/or glutathione
(GSH) and/or heating. These characteristics make the
nrGO developed here a very excellent cooperative
nano-platform for high-efficiency PTT and controllable
drug delivery.

Methods

Synthesis of nGO

Graphite oxide was prepared by a modified Hummer’s
method utilizing expandable graphite flake (XF NANO
Co., Ltd. China). For reoxidation, 12 mg of graphite
oxide was mixed with nitronium ion solution in a micro-
wave reaction kettle (Xi'an Often Instrument Equipment
Co. Ltd.) for 20 s, and then the entire mixture was
placed into a microwave reactor chamber (Midea,
MMB823LA6-NS) to be heated for 3.75 min at the power
of 160 W. After the reactant was cooled by ice bath, the
reaction was quenched with 100 mL of deionized water,
neutralized by NaOH and Na,CO3, and ultrafiltered re-
peatedly through a 30-kDa filter (Millipore) to remove
the inorganic salt. At last, the graphite oxide of reoxida-
tion was sonicated (Xin Zhi, JY92-2D) at 612 W for 1 h
in an ice bath to obtain nGO. nGO-0, as a control, was
fabricated by sonication (Xin Zhi, JY92-2D) of graphite
oxide flake at 612 W for 1 h in an ice bath as described
previously [9].

Synthesis of nrGO

After 110 mg glucose was added to 5 mL nGO suspen-
sion (about 1 mg/mL) and sonicated for 30 min, the
mixture was transferred to autoclave and react at 135 °C
for 30 min to achieve sterile nrGO. The resulting nrGO
was stored at 4 °C for further use. nrGO-0 was prepared
by reducing nGO-0 similarly to the synthesis of nrGO.
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Characterization of nrGO

The sheets of nGO-0, nGO, nrGO-0, and nrGO were
imaged with atomic force microscopy (AFM, Agilent
Technologies 5500, USA) on a mica substrate. UV-Vis
spectra were performed using a UV-Vis spectrometer
(Lambda 35, Perkin-Elmer, Waltham, MA, USA) with a
1-cm quartz cuvette. Absorption spectra were measured
by an auto microplate reader (Infinite M200, Tecan,
Austria). Fourier transform infrared (FTIR) spectra were
recorded on a FTIR spectrometer (Bruker Tensor 27,
Karlsruhe, Germany). To prepare nrGO samples without
non-covalently bound glucose for FTIR spectrometer
assay, NaCl was added to nrGO solutions to precipitate
nrGO irreversibly, and then the precipitation was centri-
fuged and rinsed ten times. Raman spectra were taken
with a Renishaw (New Mills, UK) inVia micro-Raman
spectroscopy system equipped with a 514.5-nm Ar"
laser. Luminescence Spectrometer (LS 55, PerkinElmer,
USA) was used to measure fluorescence emission of DOX
with 488 nm excitation. The images of all samples were
recorded using a digital camera (Nikon, Tokyo, Japan)
with 1280 x 1280 pixels resolution. The measurements of
size distribution, Zeta potential, and polydispersity index
(Pdi) of GO materials were conducted with the Zetasizer
(Malvern Instruments Ltd., UK), in which mean size = size
class (nm) x number distribution date (%).

Photothermal Irradiation

Eight-hundred-eight-nanometer laser with the power
density of 3 W/cm? was used for NIR irradiation. Solu-
tions in Eppendorf tubes were continuously irradiated by
808 nm NIR laser for 8 min, and temperature was mea-
sured by a thermocouple thermometer (Fluke 5111, USA)
every other 1 min. All the experiments were conducted
at room temperature. All experiments were performed
in triplicate.

Loading and Release of DOX

To remove hydrogen chloride from doxorubicin hydro-
chloride salt (DOX - HCI), 1.3 equivalent of triethylamine
was added in DOX-HCIl (16 mg) to DMSO (200 pL).
After being stirred for 12 h, the solution was filtrated to
remove the insoluble triethylamine hydrochloride and
the resulting DOX solution (80 mg/mL) was stored at
4 °C. The whole procedures were implemented in the
dark [16, 17].

Loading of DOX on nrGO was carried out by adding
DOX dissolved in DMSO (13.33 mg/ml) to nrGO aque-
ous suspension (0.1667 mg/ml) with shaking for 12 h.
The final volume ratio of DMSO to H,O was 0.5:10.
The product was repeatedly filtered through 30 kDa
filters (Millipore), soaked in distilled water to remove
free DOX and DMSO, and centrifuged at 6000 rpm to re-
move undissolved drug. DOX was loaded on nrGO-0 in
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the same way. The loading capacity of DOX on nrGO
was estimated by the auto microplate reader from the
absorbance at 488 nm, deducting the absorbance of
nrGO.

The amount of DOX released from nrGO/DOX under
different kinds of condition was estimated by measuring
the fluorescence at 604 with 488 nm laser excitation.
The solution with DOX-loaded nrGO (0.01 mg/mL)
was incubated at different conditions as diverse as a
range of GSH concentrations (0, 0.01, 0.05, 0.2, 0.5, 1,
and 5 mM), acidic condition (pH 5), or 50 °C water
bath for predetermined times to accelerate the embed-
ded drugs release. The amount of DOX release was
evaluated by measuring the DOX fluorescence via the
auto microplate reader.

Cell Culture

HepG2, Huh7, and A549 cell lines obtained from the
Department of Medicine, Jinan University (Guangzhou,
China) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco, Grand Island, USA) supple-
mented with 10 % fetal calf serum (FCS) in 5 % CO,,
95 % air at 37 °C in a humidified incubator.

Cell Uptake Assay

After A549 cells (1 x 10° cells) cultured in 6-well plates
with 1.5 mL. DMEM for 24 h were incubated with
nrGO/DOX (5 pg/ml of DOX equivalent) in DMEM
(10 % fetal calf serum) for 1, 2, 6, and 12 h, respectively,
the cells were rinsed by phosphate-buffered saline (PBS)
five times, centrifuged, and resuspended in PBS. The up-
take of nrGO/DOX by A549 cells was measured by flow
cytometry (FCM, FACSCantoll, Becton Drive, NJ, USA),
and 10,000 events were recorded for each FCM analysis.
In addition, fluorescence microscope (IX73, Olympus,
Japan) with 488 nm excitation and 510-550 nm emis-
sion was used to image the uptake of nrGO/DOX by
A549 cells.

Cytotoxicity Assay

For cytotoxicity assay, ~5000 cells/well were plated in
96-well plate with 100 uL. DMEM and cultured for 24 h.
After incubation with various concentrations of nrGO in
DMEM (10 % fetal calf serum) for another 24 h, the
relative cell viability was assessed by Cell Counting Kit-8
(CCK-8, Dojindo, Japan) assay with the auto microplate
reader as described previously [18].

To exclude the absorbance of nrGO at 450 nm,
every treatment group contained six wells, among
which the former three wells were treated by CCK-8
reagent whereas the later three wells by DMEM alone,
and the differences between the former three wells
and the later three wells were considered as the
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absorption value of CCK-8 reagent. All experiments
were performed in triplicate.

For photothermal therapy, adherent cells were incu-
bated with various concentrations of nrGO for 3 h and
then irradiated by 808 nm laser for 5 min, and incubated
for an additional 21 h before CCK-8 assay.

Cytotoxicity of nrGO/DOX was also evaluated by
CCK-8 assay. The cells were allowed to adhere to a 96-
well plate overnight before adding nrGO/DOX. Cells
were treated with nrGO/DOX to take in for 4 h in
100 pL cell culture medium firstly. The cells with GSH
stimulation were treated by GSH at the concentration of
1.5 mM for 2 h, and the cells with 45 °C heating stimula-
tion were shaked in a shaking table at 45 °C for 1 h.
After 2 h of drug release treatment, the medium was
replaced by fresh medium and the cells were incubated
for a further 24 h for CCK-8 assay.

Statistics

Data were presented as mean + SD from at least three
independent experiments. Statistical and graphic ana-
lyses were done using the software SPSS 19.0 (SPSS,
Chicago) and Origin 8.0 (OriginLab Corporation).

Results and Discussion
Synthesis and Characterization of nrGO
As shown in Scheme 1, to improve the stability of the
final product in physiological solution, we firstly oxi-
dated the aromatic structure of graphite oxide by nitro-
nium ion (NO,") at the aid of microwave irradiation for
3.75 min and then sonication for 1 h to achieve nano-
sized graphene oxide (nGO). Oxidation solution was
prepared by mixing 0.7 mL H,O, 4.2 mL concentrated
H,SO,4, and 0.1 mL concentrated HNOj3 orderly. Nitro-
nium oxidation was selected to reoxidate graphite oxide
in consideration of its simple process, easy elimination
of nitro, and much gentle oxidation level on graphite
oxide surface over the Hummer method [19, 20] as well
as the global oxidation involved the carbon atom within
both conjugated structure and oxygen-containing moi-
eties [21-25]. Figure la showed the relative NO," con-
centration, being indicated by the Raman characteristic
peak counts at 1394 cm ™' from v(NO) stretching [26], in
NO3 oxidation solution and water, respectively. Graphite
oxide was oxidated by nitronium oxidation solution to
achieve nGO with a high yield of 100 %. nGO-0 was fab-
ricated as control by directly sonicating graphite oxide
in an ice bath at 612 W for 1 h. The sizes of nGO-0 and
nGO were about 150 and 50 nm, respectively (Fig. 1b),
indicating that nitronium oxidation made the substance
more vulnerable to sonication.

The nGO was next reduced in pure glucose to restore
the conjugated structure and enhance the photothermal
effect (Scheme 1). Reaction was carried out by heating



Liu et al. Nanoscale Research Letters (2016) 11:211 Page 4 of 10

/ saﬂ nGO
135C
icrowave 30min (Glucose)

3.75 min
In zo
@
1g( OH

nrGO

Scheme 1 Schematic illustration of the preparation of reduced nano-graphene oxide (nrGO) through nitronium oxidation and glucose reduction
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the nGO and glucose mixture with 1:22 of weight ratio  absorption at 808 nm wavelength over the unreduced
in autoclave at 135 °C for 30 min to obtain reduced nGO (Fig. 2a). Patel and co-workers have demonstrated
nGO (nrGO). The sizes of ntGO-0 and nrGO were about ~ that when reacted with graphite, NO3 can attack the
70 and 40 nm, respectively (Fig. 1b), smaller than that of  defect-free graphene planes and etch the existing oxidized
nGO-0 and nGO, revealing that the chemical bond sites [25]. It was also revealed that during nitronium oxi-
between graphene sheets may be broken during the reduc-  dation on graphite, multiple hydroxy and/or epoxy groups
tion process. The sheet thickness of nGO-0, nGO, ntGO-  were formed across the surface of the achieved graphene,
0, and nrGO were approximately 1, 4, 1, and 2 nm, and subsequent oxidation resulted in more hydroxy and
respectively, indicating the bi-layer sheet of nrGO. epoxy groups which were preferentially formed away from
The UV-Vis spectra of nGO and nrGO suspensions the carbon atoms already oxidized due to the electron-
were exhibited in Fig. 2a. The absorption peaks of nGO  donating capability of the resulting hydroxy and epoxy
had a blue shift from 229 nm (nGO-0) to 224 nm due to  groups [30-32]. We thus speculated that when attacked
the destruction of the conjugated structure upon nitro- by NO,", the original defects on graphite oxide were con-
nium ion oxidation. On the other hand, the increase in  sumed and the recovered graphite oxide was covered with
visible light absorption of nGO indicated an exfoliation a set of elementary oxidation groups, such as hydroxy or
of graphite oxide during microwave heating and nitro-  epoxy groups, making nGO more sensitive to the reduc-
nium oxidation [27-29]. The absorption peaks of nrGO-  tion conducted by aldehyde groups from glucose.
0 and nrGO shifted to 253 and 261 nm, respectively, and FTIR spectroscopy is an important tool for the struc-
their absorption at 808 nm wavelength increased more tural characterization of GO-related materials [33]. For
than 40.2- and 52.8-folds, respectively, compared with that nGO and nGO-0, the presence of intense bands at around
of nGO-0 (Fig. 2a), demonstrating the restoration of con- 3400 cm (O-H), ~1720 cm ™ (C=0), ~1620 cm™* (C=
jugated structure and the better reduction of nrGO than C), ~1220 cm ™ (epoxy C-O), and ~1050 cm! (C-0)
nrGO-0. The nrGO has more than a 10.2-fold increase in ~ (Fig. 2b) indicated the existence of oxygen-containing
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Fig. 1 a Raman spectra of NO," in water and nitronium oxidation solution. b AFM images of nGO-0, nGO, nrGO-0, and nrGO
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Fig. 2 Spectroscopy characterization of nrGO. a UV-Vis spectra of nGO and nrGO. b FTIR spectra of nGO and nrGO. ¢ Raman spectra of nGO and nrGO
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moieties such as carbonyl, carboxylic, epoxy, and hy-
droxyl. In the FTIR spectrum of nGO, the reduced
absorption at approximately 1720 cm™" due to the C=0
stretching and the replacing of the peaks at around 1220
and 1050 cm™' (nGO-0) by a novel type of C-O bonds at
around 1110 cm™ (Fig. 2b) also indicated the consump-
tion of original oxygen-containing groups on graphite
oxide surface upon nitronium oxidation. Since the
unbonded glucose can disperse in NaCl aqueous solution,
we added NaCl to nrGO solutions, and then centrifuged
and rinsed the precipitation ten times to obtain nrGO
without non-covalently bound glucose [34]. The resulting
nrGO was subjected to FTIR spectroscopy assay. Com-
pared with nGO, the enhanced peaks at ~1580 cm™" of
nrGO (Fig. 2b) suggested a restoration of the carbon basal
plane. The greatly reduced peak at about 1230 and
3400 cm ™" of nrGO (Fig. 2b) indicated the removal of the
epoxy group and hydroxy. On the other hand, the pres-
ence of the peaks at ~2920 and ~2850 cm™" correspond-
ing to the symmetric and antisymmetric stretching
vibrations of the CH, group and the enhancement of the
peaks at ~1720 cm™" attributed to the C = O stretching vi-
bration (Fig. 2b) demonstrated that a part of glucose was
covalently connected onto the surface of nrGO.

The Raman spectrum of graphene is characterized by
two main features: the G peak arising from the high-
frequency E,, phonon at the Brillouin zone center (usu-
ally observed at ~1575 cm™') and the D peak arising
from the defects-activated breathing modes of six-atom
rings (~1350 cm™'). The G peak intensity (Ig) is propor-
tional to the sample area, x L,* (L, refers to the crystal
size), whereas Ip is proportional to the overall length of
the edge, which scales as L,, thus, the D/G intensity ra-
tio (Ip/Ig) varied inversely with L, [35, 36]. As shown in
Fig. 2¢, the Ip/lg ratio of nGO is higher than that of
nGO-0, indicating the increase in both defects and edges
derived from nitronium oxidation. However, the Ip/Ig
ratio of nrGO-0 is lower than that of nrGO, indicating
that nitronium oxidation of graphite oxide made the

resulting nGO particles easier to be reduced and also
have fewer defects. However, the reductions of nGO
were incomplete as the D + D’ peaks at about 2920 cm ™
existed throughout the process, which may be beneficial
for the suspension of nrGO.

Biocompatibility and Photothermal Effect

In order to confirm the dispersibility of GO materials in
aqueous solution, we measured their mean diameter, poly-
dispersity index (Pdi) and zeta potential by dynamic light
scattering (DLS), and found that nGO and nrGO in water
had a stable diameter (Additional file 1: Figure S1A) and
Zeta potential (Additional file 1: Figure S1B) as well as Pdi
(Additional file 1: Figure S1C) for 2 months. The large
amount of glucose we used may act as not only a reduc-
tant but also stabilizer in consideration of the aggregation
tendency of reduced GO without dispersant [4, 5]. We
also evaluated the dispersion of these GO materials in fetal
bovine serum and DMEM containing 10 % of fetal bovine
serum, and found that all the samples except for nrGO-0
remained stable in fetal bovine serum for 1 month at 4 °C
(Fig. 3a upper), and that in DMEM, only nrGO kept stable
for 1 month (Fig. 3a lower), suggesting that it was the
nitronium oxidation of graphite oxide and subsequent glu-
cose reduction that endowed nrGO stability in DMEM.
Absorbance spectrum was employed to further verify the
good dispersibility of nrGO in DMEM (Fig. 3b). If a
homogeneous solution is formed, the absorbance should
be in a linear relationship with the concentration on the
basis of Beer’s law [37]. The insets of Fig. 3b showed that
there were good linear relationships (with R = 0.99978) be-
tween the absorbance at 350 nm and the concentrations
of nrGO from 20 to 100 pg/mL, demonstrating the great
dispersibility of nrGO in DMEM.

High NIR absorbance (Fig. 2a) allows nrGO to func-
tion as an effective photothermal reagent. As shown in
Fig. 4a, after 808 nm laser irradiation for 8 min, temper-
atures of water, 10 pg/mL of nGO-0, nGO, nrGO-0, and
nrGO solutions reached ~32.6, 34.2, 35.1, 47.1, and
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Fig. 3 Dispersibility of nrGO. a Photographs of nGO and nrGO solutions in FBS and DMEM at the concentrations of 100 ug/mL after storage at 4 °C for
1 month. b Absorption spectra of nrGO dispersed in DMEM. Inset: correlation of absorbance at 350 nm against concentration

51.5 °C, respectively. Due to the prominent photother- [10, 40]. As the weight of nrGO increased, the fluores-
mal effect, nrGO was further investigated. As shown in  cence intensity of DOX in solution weakened gradually
Fig. 4b, after 808 nm laser irradiation for 8 min, different as a result of the non-radiative energy transfer between
concentrations (2.5, 5, 30, 50, and 80 pg/mL) of nrGO  excited DOX and nrGO which was sensitive to the dis-
solution showed the temperatures of 40.3, 45.1, 66.8, tance between them [39]. Maximum quenching was

69.1, and 72.1 °C, respectively. attained with 100 pg of nrGO (Fig. 5b), indicating the
saturated adsorption of DOX on nrGO being at 3.2-folds
Characterization of Drug-Loaded nrGO of weight ratio.

Doxorubicin (DOX), a broad-spectrum chemotherapeu-

tic agent, has been known to adsorb on graphene-based  Stimuli-Triggered Drug Release

materials via hydrophobic interaction and m-1 stacking  Spatially and temporally controlled drug release trig-
[5, 38, 39]. The loading ratio of DOX was 317 % (w/w)  gered by external stimulus is clinically significant for the
for nrGO and 318 % (w/w) for nrGO-0 by absorbance effective therapy in practical drug delivery applications
measurements after separation of the unbound DOX [10, 39, 41-44]. Here, we concentrated on stimuli-
from nrGO/DOX solution (Fig. 5a). It was probably the  responsive release of loaded drug molecules with heating,
abundant hydrogen bonding sites from glucose deco- GSH concentration, or acidic condition acting as stimulus.
rated on nrGO and nrGO-0 that endowed the reduced  GSH treatment for 6 h induced a dose-dependent recov-
the materials’ great loading capacity [38]. DOX loading ery of DOX fluorescence intensity of nrGO/DOX suspen-
was also confirmed by monitoring the quenching of the sion (Fig. 5c¢, d), demonstrating that GSH treatment
fluorescence of DOX (320 pg) upon the addition of in-  triggered effective DOX release from the nrGO/DOX
creasing weight (from 0 to 120 pg) of nrGO (Fig. 5b)  complex. We also assessed the time-dependent DOX
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Fig. 4 Photothermal effect of nrGO. a Temperature curves versus time during irradiation with 808-nm laser (3 W/cm?) for Eppendorf tubes containing
water, nGO, and nrGO (10 pg/mL), respectively. b Temperature curves versus time during irradiation with 808-nm laser for Eppendorf tubes containing
various concentrations of nrGO
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Fig. 5 a Absorption spectra of nrGO (green) and nrGO-0 (gray) with (solid) or without (dash) DOX loading. Inset: comparison of drug loading capacity
of NrGO-0 and nrGO. b Fluorescence spectra of DOX mixed with different weights of nrGO. ¢ Fluorescence spectra of nrGO/DOX after treatment with
different concentrations of GSH (0, 0.01, 0.05, 0.2, 0.5, 1, and 5 mM) for 6 h. d Plot of stimuli-induced DOX release from nrGO/DOX by acidic condition
(pH 5), GSH (5 mM), 50 °C water bath heating, and their combinations, respectively. e Sequential multi-stimuli-responsive DOX release profile from
nrGO/DOX complex under acidic condition (pH 5), GSH (5 mM), and 50 °C water bath heating

Shaking Time (h)

release from the nrGO/DOX complex by acidic aqueous
solution (pH 5) and heating (50 °C) as well as GSH
(5 mM) stimulation, and found that the nrGO/DOX
complex was very stable in both aqueous solution and
DMEM (supplemented with 10 % fetal calf serum),
while acidic condition and heating as well as GSH
stimulus triggered a rapid DOX release from the
nrGO/DOX complex (Fig. 5d). Moreover, implementa-
tion of multiple stimuli stepwise to nrGO/DOX solu-
tion could induce a DOX release as high as 85 %
finally (Fig. 5e).

Acceleration of drug release upon heating is likely re-
lated to change of the binding energy between nrGO
and DOX [44]. Liu and co-workers reported that either
2-propanol or serum proteins induced drug release
through the disruption of noncovalent m—m stacking and
hydrophobic interactions between the drug and GO
sheets [4]. Similarly, GSH was deemed to weaken the as-
sembly of the aromatic interactions between nrGO and
the drug [39, 44]. At low pH, DOX becomes more
hydrophilic to dissociate from nrGO due to the proton-
ation of its NH, group [45]. Since nrGO owns excellent
photothermal effect and the tumor is acid as well as the
intracellular conditions have millimolar concentration of

GSH, nrGO may thus be used as a controllable drug
loading and delivery platform for cancer therapy.

In Vitro Anticancer Effect of nrGO and nrGO/DOX
Considering the dispersibility of nrGO in DMEM (Fig. 3),
we selected nrGO for cell experiments. Since nrGO was
sterile, it was used for cells experiments directly. In order
to confirm the uptake of nrGO by tumor cells, we moni-
tored the delivery of nrGO/DOX in A549 cells just as
described previously [9, 10]. After being incubated with
nrGO/DOX (5 pg/ml of DOX equivalent) at different
times, the cells were rinsed with PBS to remove unincor-
porated chemicals, and FCM analysis was applied to assess
the cellular uptake of nrGO. Compared with the control
group, the cells cultured with nrGO/DOX for 1 h showed
strong fluorescence (Fig. 6a, b), indicating the effective up-
take of nrGO by cells. Besides, fluorescent microscopy
was also applied to confirm the attachment and engulf-
ment of nrGO/DOX by cells. A549 cells incubated with
nrGO/DOX for 1 h showed a strong fluorescence signal
in the cell nucleus (Fig. 6¢), indicating that nrGO was
uptaked by cells after surface adhesion and the loaded
DOX entered the nucleus successfully.
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cells treated with nrGO/DOX alone

CCKS8 assay was used to assess the cytotoxicity and
photothermal toxicity of nrGO in HepG2, Huh7, and
A549 cells. Cells cultured with nrGO alone up to
100 pg/mL for 24 h did not exhibit a decrease in cell via-
bility whereas NIR irradiation for 5 min indeed induced

approximately 68.3, 54.8, and 76.2 % decrease in cell
viability for HepG2 (Fig. 6d), Huh7 (Fig. 6e), and
A549 (Fig. 6f) cell lines incubated with 80 pg/mL
nrGO, demonstrating the excellent PTT efficacy of
nrGO to cancer cells.
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Treatment with heating (45 °C) for 1 h or GSH
(1.5 mM) for 2 h significantly enhanced the cytotox-
icity of nrGO/DOX (Fig. 6g). It was reported that high
temperature enhanced the cellular uptake of the nano-
material possibly due to the increase in cell membrane
permeability [42, 46, 47]. Kim and co-workers demon-
strated that NIR irradiation effectively triggered DOX
release from a PEGylated GO/DOX complex in living
cells [44]. Therefore, we speculated that it was the ele-
vated cellular uptake of nrGO/DOX and the rapid
release of DOX from the nrGO/DOX complex by
heating or GSH treatment that contributed to the in-
creased cytotoxicity of nrGO/DOX.

Conclusions

In summary, we developed a facile and rapid green ap-
proach to fabricate nanosized, sterile nrGO for photo-
thermal therapy and drug delivery by using pure glucose
as reducing agent. Of the utmost importance, nitronium
oxidation of graphite oxide promotes the reduction de-
gree and biocompatibility of glucose-reduced nrGO. In
addition, the resulting nrGO has 317 % (w/w) of DOX
loading, and the DOX release from the nrGO/DOX
complex can be effectively enhanced by acid condition,
GSH concentration, and heating. Taken together, the
nrGO developed here may be a promising synergistic
nano-platform for photothermal therapy and control-
lable drug delivery, which can be further applied to the
nanomedicine field.

Additional File

Additional file 1: Figure S1. Change of nGO, nGO-0, nrGO and nrGO-0 in
mean diameter (Figure S1A), Zeta potential (Figure S1B) and Pdi (Figure S10)
can be found in supplementary materials. (DOC 10464 kb)

Abbreviations

DOX: doxorubicin; FTIR: Fourier transform infrared spectroscopy;

GSH: glutathione; NIR: near-infrared; nrGO: reduced nano-graphene oxide;
PTT: photothermal therapy.

Competing Interests
The authors declare that they have no competing interests.

Authors’ Contributions

HL, TL, YL, GQ, and TC conceived and designed the experimental strategy.
HL, TL, YL, and GQ performed the experiments and prepared the manuscript.
TC and XW supervised the whole work and revised the manuscript. All
authors read and approved the final manuscript.

Acknowledgments

This work was supported by the National Natural Science Foundation of
China (61527825, 81471699, and 81572184) and the Guangdong Province
Science and Technology Plan Project (2014B090901060).

Received: 21 December 2015 Accepted: 13 April 2016
Published online: 19 April 2016

Page 9 of 10

References

1. Yang K Zhang S, Zhang GX, Sun XM, Lee ST, Liu Z (2010) Graphene in mice:
ultrahigh in vivo tumor uptake and efficient photothermal therapy. Nano
Lett 10:3318-3323

2. Markovic ZM, Harhaji-Trajkovic LM, Todorovic-Markovic BM, Kepic DP, Arsikin KM,
Jovanovic SP, Pantovic AC, Dramicanin MD, Trajkovic VS (2011) In vitro
comparison of the photothermal anticancer activity of graphene nanoparticles
and carbon nanotubes. Biomaterials 32:1121-1129

3. Feng LY, Wu L, Qu XG (2013) New horizons for diagnostics and therapeutic
applications of graphene and graphene oxide. Adv Mater 25:168-186

4. Liu Z, Robinson JT, Sun XM, Dai HJ (2008) PEGylated nanographene oxide for
delivery of water-insoluble cancer drugs. J Am Chem Soc 130:10876-10877

5. Zhang LM, Xia JG, Zhao QH, Liu LW, Zhang ZJ (2010) Functional graphene
oxide as a nanocarrier for controlled loading and targeted delivery of mixed
anticancer drugs. Small 6:537-544

6. Jiang TY, Sun WJ, Zhu QW, Burns NA, Khan SA, Mo R, Gu Z (2014) Furin-
mediated sequential delivery of anticancer cytokine and small-molecule
drug shuttled by graphene. Adv Mater 27:1021-1028

7. Robinson JT, Tabakman SM, Liang YY, Wang HL, Casalongue HS, Vinh D,
Dai HJ (2011) Ultrasmall reduced graphene oxide with high near-infrared
absorbance for photothermal therapy. J Am Chem Soc 133:6825-6831

8. Sheng ZH, Song L, Zheng JX, Hu DH, He M, Zheng MB, Gao GH, Gong P,
Zhang PF, Ma YF et al (2013) Protein-assisted fabrication of nano-reduced
graphene oxide for combined in vivo photoacoustic imaging and
photothermal therapy. Biomaterials 34:5236-5243

9. Chen JQ, Wang XP, Chen TS (2014) Facile and green reduction of covalently
PEGylated nanographene oxide via a ‘water-only’ route for high-efficiency
photothermal therapy. Nanoscale Res Lett 9:86

10. Chen JQ, Liu HY, Zhao CB, Qin GQ, Xi GN, Li T, Wang XP, Chen TS (2014)
One-step reduction and PEGylation of graphene oxide for photothermally
controlled drug delivery. Biomaterials 35:4986-4995

11, Zhu CZ, Guo SJ, Fang YX, Dong SJ (2010) Reducing sugar: new functional
molecules for the green synthesis of graphene nanosheets. ACS Nano
4:2429-2437

12. Yuan WH, Li BQ, Li L (2011) A green synthetic approach to
graphene nanosheets for hydrogen adsorption. Appl Surf Sci 257:
10183-10187

13. Shen JF, Yan B, Shi M, Ma HW, Li N, Ye MX (2011) One step hydrothermal
synthesis of TiO2-reduced graphene oxide sheets. J Mater Chem 21:3415-3421

14.  Akhavan O, Ghaderi E, Aghayee S, Fereydoonia Y, Talebi A (2012) The use of
a glucose-reduced graphene oxide suspension for photothermal cancer
therapy. J Mater Chem 22:13773-13781

15. Chua CK, Pumera M (2014) Chemical reduction of graphene oxide: a
synthetic chemistry viewpoint. Chem Soc Rev 43:291-312

16. Kang SI, Na K, Bae YH (2003) Physicochemical characteristics and
doxorubicin-release behaviors of pH/temperature-sensitive polymeric
nanoparticles. Colloid Surf A-Physicochem Eng Asp 231:103-112

17. Li L, Huh KM, Lee YK, Kim SY (2011) Biofunctional self-assembled
nanoparticles of folate-PEG-heparin/PBLAcopolymers for targeted delivery
of doxorubicin. J Mater Chem 21:15288-15297

18. Gao WJ, Xiao FL, Wang XP, Chen TS (2013) Artemisinin induces A549 cell
apoptosis dominantly via a reactive oxygen species-mediated amplification
activation loop among caspase-9, -8 and -3. Apoptosis 18:1201-1213

19.  Hummers WS, Offeman RE (1958) Preparation of graphitic oxide.
J Am Chem Soc 80:1339

20.  Kovtyukhova NI, Ollivier PJ, Martin BR, Mallouk TE, Chizhik SA, Buzaneva EV,
Gorchinskiy AD (1999) Layer-by-layer assembly of ultrathin composite films
from micron-sized graphite oxide sheets and polycations. Chem Mater
11:771-778
Blackstock DJ, Gretney JR, Fischer A, Hartshorn MP, Richards KE, Vaughan J,
Wright GJ (1970) Isomeric diene intermadiates and an acetate rearrangement
in aromatic acetoxylation. Tetrahedron Lett 11:2793-2796

22. RIDD JH (1971) Mechanism of aromatic nitration. Acc Chem Res 4:248-253

23. Forsman WC, Mertwoy HE (1980) Intercalation of graphite by nitronium ion
attack. Synthetic Met 2:171-176

24.  Chiang LY, Upasani RB, Swirczewski JW (1992) Versatile nitronium chemistry
for C60 fullerene functionalization. J Am Chem Soc 114:10154-10157

25. Patel MA, Yang H, Chiu PL, Mastrogiovanni DDT, Flach CR, Savaram K,
Gomez L, Hemnarine A, Mendelsohn R, Garfunkel E et al (2013) Direct
production of graphene nanosheets for near infrared photoacoustic
imaging. ACS Nano 7:8147-8157


dx.doi.org/10.1186/s11671-016-1423-8

Liu et al. Nanoscale Research Letters (2016) 11:211

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Edwards HGM, Turner JMC, Fawcett V (1995) Raman spectroscopic study of
nitronium lon formation in mixtures of nitric acid, sulfuric acid and water.

J Chem Soc Faraday Trans 91:1439-1443

Wei T, Fan ZJ, Luo GL, Zheng C, Xie DS (2008) A rapid and efficient method
to prepare exfoliated graphite by microwave irradiation. Carbon 47:337-339
Chen WF, Yan LF, Bangal PR (2010) Preparation of graphene by the rapid
and mild thermal reduction of graphene oxide induced by microwaves.
Carbon 48:1146-1152

Zhu YW, Murali S, Stoller MD, Velamakanni A, Piner RD, Ruoff RS (2010)
Microwave assisted exfoliation and reduction of graphite oxide for
ultracapacitors. Carbon 48:2118-2122

Esteves PM, Carneiro JWD, Cardoso SP, Barbosa AGH, Laali KK, Rasul G,
Prakash GKS, Olah GA (2003) Unified mechanistic concept of electrophilic
aromatic nitration: convergence of computational results and experimental
data. J Am Chem Soc 125:4836-4849

de Queiroz JF, Carneiro JWD, Sabino AA, Sparrapan R, Eberlin MN, Esteves
PM (2006) Electrophilic aromatic nitration: understanding its mechanism
and substituent effects. J Org Chem 71:6192-6203

Chiu PL, Mastrogiovanni DDT, Wei DG, Louis C, Jeong M, Yu G, Saad P,
Flach CR, Mendelsohn R, Garfunkel E et al (2012) Microwave- and nitronium
ion-enabled rapid and direct production of highly conductive low-oxygen
graphene. J Am Chem Soc 134:5850-5856

Bose S, Kuila T, Mishra AK, Kim NH, Lee JH (2012) Dual role of glycine as a
chemical functionalizer and a reducing agent in the preparation of
graphene: an environmentally friendly method. J Mater Chem 22:9696-9703
Muyonga JH, Cole CGB, Duodu KG (2004) Fourier transform infrared (FTIR)
spectroscopic study of acid soluble collagen and gelatin from skins and bones
of young and adult Nile perch (Lates niloticus). Food Chem 86:325-332

Ferrari AC, Robertson J (2000) Interpretation of Raman spectra of disordered
and amorphous carbon. Phys Rev B 61:14095-14107

Ferrari AC, Basko DM (2013) Raman spectroscopy as a versatile tool for
studying the properties of graphene. Nat Biotechnol 8:235-246

Yang Q, Pan XJ, Huang F, Li KC (2010) Fabrication of high-concentration
and stable aqueous suspensions of graphene nanosheets by noncovalent
functionalization with lignin and cellulose derivatives. J Phys Chem C
114:3811-3816

Yang XY, Zhang XY, Liu ZF, Ma YF, Huang Y, Chen YS (2008) High-efficiency
loading and controlled release of doxorubicin hydrochloride on graphene
oxide. J Phys Chem C 112:17554-17558

Dembereldorj U, Kim M, Kim S, Ganbold EO, Lee SY, Joo SW (2012) A
spatiotemporal anticancer drug release platform of PEGylated graphene oxide
triggered by glutathione in vitro and in vivo. J Mater Chem 22:23845-23851
Liu KP, Zhang JJ, Cheng FF, Zheng TT, Wang CM, Zhu JJ (2011) Green
and facile synthesis of highly biocompatible graphene nanosheets and
its application for cellular imaging and drug delivery. J Mater Chem
21:12034-12040

Josephson L, Kircher MF, Mahmood U, Tang Y, Weissleder R (2002) Near-
infrared fluorescent nanoparticles as combined MR/optical imaging probes.
Bioconjug Chem 13:554-560

Tian B, Wang C, Zhang S, Feng LZ, Liu Z (2011) Photothermally enhanced
photodynamic therapy delivered by nano-graphene oxide. ACS Nano
5:7000-7009

Wang CY, Mallela J, Garapati US, Ravi S, Chinnasamy V, Girard Y, Howell M,
Mohapatra SA (2013) A chitosan-modified graphene nanogel for
noninvasive controlled drug release. Nanomed-nanotechnol 9:903-911

Kim H, Lee D, Kim J, Kim T, Kim WJ (2013) Photothermally triggered
cytosolic drug delivery via endosome disruption using a functionalized
reduced graphene oxide. ACS Nano 7:6735-6746

Zhang RY, Olin H (2012) Carbon nanomaterials as drug carriers: real time
drug release investigation. Mater Sci Eng C 32:1247-1252

Sherlock SP, Tabakman SM, Xie L, Dai H (2011) Photothermally enhanced
drug delivery by ultrasmall multifunctional FeCo/graphitic shell nanocrystals.
ACS Nano 5:1505-1512

Levi-Polyachenko NH, Merkel EJ, Jones BT, Carroll DL, Stewart JH (2009)
Rapid photothermal intracellular drug delivery using multiwalled carbon
nanotubes. Mol Pharmaceut 6:1092-1099

Page 10 of 10

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Background
	Methods
	Synthesis of nGO
	Synthesis of nrGO
	Characterization of nrGO
	Photothermal Irradiation
	Loading and Release of DOX
	Cell Culture
	Cell Uptake Assay
	Cytotoxicity Assay
	Statistics

	Results and Discussion
	Synthesis and Characterization of nrGO
	Biocompatibility and Photothermal Effect
	Characterization of Drug-Loaded nrGO
	Stimuli-Triggered Drug Release
	In Vitro Anticancer Effect of nrGO and nrGO/DOX

	Conclusions
	Additional File
	Abbreviations
	Competing Interests
	Authors’ Contributions
	Acknowledgments
	References



