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a b s t r a c t
We report the image-guided synergistic photothermal antitumor effects of photoresponsive near-infrared (NIR)
imaging agent, indocyanine green (ICG), by loading onto hyaluronic acid-anchored, reduced graphene oxide
(HArGO) nanosheets. Loading of ICG onto either rGO (ICG/rGO) or HArGO (ICG/HArGO) substantially improved
the photostability of photoresponsive ICG upon NIR irradiation. After 1 min of irradiation, the NIR absorption
peak of ICG almost disappeared whereas the peak of ICG on rGO or HArGO was retained even after 5 min of
irradiation. Compared with plain rGO, HArGO provided greater cellular delivery of ICG and photothermal
tumor cell-killing effects upon laser irradiation in CD44-positive KB cells. The temperature of cell suspensions
treated with ICG/HArGO was 2.4-fold higher than that of cells treated with free ICG. Molecular imaging revealed
that intravenously administered ICG/HArGO accumulated in KB tumor tissues higher than ICG/rGO or free ICG.
Local temperatures in tumor tissues of laser-irradiated KB cell-bearing nude mice were highest in those intravenously administered ICG/HArGO, and were sufﬁcient to trigger thermal-induced complete tumor ablation.
Immunohistologically stained tumors also showed the highest percentages of apoptotic cells in the group treated
with ICG/HArGO. These results suggest that photoresponsive ICG-loaded HArGO nanosheets could serve as a
potential theranostic nano-platform for image-guided and synergistic photothermal antitumor therapy.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Photothermal therapy (PTT) utilizes photoresponsive agents taken
up by cells and the conversion of absorbed light into local heating to
destroy malignant tissue [1]. PTT is considered a minimally invasive
cancer treatment approach that is advantageous compared with
conventional chemotherapy because its spatial and temporal controllability [2,3] limit side effects that commonly occur in chemotherapy
owing to nonspeciﬁc drug delivery to all tissues, including healthy
tissues. Multidrug resistance, an additional concern with chemotherapy
that leads to treatment failure [4], can also be avoided by PTT because
achieving ablative temperatures induces irreversible tissue necrosis [5].
Several types of photoresponsive dyes with maximal absorption
peaks in the near-infrared (NIR) region have been explored as imaging
agents [6]. Among them, the amphiphilic dye indocyanine green (ICG),
is the only NIR imaging agent approved by the U.S. Food and Drug
Administration, and used clinically for imaging retinal and choroidal
⁎ Corresponding author.
E-mail address: ohyk@snu.ac.kr (Y.-K. Oh).
1
These authors equally contributed to this work.

http://dx.doi.org/10.1016/j.jconrel.2015.05.280
0168-3659/© 2015 Elsevier B.V. All rights reserved.

vasculatures, and guiding biopsies [7]. However, the use of ICG suffers
dramatically from rapid, light-induced decomposition [8,9] and clearance, resulting in a plasma half-life of 2–4 min [10]. Thus, various modalities, including calcium phosphosilicate nanoparticles [11],
superparamagnetic iron oxide nanoparticles [12], gold nanoparticles
[13] and polymeric micelles [14], have been utilized to improve the
photostability and prolong retention of ICG in the bloodstream.
Carbon-based nanomaterials, such as carbon nanotubes, graphenes
and fullerenes, have been intensely investigated for photothermal
therapy applications. On a per-mass basis, both carbon nanotubes and
graphenes exhibit a larger extinction coefﬁcient of NIR light absorption
than gold nanomaterials, and consequently higher photothermal
conversion efﬁciency [15]. Intravenously administered polyethylene
glycol-conjugated graphene nanosheets exhibit ultrahigh tumor retention and good photothermal antitumor efﬁcacy [16]. Recently, we
demonstrated that the photothermal tumor ablation capacity of
poloxamer 407-functionalized graphene nanosheets was superior to
that of poloxamer 407-functionalized carbon nanotubes in a murine
xenograft tumor model [17]. Although graphene-based nanosheets
produce a photothermal effect on their own, reducing the injection dose
by loading photoresponsive agents would be desirable from a safety
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perspective. Moreover, photoresponsive imaging agent-loaded graphenebased nanosheets may be applicable as theranostics for image-guided
photothermal therapy.
In this study, we tested whether the loading of photoresponsive
imaging agent onto graphene-based nanosheets could provide imageguided and synergistic photothermal anticancer effects. For imageguided photothermal therapy, ICG was loaded onto reduced graphene
oxide nanosheets (rGO). To enhance tumor accumulation and image
intensity of ICG, we used hyaluronic acid (HA)-modiﬁed rGO for ICG
delivery.
2. Materials and methods
2.1. Synthesis of rGO nanosheets
Graphene oxide (GO) was prepared from graphite powder following
a modiﬁed Hummer's method [12]. Brieﬂy, graphite powder (0.5 g;
Sigma-Aldrich, St. Louis, MO, USA) was added to cold H2SO4 (23 ml).
While this mixture was gradually stirred on ice, KMnO4 (3 g) and
NaNO3 (0.5 g) were added slowly. The resulting mixture was further
stirred for 1 h at 35 °C. Subsequently, 46 ml of triple-distilled water
(TDW) was added and the mixture was incubated at 90 °C for 1 h. The
reaction was halted by adding 140 ml of TDW and 10 ml of 30% H2O2.
The reaction product was washed and puriﬁed by repeated centrifugation, ﬁrst with an aqueous 5% HCl solution and then with TDW (three
times). Finally, the product was suspended in TDW and sonicated for
2 h to exfoliate the GO layers into GO nanosheets. Unexfoliated GO
was removed by centrifugation at 1600 ×g for 10 min. The supernatant
containing GO nanosheets was collected and ﬁltered through 0.2-μm
polycarbonate membrane ﬁlters (Millipore Corp., Billerica, MA, USA)
using an extruder (Northern Lipid, British Columbia, Canada).
GO nanosheets were subsequently reduced to generate rGO nanosheets according to the method of Li and colleagues [18], with slight
modiﬁcation. In brief, 2.0 ml of GO nanosheets (5 mg/ml) in TDW was
mixed with a solution containing 8.0 ml of TDW, 0.5 ml of ammonia
solution (28 wt.% in water; Junsei Chemical, Tokyo, Japan) and 5.0 μl
of hydrazine monohydrate (64 wt.% in water, Sigma-Aldrich). The
resultant mixture was stirred at 80 °C for 10 min. After cooling the
mixture to room temperature, excess hydrazine and ammonia were
removed by dialysis (MWCO 100 K; Spectrum Laboratories, Inc., Rancho
Dominguez, CA, USA) against TDW. The resulting rGO nanosheets were
stored at 4 °C until use.
2.2. Synthesis of HArGO nanosheets
To modify the surface of rGO with HA, cholesteryl HA (CHA) was
synthesized by linking the amino group of cholesteryl-2aminoethylcarbamate (CAEC) with the carboxyl group of HA according
to a previous method [19]. The synthesis of CAEC was conﬁrmed by proton nuclear magnetic resonance (1H NMR) spectroscopy using a Bruker
Avance-500 MHz FT-NMR spectrometer (Bruker, Billerica, MA, USA).
The molecular weight of CAEC was measured by electrospray ionization
(ESI) mass spectrometry using a Finnigan Mat Lcq mass spectrometer
(Thermo Fisher Scientiﬁc, Inc., Waltham, MA, USA). Before the condensation reaction with CAEC, HA (214 kDa; Lifecore Biomedical, Chaska,
MN, USA) was converted to its tetrabutylammonium salt (HA-TBA).
After dissolving 100 mg of HA-TBA in 10 ml of dimethyl sulfoxide,
0.33 ml of CAEC (20 mg/ml) in a mixture of dichloromethane and methanol (1:1, v/v) was added to the solution, followed by addition of 4.2 mg
of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (Alfa Aesar, Ward Hill, MA, USA) in 0.5 ml of dimethyl sulfoxide.
The resulting CHA was stored at 4 °C until use. For surface coating with
CHA, an aqueous solution of rGO nanosheets in TDW (1 mg/ml) was
mixed with an equal volume of CHA solution (2 mg/ml). After sonication
for 30 min, the mixture was dialyzed (MWCO 1000 K; Spectrum
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Laboratories, Inc.) against TDW for 24 h to remove excess free CHA to
yield puriﬁed HArGO nanosheets.
2.3. Animals
In vivo experiments were conducted using 5-weeks-old female
Balb/c or Balb/c athymic nude mice with 18–20 g body weight (Orient
Bio Inc., Seungnam, Republic of Korea; approved animal experimental
protocol number SNU-130129-3-1). The animals were raised under
standard pathogen-free conditions at the Animal Center for Pharmaceutical Research at Seoul National University. All animal experiments were
conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources, Seoul
National University.
2.4. Loading of ICG onto nanosheets
ICG-loaded rGO (ICG/rGO) and ICG-loaded HArGO (ICG/HArGO)
nanosheets were prepared by adding ICG to rGO nanosheets in plain
or HA-coated form at a weight ratio of 1:5. Free ICG was removed
using a PD-10 desalting column (GE Healthcare, Buckinghamshire,
UK). The stability of rGO and HArGO nanosheets, with and without
ICG loading, was tested in phosphate buffered saline (PBS; 150 mM,
pH 7.4). An aliquot (0.2 ml) of test samples in TDW was added to 0.8 ml
of PBS, and the solutions were allowed to stand for 7 d. The stability of
ICG/HArGO nanosheets was evaluated during this period by monitoring
the mixtures for the appearance of precipitates using a digital camera
(Canon PC1089; Canon Inc, Tokyo, Japan).
2.5. Size and zeta potential measurements
The morphology of rGO or HArGO nanosheets was examined by transmission electron microscopy (TEM) using a JEM1010 system (JEOL Ltd,
Tokyo, Japan). The hydrodynamic diameters and lateral dimensions of
nanosheets were determined by dynamic light scattering using a He–Ne
laser (10 mW). Zeta potential values of nanosheets (diluted in TDW),
with or without ICG loading, were determined by laser Doppler microelectrophoresis at an angle of 22° using an ELS-8000 instrument (Photal,
Osaka, Japan).
2.6. Fluorescence measurement of ICG upon complexation and NIR irradation
The ﬂuorescence intensity of ICG upon complexation and NIR irradiation was measured in various conditions. ICG (5 μM) on nanosheets
was incubated at 37 °C for 5 min in 1 ml of TDW, RPMI-1640 medium
(Gibco-BRL Life Technologies, Carlsbad, CA, USA), or murine serum
from 5-wk-old female Balb/c (Orient Bio Inc.). In some experiments,
ICG (5 μM) on nanosheets was irradiated for 3 min using 808 nm continuous wave NIR diode laser beam (BWT Beijing LTD, Beijing, China) with
an output power of 1.2 W. As a control, free ICG (5 μM) in TDW was
used. The ﬂuorescence intensity of ICG in each sample was then measured using an eXplore Optix system (Advanced Research Technologies Inc., Montreal, Canada). A 785 nm pulsed-laser diode was used to
excite ICG.
2.7. Detection of photothermal properties upon irradiation
Photothermal properties were measured using an IR thermal imaging system after irradiation of each sample. ICG (1.3 μM) in free form
or on nanosheets (5 μg/ml of rGO) were irradiated using an 808 nm
continuous wave NIR diode laser beam (BWT Beijing LTD) with an output power of 1.2 W. The temperature and photothermal images of the
suspensions during laser irradiation were recorded every 30 s using
an IR thermal imaging system (FLIR T420; FLIR Systems Inc., Danderyd,
Sweden). The photothermal heating curve of TDW was measured as a
negative control.
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(FLIR T420). Immediately after irradiation, cell viability was quantiﬁed
using a Cell Counting Kit-8 (CCK8) according to the protocol provided
by the manufacturer (Dojindo Molecular Technologies, Inc., Rockville,
MD, USA). Cell viability was expressed as a percentage of that measured
in control groups.

2.10. Single acute toxicity study
For acute toxicity test, 5-week-old female Balb/c mice (Orient Bio Inc.)
were intravenously administered with various doses of rGO, HArGO, or
ICG/HArGO nanosheets. For isotonicity, the nanosheets were dispersed
in 5% glucose solution. One day after intravenous bolus injection into
the tail veins of female Balb/c mice, the survival of mice was recorded.

A

Fig. 1. Scheme and loading efﬁciencies of ICG on HArGO. (A) A schematic illustration of
ICG/HArGO. (B) The loading efﬁciency of ICG on rGO or HArGO was measured using
UV/vis spectrophotometry.
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2.8. Singlet oxygen generation upon irradiation
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Production of singlet oxygen ( O2) was measured using a singlet
oxygen sensor green reagent (SOSG, Life Technologies, Grand Island,
NY, USA) after irradiation of each sample. ICG (1.3 μM) in free form or
on nanosheets (5 μg/ml) was irradiated using an 808 nm continuous
wave NIR diode laser beam (BWT Beijing LTD) with an output power
of 1.2 W. During laser irradiation, 50 μl of aliquot was minutely collected
from 1 ml of each sample. Each aliquot was mixed with 2.5 μM of SOSG
solution. The presence of singlet oxygen was detected by ﬂuorescence of
SOSG with its excitation/emission of 504/525 nm using a ﬂuorescence
microplate reader (Gemini XS; Molecular Device, Sunnyvale, CA, USA).
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2.9. In vitro photothermal effect of ICG/HArGO following NIR irradiation
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Human KB epidermal carcinoma cells (American Type Culture
Collection, Rockville, MD, USA) were cultured in RPMI-1640 medium
(Gibco-BRL Life Technologies, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum, 100 units/ml penicillin, and 100 μg/ml streptomycin (complete RPMI-1640 media). KB cells were seeded onto 12-well
plates at a density of 1 × 105 cell/well. The following day, cells were
treated with free ICG, rGO, ICG/rGO, HArGO, or ICG/HArGO at an ICG
concentration of 5.2 μM and a nanosheet concentration of 20 μg/ml.
After 24 h of incubation at 37 °C, the cell suspensions were centrifuged
at 200 ×g for 3 min to evaluate the cellular uptake of rGO nanosheets.
The black color of cell pellets was monitored using a digital camera
(Canon PC1089). The cell suspensions were irradiated with an 808 nm
continuous-wave NIR diode laser at an output power of 1.2 W. The temperature and photothermal images of the cell suspensions during laser irradiation were recorded minutely using an IR thermal imaging system

E

ICG/rGO

ICG/HArGO

Fig. 2. Characterization of ICG/HArGO. TEM images of ICG/rGO (A) and ICG/HArGO (B).
(C) The lateral diameters of rGO, ICG/rGO, HArGO, and ICG/HArGO, measured by dynamic
light scattering. (D) Zeta potentials, determined using an electro-Doppler method.
(E) Stability of ICG/rGO and ICG/HArGO nanosheet suspensions in PBS. Scale bars = 100 nm.
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2.12. In vivo photothermal study
The photothermal anticancer effects of ICG/HArGO were tested
using KB tumor-bearing nude mice. Five-week-old athymic nude mice
(Orient Bio Inc.) were subcutaneously injected at the dorsal right side
with 2 × 106 KB cells. When tumor volumes reached 80–100 mm3,
mice were intravenously administered with 1 mg/kg of ICG in free
form or on nanosheets (5 mg/kg). One day post-administration, the
tumor sites of mice were irradiated for 3 min with an 808 nm continuous wave NIR laser at an output power of 1.2 W. Light-induced temperature changes in the tumor region were recorded using an FLIR T420
real-time IR thermal imaging system. Tumor volume was calculated
according to the equation a × b2 × 0.5, where a is the largest and b is
the smallest dimension. In some experiments, tumor tissues were
extracted on day 26 after the ﬁrst inoculation of tumor cells, ﬁxed
in 10% neutral buffered formalin, and embedded in parafﬁn blocks.
Tumor tissue sections (4 μm thick) were immunostained with an antiproliferating cell nuclear antigen (PCNA) antibody (Thermo Fisher
Scientiﬁc) by terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) (Millipore Corporation). The numbers of proliferating
and apoptotic cells were counted using Image-Pro Plus Version 6.0
image analysis software (Media Cybernetics, Inc., Rockville, MD, USA)
using an Eclipse TE2000-S microscope (Nikon, Tokyo, Japan) [20].
2.13. Statistics
Analysis of variance (ANOVA) with post hoc Student–Newman–
Keuls test was used for statistical evaluation of experimental data. All
statistical analyses were done using SigmaStat software (version 3.5;
Systat Software, Richmond, CA, USA). A p-value b 0.05 was considered
statistically signiﬁcant.

3.2. Thermal conductivity and photostability of ICG on nanosheets
The thermal conductivity and photostability of ICG on nanosheets
were different compared with those of free ICG. Upon laser irradiation,
free ICG solution showed the increase of temperature, similar to TDW
alone (Fig. 4A, B). After 1, 2, and 5 min of irradiation, the temperature
increase for free ICG was 2.3 °C ± 0.3 °C, 3.4 °C ± 0.2 °C, and 4.2 °C ±
0.3 °C, respectively (Fig. 4A). The thermal conductivity of rGO and
HArGO was higher than that of free ICG, with both nanosheet preparations exhibiting a gradual temperature increase that was proportional
to the irradiation time. After 5 min of irradiation, the temperature
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Molecular whole body imaging was used to trace the distribution of
ICG in KB tumor-bearing mice. Five week old athymic nude mice (Orient
Bio, Inc.) were subcutaneously injected at the dorsal right side with
2 × 106 KB cells. When the tumor volume reached 80–100 mm3, the
mice were subjected to intravenous administration of free ICG, ICG/rGO,
ICG/HArGO at the rGO dose of 5 mg/kg, and the ICG dose of 1 mg/kg. At
various time points post-dose, the images of ICG were assessed using an
eXplore Optix system (Advanced Research Technologies Inc.). In some
experiments, mice were sacriﬁced at 1 and 24 h post-dose, and major
organs were extracted for ex vivo imaging.

RPMI-1640 media (Fig. 3B), and serum (Fig. 3C). In contrast, the intensity
of ICG on rGO or HArGO did not signiﬁcantly change upon NIR irradiation
in the environments tested in this study.
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3. Results
3.1. Characterization of ICG/HArGO
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ICG was loaded onto the surfaces of rGO or HArGO nanosheets via
π–π interaction, as illustrated in Fig. 1A. The loading efﬁciencies of ICG
on rGO and HArGO nanosheets were 100.4% ± 3.6% and 92.3% ± 5.0%,
respectively (Fig. 1B). The morphology of ICG/rGO (Fig. 2A) did not
differ from that of ICG/HArGO (Fig. 2B). The loading of ICG did not significantly affect the sizes of rGO or HArGO (Fig. 2C). The zeta potential
values of nanosheets decreased after loading of ICG onto rGO (Fig. 2D).
Immediately after dispersion in PBS, aggregates formed in the ICG/rGO
suspension, but not in the ICG/HArGO suspension (Fig. 2E).
Upon complexation onto nanosheets, the ﬂuorescence of ICG was
signiﬁcantly quenched. Although the intensity of free ICG in TDW was
1057.7 ± 143.5, the intensity values of ICG on rGO and HArGO in
TDW were 2.1 ± 0.3 and 12.2 ± 1.4 (Fig. 3A). The substantial quenching
of ICG upon complexation onto nanosheets was similarly observed
in RPMI-1640 media (Fig. 3B), and serum (Fig. 3C). Moreover, the complexation onto nanosheets increased the photostability of ICG. After NIR
irradiation, the intensity of free ICG was decreased in TDW (Fig. 3A),
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Fig. 3. Quenching and photostability of ICG on nanosheets. The intensity of ICG on rGO or
HArGO was measured in TDW (A), RPMI-1640 media (B), or serum (C) before and after
laser irradiation.
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increase for rGO and HArGO was 15.1 °C ± 0.3 °C and 14.5 °C ± 0.4 °C,
respectively. Unlike free ICG, ICG on nanosheets displayed a continuous
increase in temperature with increased irradiation time. After 5 min of
irradiation, the temperature increase for ICG/rGO and ICG/HArGO was
23.6 °C ± 0.8 °C and 23.4 °C ± 0.6 °C, respectively. Photostability significantly differed between ICG in free form and on nanosheets. UV spectra
of free ICG revealed a rapid loss of the NIR absorption peak of free ICG
upon irradiation. After 1 min of irradiation, the NIR absorption peak of
ICG almost disappeared (Fig. 4C). In contrast, the NIR absorption peak
of ICG on rGO (Fig. 4D) or HArGO (Fig. 4E) was retained, even after
5 min of irradiation. As compared to free ICG, ICG on nanosheets showed
signiﬁcantly lower singlet oxygen generation upon irradiation. Singlet
oxygen was rapidly generated from free ICG during NIR irradiation
(Fig. 4F). In contrast, the production of singlet oxygen was not observed
in ICG-loaded rGO (Fig. 4G) or HArGO (Fig. 4H) during 5 min of
irradiation.

temperature increase was highest in the group treated with ICG/HArGO,
followed by HArGO, ICG/rGO, rGO, and free ICG (Fig. 5A, B). Real-time IR
thermal imaging showed that the temperature of cell suspensions treated
with ICG/HArGO was 77.8 °C ± 2.3 °C after 3 min of irradiation, a temperature that was 2.4-fold higher than that of cells treated with free ICG
(Fig. 5B). In the absence of NIR irradiation, no group showed signiﬁcant
killing of KB cells (Fig. 5C). However, after 3 min of NIR irradiation, only
treatment with ICG/HArGO killed more than 90% of KB cells.
3.4. Safety proﬁles of ICG delivered using nanosheets
The safety proﬁles of HArGO nanosheets differed from those of rGO
nanosheets (Fig. 6). Following treatment with rGO nanosheets, the
survival rate was 40% at the dose of 20 mg/kg and decreased to 0% at
the doses of 40 mg/kg. Unlike rGO nanosheet-treated group, both
HArGO nanosheet-treated group and ICG/HArGO-treated group showed
100% of survival even at a dose of 50 mg/kg.

3.3. Cellular uptake and photothermal antitumor effects of ICG delivered
using ICG/HArGO nanosheets

3.5. In vivo images of ICG delivered using nanosheets

Although ICG/rGO and ICG/HArGO showed similar thermal conductivity (Fig. 4A, B), they differed in cellular uptake and in vitro photothermal
antitumor effects. Pellets of KB cells treated with HArGO or ICG/HArGO
were a more dense black color than those treated with rGO or ICG/rGO
(Fig. 5A). The increase in the temperature of cell pellets after irradiation
depended on HA and ICG on rGO nanosheets. The irradiation-sensitive

Images of ICG in KB tumor-bearing mice differed among various
formulations. One hour after intravenous administration, free ICG was
mainly distributed to the liver (Fig. 7A and B). The imaging data show
that the distribution of free ICG to the liver decreased with time
(Fig. 7A, C). The mean photon counts of free ICG to the liver were 55.7and 4.3-fold fold higher than those to the tumor tissues at 1 h (Fig. 7D)
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Fig. 4. Photothermal capacity of the ICG/HArGO. Irradiation with an 808 nm laser increases the temperature of ICG/rGO (A) and ICG/HArGO (B) suspensions, as measured using real-time IR
thermal imaging techniques. (C–E) The UV absorbance spectrum of free ICG (C), ICG/rGO (D), and ICG/HArGO (E) was measured after different laser irradiation times. Production of singlet
oxygen from free ICG (F), ICG/rGO (G), and ICG/HArGO was observed during laser irradiation. *p b 0.05 compared to other groups (ANOVA and Student–Newman–Keuls test; n = 4).
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and 48 h (Fig. 7E) post-dose, respectively. Unlike free ICG, ICG complexed
with rGO or HArGO showed the higher photon counts in the tumor
tissues relative to the liver at 48 h post-dose. In case of rGO complexation,
the mean photon count of ICG at the tumor tissues was 12.1-fold higher
than that at the liver at 48 h post-dose (Fig. 7E). Following ICG on HArGO
administration, the photon count of ICG at the tumor tissues was 47.7fold higher than that at the liver at 48 h post-dose (Fig. 7E).
3.6. Image-guided photothermal effect of ICG/HArGO nanosheets
As the locations of tumor tissues were visualized by ICG through
molecular imaging, NIR was irradiated onto the tumor tissues and temperature increases at the tumor sites were monitored by IR thermal imaging (Fig. 8). One day post-treatment, the highest temperature was
observed in the tumor tissues of the group treated with ICG/HArGO
after 3 min of NIR laser irradiation (Fig. 8A). In the ICG/HArGO-treated
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3.7. Synergistic photothermal antitumor effect of ICG/HArGO after
image-guided irradiation
In vivo photothermal antitumor efﬁcacy was improved by delivery
of ICG using HArGO nanosheets. Following a single NIR treatment on
day 7, tumor cell growth rate remained high in mice administered free
ICG, rGO, ICG/rGO, or HArGO (Fig. 9A, C) and their tumors reached
volumes greater than 2300 mm3 on day 26 after inoculation (Fig. 9B).
Mice treated with ICG/HArGO responded differently to irradiation.
One day after NIR irradiation (day 8), tumor sites were covered with a
black scab. By day 26, the scab had almost completely detached with
complete eradication of the tumor mass (Fig. 9B, C).
Tumor cell proliferation and apoptosis were evaluated by immunohistochemistry (Fig. 10). The number of PCNA-positive cells in tumor
tissues was signiﬁcantly lower in the group treated with ICG/HArGO
compared with other treatment groups (Fig. 10A, C). TUNEL assays
also showed that the percentage of apoptotic cells in tumor tissue was
highest in the ICG/HArGO-treated group (Fig. 10B, D), where the number of apoptotic cells was 20.8-fold and 61.6-fold higher than that in
the free ICG-treated group and untreated group, respectively (Fig. 10D).
4. Discussion
Here, we demonstrated that HArGO could substantially increase the
photostability and photothermal antitumor potency of ICG. ICG in free
form suffers from photo-induced decomposition after NIR laser irradiation. However, by loading onto rGO or HArGO nanosheets, ICG retained
its photostability after NIR laser irradiation. Although ICG/rGO and ICG/
HArGO showed similar thermal conductivity in vitro, ICG/HArGO showed
a greater photothermal effect at the cell level and in tumor-bearing mice
by virtue of CD44 receptor-mediated delivery.
Unlike free ICG, whose NIR absorption peak rapidly disappeared
(1 min) after NIR irradiation, ICG on rGO or HArGO nanosheets retained
its photostability and responded to NIR irradiation for more than 5 min
(Fig. 4D, E). These results are consistent with previous reports that ICG
rapidly decomposes into small fragments upon absorbing light energy
[21]. This instability of ICG to light has limited its utility, restricting it
to use as a ﬂuorescence imaging agent or photothermal absorber.
We observed that the ﬂuorescence of ICG was quenched upon
complexation onto rGO or HArGO nanosheet. Similar to our observation,
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group, the temperature at the tumor site was 49.4 °C ± 1.0 °C, a temperature that was 9.0 °C and 9.2 °C higher than that for ICG/rGO and free ICGtreated groups, respectively (Fig. 8B).
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Fig. 5. Photothermal antitumor effect of ICG/HArGO. KB cells were left untreated or were
treated with free ICG, rGO, ICG/rGO, HArGO, or ICG/HArGO. After 24 h, the appearances
and real-time temperature increases of pellets upon irradiation were assessed, and cell
viability was measured. (A) Appearance and temperature of cell pellets upon irradiation.
(B) Highest cell suspension temperature, determined using FLIR QuickReport 1.2 software.
(C) Cell viability was measured using the CCK8 assay. *p b 0.05 compared to other groups
(ANOVA and Student–Newman–Keuls test; n = 4).
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molecules have been shown to be released from rGO nanosheets, and to
recover their own ﬂuorescence [20,25]. In our previous study, we found
the dequenching of chlorin e6 inside tumor cells 1 h after treatment with
quenched chlorin e6 on GO complexes [25]. The enhanced image intensity of ICG given on HArGO at tumor tissues could guide the exact tumor
locations in NIR irradation for photothermal therapy.
The efﬁcacy of ICG in photothermally ablating tumors in vivo was
greatest in KB tumor-bearing mice treated with ICG/HArGO. The greater
distribution of ICG/HArGO to the tumor tissue probably contributes
to this enhanced photothermal effect. This notion is supported by our
observation that the intensity of ICG-derived images (Fig. 7) and local
tumor tissue temperature were highest in the group treated with
ICG/HArGO (Fig. 8A). Since the thermal conductivity of both ICG/rGO
and ICG/HArGO was similar in vitro, it is likely that the higher temperature is due to the greater distribution of ICG/HArGO to tumor tissues.
This is consistent with the previous report that HA derivative-coated carbon nanotubes more effectively distribute to HA receptor-overexpressing
tumor tissue [26,27].
Although HArGO treatment increased the temperature of cells up to
43 °C upon NIR irradiation in vitro (Fig. 8), it did not signiﬁcantly reduce
the growth of tumor tissues (Fig. 9). The lack of antitumor effect
by HArGO treatment upon NIR irradiation can be explained by the

a recent study reported the quenching of ICG by complexation with GO
[22]. In our previous study, the quenching of ﬂuorescent was observed
after complexation with GO nanosheets. Moreover, we observed the
quenching of ICG on rGO or HArGO nanosheets in serum. The lack of
dequenching in the serum condition indicates that ICG complexation on
nanosheets was stable in body ﬂuid conditions.
The photostability of ICG was enhanced by complexation with rGO or
HArGO nanosheets in serum (Fig. 3). The increased photostability of ICG
on nanosheets can be in part explained by the graphene-mediated
quenching of electron donors, singlet oxygen (Fig. 4G, H) [23,24].
It has been reported that singlet oxygen could catalyze the photoinduced decomposition of ICG (Fig. 4F) [9]. The quenching of electron
donors by rGO or HArGO nanosheets may consume the destabilizer
and lead to increase the stability of complexed ICG upon irradiation.
We observed that the tumor signal of ICG was the highest after delivery of ICG in HArGO complexes (Fig. 7). The lack of dequenching in
serum and under irradiation (Fig. 4) supports that it is unlikely that
ICG is released out from nanosheets during circulation or under heating
conditions. The tumor-speciﬁcally enhanced ﬂuorescence signal of ICG
would be thus due to the liberation of ICG from nanosheets in tumor
microenvironments, rather than the accumulation of quenched
ICG/HArGO complexes. After taken up by the tumor cells, ﬂuorescence
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5. Conclusions
Our results suggest the potential of ICG/HArGO for image-guided
synergistic photothermal antitumor therapy. Loading of the photolabile
ICG onto HArGO nanosheets could stabilize ICG upon NIR irradation
for photothermal effect. The endogenous photothermal properties of
HArGO nanosheets can be exploited to synergistically enhance
photothermal activity through loading of photoresponsive imaging
agents. In addition, the tumor-speciﬁcally activated image intensity
of ICG delivered by the HArGO can guide to identify the tumor locations
relevant for photothermal NIR irradation.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2015.05.280.
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