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ABSTRACT: A sandwich structured bifunctional nanocarrier
(rGO@msilica) composed of an inner layer of reduced graphene
oxide (rGO) and an outer layer of mesoporous silica (msilica) was
developed for synergistic chemo-photothermal therapy. The
rGO@msilica not only acted as a pH-triggered drug nanocarrier
but also worked as a near-infrared (NIR) photothermal agent. The
loaded drug, doxorubicin (DOX), in the rGO@msilica nanocarrier
was controllably released in the acidic tumor microenvironment.
Moreover, the cancer cells were ablated by laser irradiation (808
nm), contributing to the high photothermal conversion efficiency
of the rGO core. With this two-in-one system, in vitro cancer cell
experiments indicated that the synergistic therapeutic strategy was superior to those of single modality therapy. These findings imply
that the bifunctional rGO@msilica nanocarrier could provide a powerful platform for cancer therapy.
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■ INTRODUCTION

Cancer has become a terrifying health threat to human beings
worldwide.1 Up to now, multiple therapeutic strategies have
been developed against various cancers. Chemotherapy,
considered as one of the most destructive tumor killers, has
been widely applied. However, during the period of regular
chemo-treatments, passive drug delivery renders considerable
side effects to patients, which limit their applications.2

Therefore, it is truly urgent to develop a controllable drug
release system for effective targeting to malignant tissue
regions. Traditional drug carriers generally rely on the blood
circulation in the medication process, which is a passive,
lacking specificity treatment.3,4 Nowadays, active drug delivery
systems through certain environmental stimuli, such as light,
pH, and thermalization, have been reported.5−9 Compared
with passive targeting drug carriers, the controllable loading
and releasing systems execute functions that rely on those
internal or external stimulations. As a result, drug targeting
efficiency to the pathological cells or tissues would be
enhanced significantly, and the healthy cells would be
protected.
Among the above-mentioned stimuli-triggered active drug

carriers, pH-responsive drug delivery system is an important
model in the field of chemotherapy.10 In general, cancer cells
have a feature of unlimited proliferation, resulting overoxygen
consumption and acidic microenvironment compared to
healthy tissues.11,12 Consequently, the lower pH value could

be utilized as a stimulus to design active drug delivery carriers
for chemotherpy.10 In this regard, nanomaterials could be
applied as a promising active drug carrier13 because the
functional groups on the nanomaterials could be protonated or
deprotonated according to pH of the environment.14 For
example, the carboxyl groups in the polymeric nanocapsules
controlled the deformation of nanocapsules.15 In the basic
medium, the carboxyl groups were deprotonated, and the
electrostatic attraction between the drug and the carrier limited
the drug release. However, in the acidic medium, the carboxyl
groups were protonated so that charged molecules had less
resistance to transport through the nanocapsules, resulting in
the drug release. The charge conversion regulated the loading
and releasing behavior of drugs, which implied one of the
designations in pH-mediated drug delivery.16 Using electro-
static interactions to initiate drug release has been considered a
major pathway for developing a pH-responsive active drug
delivery system.17

In the development of nanomaterial-based pH-responsive
drug delivery systems, several types of nanovehicles have been
used including carbon nanotubes,18 polymer nanocarriers,19
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dendrimers,20 lipids,21,22 gold nanocarriers,23 and mesoporous
silica nanocarriers.24 Drugs could be attached on those
nanomaterials, loaded into their pores, or encapsulated into
vacant domains of nanocarriers.25−27 Among them, meso-
porous silica nanocarriers attracted considerable attention due
to their decent biocompatibility, easy surface modification,
high drug loading efficiency, and good drug release pattern.28

Accordingly, mesoporous silica is an excellent candidate for
drug loading and releasing nanocarriers in cancer thera-
pies.29−34 However, the single modality of chemotherapy with
controllable drug loading and releasing properties is not ideal
to fulfill the therapeutic efficiency due to the multidrug
resistance of cancer.
Multimodal therapeutic strategies have been promoted,

especially with the help of multifunctional nanomaterials.35 By
combining different therapeutic modalities, such as chemo-
therapy, photodynamic therapy (PDT), photothermal therapy
(PTT), radiotherapy, and immunotherapy, the synergistic
effect provided an impressive therapeutic outcome.36−38 PTT
is an invasive, convenient, and promising physical treatment for
tumor cells. Several synthesized and modified high-quality
photothermal agents have been studied for PTT.39,40

Graphene-based nanomaterials, especially reduced graphene
oxide (rGO), have been used for PTT due to its high
photothermal conversion efficiency.41−44 For example, rGO
that was coated with a temperature-responsive polymer layer
has been successfully applied in a controllable drug release
system triggered by a near-infrared (NIR) irradiation.45

Besides, Zhang et al. selected a polymer layer to wrap
graphene oxide, forming a stable and biocompatible photo-
thermal agent.42 Inspired by these works, we designed a
bifunctional nanocarrier using mesoporous silica coated with
reduced graphene oxide (rGO@msilica) for cancer synergistic
treatment. This nanocarrier has two significant advantages
compared with the previous works. First, the coating of
mesoporous silica on rGO significantly increased the drug
loading capacity and led to the stimuli-responsive drug release
pattern. Second, the combination of the photothermal therapy
of rGO and chemotherapy promoted the cancer treatment
efficiency through synergistic effect.
In this work, the designed sandwich structure of rGO@

msilica nanocarrier has chemo-photothermal therapeutic
capacity. The inner layer of the rGO served as a photothermal
agent owing to its superior NIR absorption and photothermal
conversion efficiency.43 In the outer layer, the mesoporous
silica acted as a pH-triggered drug carrier. A chemotherapeutic
agent, doxorubicin (DOX), was loaded into the mesoporous
silica carrier as well as adsorbed onto the rGO via noncovalent
interactions at neutral pH environment. In the acidic
environment, DOX was gradually released from the nano-
carrier to fulfill the chemotherapeutic function. Meanwhile,
rGO@msilica showed fabulous PTT effect under a NIR
irradiation, generating synergistic therapeutic efficiency for
destroying cancer cells. The investigation of the therapeutic
efficiency of rGO@msilica showed an enhanced killing
efficiency both in SW620 and A549 cells, a breast cancer
line and a lung cancer line, respectively.

■ EXPERIMENTAL SECTION
Chemicals. Graphene oxide aqueous solution (GO, 5.0 mg/mL)

was purchased from ACS Materials. The following chemicals,
including doxorubicin hydrochloride (DOX, C27H29NO11·HCl,
98%), tetraethyl orthosilicate (TEOS, C8H20O4Si, 98%), sodium

hydroxide (NaOH, 98%), hexadecyltrimethylammonium bromide
(CTAB, CH3(CH2)15N(Br)-(CH3)3, 96%), dimethyl sulfoxide
(DMSO, (CH3)2SO, 99.9%), hydrazine hydrate (N2H4, 50%−60%)
and hydrochloride acid (HCl, 36.5%−38%), ethanol (C2H5OH,
99.8%), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT, C18H16BrN5S, 98%), were purchased from Sigma-
Aldrich Inc. and used as received without further purification. The
deionized (DI) water (18.2 MΩ cm) was obtained from a Millipore
water purification system. Dulbecco’s modified Eagle’s medium
(DMEM), Leibovitz’s L-15 medium (L-15), and 4′-6-diamidino-2-
phenylindole (DAPI, C6H15N5) were purchased from ThermoFisher
Scientific Inc. Colon cancer cell line (SW620) was provided by MD
Anderson Cancer Center. Lung cancer cell line (A549) was purchased
from the American Tissue Culture Collection (ATCC). Both cells
were cultured in the School of Medicine and Health Sciences in the
University of North Dakota at 37 °C with 5% CO2.
Instruments. An Eppendorf 5804 centrifuge (Eppendorf,

Hamburg, BRD) and an ultrasonicator (Branson, Buffalo Grove, IL,
USA) were used to separate and disperse nanocarriers. The
hydrodynamic diameter and surface potential of the nanocarriers
were characterized by the Zetasizer Nano ZS (Marlwen, Worcester-
shire, UK). A Hitachi SU8010 field emission scanning electron
microscope (Hitachi, Tokyo, Japan) was used to take the STEM
image of rGO. A Hitachi 7500 transmission electron microscope
(Hitachi, Tokyo, Japan) and JEOL JEM-2100 high-resolution
transmission electron microscope (JEOL Ltd., Tokyo, Japan) were
employed to image the structure of mesoporous silica layer. The pore
size and surface area of the nanocarriers were measured by an
autosorb-iQ gas sorption analyzer (Quantachrome Instruments,
Boynton Beach, FL, USA). The absorption and fluorescence spectra
were obtained by a PerkinElmer Lambda 1050 UV−vis/NIR
spectrometer (PerkinElmer, Santa Clara, CA, USA) and a Jobin
Yvon Horiba Fluorolog-3 spectrofluorometer (Horiba Scientific,
Edison, NJ, USA), respectively. A FT-IR Spectrum ATR iD5
spectrometer (ThermoFisher Scientific, Waltham, UK) was used to
collect the Fourier transform infrared (FTIR) spectra of the rGO@
msilica. A BWF1 series fiber-coupled diode laser system (808 nm,
B&W TEK Inc., Newark, DE, USA) was utilized to irradiate the
nanocarrier for executing photothermal therapy. The temperature was
monitored with a SK-1250MC electronic thermometer (Sato
Keiryoki, Tokyo, Japan). A Multiskan spectrum spectrophotometer
(Thermo Fisher Scientific, Waltham, UK) was employed to perform
MTT test for measuring the optical density at 570 nm in dimethyl
sulfoxide (DMSO) solution.

Synthesis of Reduced Graphene Oxide/Mesoporous Silica
Nanocarrier (rGO@msilica). The rGO@msilica nanocarrier was
prepared by the following steps. In the beginning, 50.0 mL of
deionized water was mixed with 1.0 mL of 5.0 mg/mL GO aqueous
solution, followed by sonication for 30 min. The solution was then
centrifuged at 7000 rpm for 30 min to remove the precipitant.
Afterward, 500 mg of CTAB and 20 mg of sodium hydroxide were
added into the previous solution, followed by sonication for 3 h to
build a basic condition for hydrolysis of TEOS. Then an aliquot of
250 μL of TEOS was added into the above solution and stirred for 7 h
in a 40 °C water bath. The obtained nanocarrier solution was refluxed
in 50 mL of hydrogen chloride (HCl)/ethanol (EtOH) solution
(0.1%, v/v) for 3 h to remove the excess CTAB, followed by washing
with ethanol and water. The precipitant was redispersed in 50 mL of
water. An aliquot of 80 μL of hydrazine hydride was added and stirred
at 100 °C overnight. The final rGO@msilica was washed with water
and ethanol (each for three times) and dried in an oven (80 °C) for
future usage. The GO@msilica nanocarrier was prepared as a control
group following the same procedure mentioned without the reduction
process by hydrazine hydride.

Measurement of Pore Size and Surface Area. The obtained
dry rGO@msilica nanocarrier was loaded into a 12 mm sample cell in
the autosorb-iQ gas sorption analyzer. Before this loading, the weight
of the empty sample cell with glass and glass rod was measured. Then
the loaded cell was put into a heating mantle for degassing at the
temperature of 120 °C for 2 h. After degassing, the sample was
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reweighed. Then the loaded cell was transferred into the analysis port.
The isotherm curve (volume absorbed vs relative pressure) was
plotted, and the pore size and the surface area were obtained.
Measurement of Drug Loading and Releasing Efficiency. An

aliquot of 2.0 mL of 1.5 mg/mL rGO@msilica nanocarrier aqueous
solution was mixed with 24 μL of 5.0 mg/mL doxorubicin (DOX)
and 2.0 mL of 20 mM PBS buffer (pH = 7.4) at room temperature for
24 h. Drug loading efficiency was calculated by measuring the
fluorescence intensity of the original solution and the supernatant
after centrifugation (11 500 rpm, 15 min). Furthermore, the pH-
dependent drug release behavior of the nanocarrier was investigated
under pH 7.4 and pH 5.0. Briefly, two aliquots of 1.0 mL of 0.75 mg/
mL of DOX-loaded rGO@msilica nanocarriers were adjusted to two
different pH values, pH 5.0 and pH 7.4, in a PBS buffer. At different
time intervals, the solution was centrifuged at 11 500 rpm for 15 min.
Then the supernatant was collected for fluorescence measurement,
which was used to calculate the amount of DOX with a prepared
calibration curve. Similarly, the photoresponsive release of DOX
under a NIR irradiation was evaluated in different pH solutions. The
initial temperature was adjusted at 37 °C using a water bath. The
cuvette was exposed to a NIR diode laser (0.3 W/cm2) for 15 min and
cultivated for different period of intervals including 1 h, 2 h, 3 h, 4 h, 5
h, and 6 h.
Photothermal Effect of rGO@msilica. To evaluate the photo-

thermal effect of GO@msilica nanocarrier and rGO@msilica
nanocarrier, an aliquot of 2.0 mL of GO@msilica nanocarrier (0.1
mg/mL) and rGO@msilica nanocarrier (0.1 mg/mL) was irradiated
with an NIR laser (808 nm, 0.3 W/cm2). The temperature change
over time was recorded by an electronic thermometer.
Biocompatibility of rGO@msilica Nanocarrier. A549 lung

cancer cells (5.0 × 104 cells/well) were incubated in a DMEM cell
culture medium in a humidified atmosphere with 5% of CO2 at 37 °C
for 24 h.46 The cells were rinsed with a PBS buffer and then treated
with different concentrations of unloaded rGO@msilica nanocarriers
(0, 2.5, 2.5 × 10−2, 2.5 × 10−3, 2.5 × 10−4, and 2.5 × 10−5 mg/mL)
for 24 h in a DMEM medium. The cells were washed to remove the
physically adsorbed nanocarriers, and then an MTT solution (5.0 mg/
mL, 10 μL) was subsequently added into each well for incubation of
4.0 h. After the medium was removed, DMSO was added to dissolve
the formed formazan violet crystals. The absorbance of formazan in
DMSO solution was detected by a microplate reader at 570 nm. A

different cell line (colorectal cancer cells SW620)47 has been used to
validate the biocompatibility as well.

Chemotherapeutic Effect of DOX-Loaded rGO@msilica
Nanocarrier. A549 lung cancer cells (5.0 × 104 cells/well) were
incubated in DMEM cell culture medium in a humidified atmosphere
with 5% of CO2 at 37 °C for 24 h. Then the cells were treated with
different concentrations (0, 2.5 × 10−5, 2.5 × 10−4, 2.5 × 10−3, 2.5 ×
10−2, 2.5 × 10−1, and 2.5 mg/mL) of DOX-loaded rGO@msilica
nanocarriers for 12 h in a DMEM medium. An MTT assay was
performed to measure the cell viability after the treatment.
Furthermore, the impact of incubation time on the cell viability was
investigated by MTT assay. Briefly, A549 cells were cultured with
DOX loaded rGO@msilica nanocarriers (25 μg/mL) for various time
periods (0, 3, 12, 24, 30, 36, and 42 h), followed by the MTT assay to
assess the cell viabilities.

Confocal Fluorescence Imaging of Drug Release in Cancer
Cells. A549 cells (2.0 × 105 cells/well) were incubated in the cell
culture medium in a humidified atmosphere with 5% of CO2 at 37 °C
for 24 h in a 24-well cell culture plate. Afterward, an aliquot of 500 μL
of DOX-loaded rGO@msilica nanocarrier dispersed in the culture
medium (25 μg/mL) was added into the above cell culture plates.
The cells were incubated at 37 °C for 10 min, 6 h, and 24 h,
respectively. Cell nuclei were stained by 300 nM DAPI solution. After
the cells were washed with PBS buffer to remove the excess DAPI and
DOX-loaded rGO@msilica nanocarrier, the fluorescence imaging was
taken with a confocal fluorescence microscope.

Synergistic Therapeutic Efficiency. The synergistic therapeutic
efficiency of DOX-loaded rGO@msilica nanocarrier was evaluated
using A549 cells and SW620 cells. First, the A549 cells (5.0× 104

cells/well) were seeded on a 96-well plate and cultured for 24 h. Five
different treatment groups, including the control group, pure rGO@
msilica (25 μg/mL), DOX-loaded rGO@msilica (25 μg/mL), rGO@
msilica (25 μg/mL) with irradiation, and DOX-loaded rGO@msilica
(25 μg/mL) with and irradiation, were used to assess the synergistic
therapeutic efficiency. For the irradiation, an 808 nm laser with a
power density of 0.3 W/cm2 was used for 15 min. After the
treatments, the cells were incubated for another 6 or 24 h, followed by
the measurement of cell viability using MTT assay. The therapeutic
effect was also validated in SW620 cells using the same protocol.

Statistical Analysis. Statistical analysis was performed using
Quantachrome ASiQwin software, and Figures were produced using
GraphPad Prism 8.0. The significant differences between groups were

Scheme 1. Schematic Illustration of DOX-Loaded rGO@msilica Nanocarrier as Multifunctional Drug Delivery System for
Synergetic Chemo-Photothermal Therapy of Cancer
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analyzed using student’s t test (unpaired and parametric). The
quantitative data analysis was manifested as mean ± standard
deviation. Values with p < 0.05 were considered statistically significant
(∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001, ∗∗∗∗ p < 0.0001).

■ RESULTS AND DISCUSSION

Design and Synthesis of the DOX-Loaded rGO@
msilica Nanocarrier. The design of the bifunctional DOX-
loaded rGO@msilica nanocarrier was illustrated in Scheme 1.
Although the multifunctional drug delivery systems have been
developed by many research groups, the DOX-loaded rGO@
msilica nanocarrier developed in this work has the following
three main features. First of all, the usage of rGO not only
provides a powerful photothermal agent to ablate cancer cells
with the irradiation of NIR laser but also works as the
controllable drug carrier for DOX.44 The large sp2 carbon
clusters in rGO efficiently load hydrophobic drugs, like DOX,
through π−π stacking under the normal environment.48,49

However, when the environment becomes acidic, the amine
groups and carboxyl groups on rGO are protonated, resulting
the strong repulsive force between the positive charged DOX
and rGO.50,51 This enhanced repulsive force will trigger the
drug release from the nanocarrier. Moreover, under the NIR
laser irradiation, the acidic triggered drug releasing efficiency
was accelerated by the elevated temperature. Second, the
mesoporous silica layers have three important functions in this
design. With the protection of the mesoporous silica layers,
rGO become more stable than the pure rGO without any
modification. Also, the excellent biocompatibility of silica
ensures the low cytotoxicity of the nanocarrier for drug
delivery. More importantly, the mesopores in the silica layer
provide an ideal container for drugs, which could be easily
triggered to release in the acidic environment.52−54 Third, the
synergistic effect by the two cancer killing mechanisms,
including photothermal ablation and acidic triggered chemo-
therapy, greatly enhanced the therapeutic efficiency for cancer
treatment.
To prepare the nanocarrier, mesoporous silica was first

coated on the surface of a single layer GO (Scheme 1A) by the
hydrolysis of TEOS with assistance of CTAB in an alkaline
environment, forming a sandwich structure (Scheme 1B).
Then the inner GO was reduced by hydrazine hydride to form
the reduced graphene oxide (rGO, Scheme 1C). Thereafter, a
chemotherapeutic drug, doxorubicin hydrochloride
(DOX),55−58 was loaded into the pores of mesoporous silica
layer and the surface of rGO (Scheme 1 D) through
electrostatic interaction and π−π stacking. Triggered by the
acidic tumor microenvironment, DOX would be released for
chemotherapy, which would also be enhanced by the
photothermal effect under a NIR laser irradiation (Scheme
1D).
Characterization of DOX-Loaded rGO@msilica Nano-

carrier. The morphology and size of rGO@msilica nanocarrier
were characterized with a regular transmission electron
microscope (TEM) and a high-resolution transmission
electron microscope (HRTEM). Without mesoporous silica
coating, the pure rGO surface was smooth, and no pores
structure was observed (Figure 1A). After the formation of the
rGO@msilica sandwich structure, the TEM image (Figure 1B)
clearly demonstrated the existence of mesopores silica with the
lateral size around 300−500 nm. The HRTEM image (Figure
1C) showed the average pore size of mesoporous silica was
about 3 nm. Furthermore, the composition of the synthesized

rGO@msilica nanocarriers was investigated using energy-
disperse X-ray spectroscopy (EDS) equipped on a SEM. The
elemental mapping from EDS showed the overlapping images
of elements of C, Si, and O as designed (Figure 2). However,
due to the low content of N in the rGO@msilica, no element
N map was obtained.

The surface area and pore sizes of the rGO@msilica were
further measured using a surface area analyzer. The results of
N2 adsorption−desorption isotherm (Figure 3A) and the pore
size distribution curve (Figure 3B) indicated that the rGO@
msilica nanocarrier possessed a large BET surface area (770
m2/g). A computational mechanical modeling method, the
BJH method (Barrett, Joyner, and Halenda), was employed for
calculating the pore size distribution from the experimental
isotherms using the Kelvin model of pore filling. The pore
volume was 1.21 cm2/g, and the average pore size was
estimated as 3.1 nm, which was consistent with the result from
the HRTEM images.
To further confirm the formation of the rGO@msilica

nanocarrier, we also monitored the absorption spectra (Figure
3C) during the synthetic process. The absorption peaks of GO
and GO@msilica nanocarrier were both at 230 nm, which was
the characteristic peak of GO. After the reduction, the peak
was shifted to 260 nm attributing to the restored sp2 carbon
clusters, indicating the formation of rGO. Meanwhile, the
absorbance in the NIR range was significantly enhanced when
GO was reduced to rGO, which was useful for PTT using NIR

Figure 1. Images of rGO@msilica nanocarrier. (A) STEM image of
pure rGO sheet. (B) Low magnification TEM image of rGO@msilica
nanocarrier (300−500 nm). (C) HRTEM image of rGO@msilica
nanocarrier.

Figure 2. Elemental analysis of the of rGO@msilica nanocarriers. (A)
STEM image of the rGO@msilica nanocarrier and its corresponding
elemental maps of (B) Si (green color), (C) carbon (yellow color),
and (D) oxygen (red color) (scale bar = 250 nm).
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laser. Moreover, zeta potentials of GO, GO@msilica, and
rGO@msilica nanocarrier were measured, which were −39.6 ±
0.5 mV, − 30.3 ± 2.1 mV, and −16.8 ± 1.3 mV, respectively
(Figure 3D). By coating GO with mesoporous silica, the zeta
potential decreased but kept relatively large negative charge
due to −OH groups on silica surface. With the formation of
rGO, the surface oxygen-containing groups of GO were
partially removed, resulting in the further decrease of the zeta
potential. Overall, the negative charge surface of rGO@msilica
nanocarrier ensured the good stability of the nanocarrier in
buffer and medium for bioapplications.
Drug Loading. One of the most important criteria for a

successful stimuli-responsive drug delivery platform is that the
loaded drug should be released only under the desired
conditions with minimal nonspecific leakage. Because of the
strong fluorescence of DOX, we used the fluorescence intensity
of DOX to measure the loading efficiency and monitor the
drug releasing behavior. To avoid false signals caused by the
fluorescence variation of DOX, we first studied the pH effect
on the fluorescence intensity of the pure DOX molecules. The
results showed that DOX was insensitive to pH in the range of
2 to 8 (Figure 4A).
The pH insensitive feature of DOX ensured the accuracy of

the measurement of DOX by fluorescence intensity in this
work. Therefore, a calibration curve based on the concen-
tration of DOX and fluorescence intensity was established to
quantify DOX in different environment (Figure 4B). To

calculate the drug loading efficiency, a certain amount of DOX
was loaded to the rGO@msilica nanocarrier as described in the
Experimental Section. The drug loading efficiency was
measured by the detection of the fluorescence intensities of
the initial pure DOX solution (Figure 4C, curve a) and the
supernatant after centrifuging the DOX-loaded rGO@msilica
nanocarrier (Figure 4C, curve b). The loading efficiency was
calculated to be 90%, and the loading amount was 36.0 mg
DOX/g nanocarrier. Interestingly, after loading DOX into
rGO@msilica nanocarrier, the fluorescence of DOX was
strongly quenched by rGO due to its universal fluorescence
quenching ability, indicating the successful drug loading. As
shown in Figure 4D, the fluorescence intensity of DOX-loaded
rGO@msilica was only 1% of the original pure DOX solution.

pH-Responsive Drug Release. Upon the successful
loading of DOX into the rGO@msilica nanocarrier, the feature
of the pH-triggered drug release behavior was investigated.
Two pH values, including pH 7.4 and pH 5.0, were selected for
the investigation. By monitoring the fluorescence intensity
changes of the supernatant of the DOX-loaded rGO@msilica
nanocarriers after centrifugation, the amount of released DOX
was measured. As shown in Figure 5A, only 4.8% of the loaded
DOX was released in the PBS buffer with pH 7.4 without NIR
laser irradiation in the first 6 h. In contrast, a significant large
amount of DOX (38.0%) was released from the DOX-loaded
rGO@msilica nanocarrier when the pH was changed to 5.0,

Figure 3. (A) Nitrogen adsorption−desorption isotherm curve and (B) pore size distribution of rGO@msilica nanocarriers based on BJH method.
The outgas was conducted at 120 °C for 1.2 h. (C) Absorption spectra of GO, GO@msilica, and rGO@msilica nanocarrier. (D) Zeta potential of
GO, GO@msilica, and rGO@msilica nanocarrier in pH 5.0, 10 mM PBS buffer at room temperature.
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indicating the accelerated drug releasing profile triggered by
the acidic environment.

Because of the enhanced NIR absorbance of rGO@msilica
nanocarrier and the reported PTT effect of rGO, we also

Figure 4. DOX loading into rGO@msilica nanocarrier. (A) Fluorescence spectra of DOX (0.01 mg/mL) at different pH values. (B) Calibration
curve of DOX in 10 mM pH 7.4 PBS buffer (DOX concentration: 3.0 × 10−2, 2.0 × 10−2, 1.0 × 10−2, 5.0 × 10−3, 2.5 × 10−3, 1.3 × 10−3 mg/mL).
(C) Fluorescence spectra of (a) initial pure DOX solution to be used for loading and (b) supernatant after centrifuging DOX-loaded rGO@msilica
nanocarrier. Inset shows the (a) initial pure DOX solution and (b) DOX-loaded rGO@msilica nanocarrier solution after centrifugation. (D)
Fluorescence spectra of (a) pure DOX (3.0 × 10−2 mg/mL), (b) 7.5 × 10−1 mg/mL DOX-loaded rGO@msilica nanocarriers (with equivalent
DOX concentration of 2.7 × 10−2 mg/mL) in 10 mM pH 7.4 PBS buffer, and (c) pure 10 mM pH 7.4 PBS buffer solution as control. Excitation
wavelength: 480 nm. Emission wavelength: 591 nm.

Figure 5. (A) Cumulative release of DOX from DOX-loaded rGO@msilica (0.75 mg/mL) within different pH buffers with or without irradiation.
An NIR laser (808 nm, 0.3 W/cm2) was used for irradiation. (B) Temperature increasing curves of PBS, GO@msilica nanocarrier (0.5 mg/mL),
and rGO@msilica nanocarrier (0.5 mg/mL) solutions exposed to an NIR laser (808 nm, 0.3 W/cm2) for 15 min. The solution volume was 2.0 mL.
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investigated the temperature change of the rGO@msilica
nanocarrier under the 808 nm laser irradiation. The temper-
ature of the rGO@msilica nanocarrier solution was monitored
under the irradiation of an 808 nm laser (0.3 W/cm2) for 15
min (Figure 5B). Without the nanocarrier, the temperature of
the PBS increased less than 0.5 °C under the same irradiation
(Figure 5B). In contrast, the temperature changes of GO@
msilica nanocarrier solution (0.5 mg/mL) only elevated 4 °C
(Figure 5B). Significantly, the temperature changes of the
rGO@msilica nanocarrier solution (0.5 mg/mL) exceeded 14
°C (Figure 5B) with the irradiation. The enhanced temper-
ature change of rGO@msilica nanocarrier was higher than that
of GO@msilica nanocarrier because the NIR absorbance of
rGO was much higher than that of GO at 808 nm (Figure 3C),
inducing superior photothermal effect. Considering the normal
human body temperature is about 37 °C, the final temperature
caused by rGO@msilica with irradiation could be over 51 °C,
which would be high enough to kill most of the malignant cells.
More importantly, we proposed that the acid-triggered drug

releasing rate would be increased attributing to the enhanced
diffusion speed at a higher temperature. Therefore, the drug-
releasing profile of DOX-loaded rGO@msilica nanocarrier was
also investigated under the laser irradiation in different pH
solutions. We first tested irradiation-triggered DOX releasing
profile of DOX-loaded rGO@msilica nanocarrier in pH 7.4
solution. As shown in Figure 5A, 9.1% of the loaded DOX was
released in the first 6 h with NIR irradiation. Compared to the
one without NIR irradiation, an additional of 4.2% drug release
was obtained. When the acidic pH of 5.0 was utilized with the
NIR irradiation to trigger the drug release, 48.3% of DOX was
released from the nanocarrier in 6 h (Figure 5A), which was
significantly higher than the single trigger of acidic pH or NIR
laser irradiation. Therefore, with the highly efficient photo-
thermal effect, rGO@msilica nanocarrier was expected not
only to work as a photothermal agent to directly kill cancer
cells but also to possess higher drug release rate with the
elevated temperature under the NIR irradiation.
Biocompatibility of rGO@msilica Nanocarriers. The

biocompatibility of the nanocarrier was investigated before the
application of the nanocarrier for drug delivery. Two cancer
cell lines, including human lung cancer cell line (A549) and
human colorectal carcinoma cell line (SW620), were selected
for this study because of their widespread prevalence and high
mortality. As described in the Experimental Section, the cells
were incubated with different concentrations of rGO@msilica
nanocarrier without loading DOX. After 24 h of incubation, an
MTT assay was performed to evaluate the cell viability of these
two cell lines. As shown in Figure 6, the cells showed high
viability of 84.7% with SW620 and 95.6% with A549 even at
the concentration of 2.5 mg/mL. There was no significant
difference between different treatment groups (∗ p < 0.05),
indicating the excellent biocompatibility of the rGO@msilica
nanocarrier.
Chemotherapy Evaluation of DOX-Loaded rGO@

msilica Nanocarrier. Because of the excellent biocompati-
bility of the rGO@msilica nanocarrier, the chemotherapy of
the DOX-loaded rGO@msilica nanocarrier was investigated in
vitro. A549 lung cancer cells were incubated with different
concentrations of DOX-Loaded rGO@msilica (2.5 × 10−5 to
2.5 mg/mL) for 12 h, followed by the MTT assay to evaluate
the cell viability. As shown in Figure 7A, when the
concentration of the DOX-Loaded rGO@msilica increased,
the cell viability decreased significantly. And 80.4% of the

cancer cells were killed when the concentration of DOX-
loaded rGO@msilica nanocarrier reached 2.5 mg/mL. The
results demonstrated a dose-dependent therapeutic effect of
the DOX-loaded rGO@msilica nanocarrier to the A549 cancer
cells. The IC50 concentration was calculated to be 2.5 × 10−2

mg/mL at the period of 12-h incubation. The effect of the
incubation period on the A549 cell viability was also
investigated at the concentration of 2.5 × 10−2 mg/mL. As
shown in Figure 7B, the A549 cell viability decreased as the
time collapsed and reached the plateau at 30 h. At this
moment, 82.9% of cancer cells were killed, and the same value
remained as the time increased to 40 h. The result indicated
that the drug release from the rGO@msilica nanocarrier was a
slow and effective process.

Cellular Uptake and Drug Release in Cells. To further
confirm the drug release behavior of the nanocarrier in cancer
cells, confocal fluorescence images of A549 cells were taken
under different incubation time periods with the DOX-loaded
rGO@msilica nanocarrier (Figure 8A). The cells were also
stained with DAPI23 as it could bind with DNAs to show
strong blue fluorescence. When the DOX-loaded rGO@msilica
nanocarrier (2.5 × 10−2 mg/mL) was incubated with cells for
only 10 min, the fluorescence signal from DOX was mainly
localized around the nucleus (Figure 8A), which was because

Figure 6. Cell viability of (A) A549 cells and (B) SW620 cells after
the treatments with various concentrations of rGO@msilica nano-
carriers for 24 h.

Figure 7. (A) Cell viability of the A549 cells with different
concentrations of DOX-loaded rGO@msilica nanocarrier. The
concentration of DOX loaded rGO@msilica was from 2.5 × 10−5

mg/mL to 2.5 mg/mL. The incubation time was 12 h. (B) Time
effect of the DOX-loaded rGO@msilica nanocarrier on the cell
viability of the A549 cells. The concentration of the DOX-loaded
rGO@msilica nanocarrier was 2.5 × 10−2 mg/mL.
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the unreleased DOX from the nanocarrier could not enter the
nucleus with the relative large size of the nanocarrier. However,
when the incubation time increased to 6 h, most of the DOX
fluorescence was colocalized with DAPI in the nucleus (Figure
8A), indicating the effective drug release from the nanocarrier.
When the incubation time increased to 24 h, the red
fluorescence spread in both nucleus and cytoplasm due to
the drug release from the nanocarrier. The intensities of these
fluorescence signals were quantitatively measured (Figure 8B).
The red fluorescence from DOX was gradually enhanced in
cells with time, indicating the gradually drug release in cells.
Synergistic Chemo-Photothermal Therapy of Cancer

Cells. As previously discussed, rGO was well recognized as an
efficient photothermal agent for cancer treatment.36 Combined
with the chemotherapy of the loaded DOX, the synergistic
chemo-photothermal therapeutic effect of the DOX-loaded
rGO@msilica nanocarrier was investigated under an NIR
irradiation (808 nm, 0.3 W/cm2). As shown in Figure 9,
SW620 cells (Figure 9A) and A549 cells (Figure 9B) were
incubated with 2.5 × 10−2 mg/mL DOX-loaded rGO@msilica
nanocarrier for 6 and 24 h, followed by the NIR laser

irradiation (808 nm, 0.3 W/cm2) for 15 min. Then the cells
were cultured in medium for additional 12 h, followed by the
MTT assay to assess the cell viabilities. The results showed
that pure rGO@msilica nanocarrier has no significant cytotoxic
activity to both cell lines compared with the control group,
indicating the great biocompatibility of the rGO@msilica
nanocarrier. Take SW620 cells as an example, the photo-
thermal therapy effect caused by the combination of the
rGO@msilica nanocarrier and NIR laser irradiation showed a
moderate therapeutic effect, which resulted in the reduction of
cell viability to 60% and 66% at 6 and 24 h, respectively.
Moreover, the cell viability of SW620 cells treated with DOX-
loaded rGO@msilica nanocarrier without NIR irradiation
caused severe cell death, resulting in the cell viabilities of 51%
and 19% at 6 and 24 h, respectively. More importantly, the
combination of the chemo-photothermal therapy by treating
cells with DOX-loaded rGO@msilica nanocarrier and NIR
irradiation killed more cells. At 6 and 24 h, the cell viabilities
decreased to 31% and 9%, respectively. Similarly, the
synergistic therapeutic efficiency was demonstrated in the
treatment of A549 cells (Figure 9B). Thus, DOX-loaded

Figure 8. (A) Confocal fluorescence images of A549 cells incubated with DOX-loaded rGQ@msilica nanocarrier at different time periods,
including 10 min, 6 h, and 24 h. The nucleus was counterstained with DAPI (blue). The red fluorescence was from DOX. (B) Fluorescence
intensity of DOX in cells was quantified by ImageJ software (∗∗∗∗ p < 0.0001).

Figure 9. Cell viabilities of (A) SW620 and (B) A549 cells after different treatments. “−” stands for no treatment. “+” stands for the treatment. The
cells were incubated with nanocarriers for 6 and 24 h, respectively, followed by the 808 nm laser irradiation of 15 min (∗∗∗∗ p < 0.0001).

ACS Applied Bio Materials www.acsabm.org Forum Article

https://dx.doi.org/10.1021/acsabm.9b01108
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acsabm.9b01108?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01108?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01108?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01108?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01108?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01108?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01108?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.9b01108?fig=fig9&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.9b01108?ref=pdf


rGO@msilica nanocarrier composed of chemo-photothermal
therapeutic capacities demonstrates better antitumor efficiency
compared to a single modal therapy.

■ CONCLUSIONS
In summary, we have designed and constructed a bifunctional
DOX-loaded rGO@msilica nanocarrier with photothermal
effect and pH-responsive drug release properties. The large
surface area and pore size of the rGO@msilica nanocarrier
possessed effectively drug loading efficiency and pH-responsive
drug releasing behavior. Moreover, in the acidic environment
with NIR irradiation, the drug releasing efficiency was
significantly enhanced, causing significant cancer cell death.
The synergetic effect of chemotherapy and photothermal
therapy under NIR irradiation demonstrated the enhanced
cancer cell killing efficacy in vitro. The developed rGO@msilica
nanocarriers might have great potential for fighting cancer by
the combined therapeutic strategies.
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