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Introduction: Near-infrared (NIR) hyperthermia agents are promising in cancer photother-
mal therapy due to their deeper penetration ability and less side effects. Spherical gold
nanoshell and graphene-based nanomaterials are two major NIR hyperthermia agents that
have been reported for photothermal therapy of cancer. Herein, we constructed a two-
dimensional graphene oxide-template gold nanosheet (GO@SiO,@AuNS) hybrid that
could destruct cancer cells with efficient photothermal effect.

Methods: Graphene oxide was coated with a layer of mesoporous silica, which provided
binding sites for gold seeds. Then, seed-growth method was utilized to grow a layer of gold
nanosheet to form the GO@SiO,@AuNS hybrid, which possessed great biocompatibility
and high photothermal conversion efficiency.

Results: With the irradiation of NIR laser (808 nm) with low power density (0.3 W/cm?),
GO@SiO,@AuNS hybrid showed a photothermal conversion efficiency of 30%, leading to
a temperature increase of 16.4 °C in water. Colorectal cancer cells (KM12C) were killed with
the treatment of GO@SiO,@AuUNS hybrid under NIR irradiation.

Conclusion: The GO@SiO,@AuNS hybrid may expand the library of the 2D nanostruc-
tures based on gold for cancer photothermal therapy.

Keywords: graphene oxide, gold nanosheets, photothermal therapy, near-infrared

Introduction

In the last few decades, cancer has become one of the leading causes of death in
noncommunicable diseases for global population.' It is urgent to find effective
treatments for cancer. The latest report released by the American Cancer Society
in 2020 recognizes the value of new systemic cancer therapy in reducing the
number of surgeries and even reducing the need for surgery. Considerable progress
has been made in the systematic treatment of pancreatic cancer, renal cancer,
prostate cancer, and melanoma, which have reshaped surgical treatment, making
it one of the most impressive achievements this year.? Compared with traditional
therapies, including surgery, chemotherapy and radiotherapy, new therapeutic stra-
tegies, such as immunotherapy, gene therapy, photodynamic therapy and photo-
thermal therapy can overcome the shortcomings of the traditional therapies,” >
including sever side-effect, multidrug resistance (MDR) and radiotherapeutic
resistance.® Photothermal therapy (PTT) is a noninvasive therapeutic mode to kill
cancer cells with hyperthermia using laser irradiation. Photothermal agents absorb
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laser irradiation and release thermal energy to enhance the
temperature of the microenvironment of cancer (thermal
ablation, with temperature higher than 45 °C), which
results in cancer cell death. On the other hand, PTT can
also induce mild-temperature increase (with temperature
of 40 ~ 45 °C) in tumor tissues to increase the sensitivity
of cancer cells for other treatments such as chemotherapy
and radiotherapy, which ultimately achieves a synergistic
treatment effect.”®

A lot of photothermal agents have been introduced for
cancer photoablation, such as cyanine-based NIR dyes,’ !
polypyrrole nanoparticles (NPs),'? polyaniline NPs,'* and
metal NPs.'* Among them, gold nanomaterials with dif-
ferent structures are promising because of their excellent

15

photothermal conversion capability  and facile surface

modification with other ligands for specific tumor
targeting.'®'® In addition, due to the inherent biological
inertness, high surface area ratio, and tunable large absorp-
tion cross-section in the near-infrared region (NIR), gold
nanomaterials are ideal photothermal agents for cancer
therapy.'®?® Although a number of gold nanomaterials,
including gold nanoparticles,”' gold nanorods,* gold
nanostars,” gold nanoshell,>* etc., have been developed
in recent years for photothermal ablation of cancer, a few
two-dimensional (2D) NIR gold nanosheets have been
reported as photothermal agents. Tang et al recently pre-
pared the 2D core-shell Mxene@gold nanocomposite by
using Ti;C, as a template.”® But the long-term biosafety of
MXenes remained a high-risk factor. Ideally, silica layer
with high biocompatibility and stability was promising for
fabricating zero-dimensional gold nanoshells for photo-
thermal therapy, during which the silica layer was used
as a template for anchoring gold seeds and gold shell
growth. Taking the advantage of silica layer’s properties,
we are inspired to expand the library of 2D gold
nanosheets to promote the development of highly efficient
photothermal agents for cancer therapy.

Graphene oxide (GO) has unique physical, chemical, and
mechanical characteristics, making it an ideal candidate for
new biological applications. These properties include: (i)
GO has a variety of oxygen-containing functional groups
on its edges and basal planes, such as carbonyl, hydroxyl,
carboxyl, and epoxy, for good water solubility and easy
surface modification;*° (ii) GO is mainly composed of car-
bon atoms which give them excellent biocompatibility and
non-toxicity nature;>’ (iii) the large delocalized m-electron
system helps GO to achieve an excellent adsorption capacity
in the visible and near-infrared regions.”® Due to these

excellent properties of GO, it has been widely used for
biomedical application as a 2D nanomaterial. For example,
Gao et al designed an activatable GO/Au nanocomposite for
photoacoustic and fluorescence imaging guided photother-
mal therapy of cancer.”” Zeng et al used GO as a carrier to
transport doxorubicin (DOX) and siRNA to drug-resistant
tumor cells and enhanced the killing effect of DOX on tumor
cells through the photothermal effect and gene silencing.*
Recently, Liu et al prepared a reduced graphene oxide/
pH-
responsive chemotherapy and photothermal therapy for

mesoporous silica nanocomposite to combine
cancer treatment.’’ Based on these points, we believe the
photothermal conversion efficiency could be significantly
enhanced by coupling with 2D gold nanosheet on the tem-
plate of GO.

In this work, a core-shell 2D gold nanosheet
(GO@Si0O>@AuUNS hybrid) was designed and prepared
by a seed-growth approach for photothermal therapy of
cancer using GO as a template (Scheme 1). The proposed
GO@SiO,@AuNS hybrid has several advantages. First,
the 2D structure and mesoporous silica layer on GO not
only provided the template for anchoring gold seeds and
gold shell growth, but also increased the biocompatibility
and stability of the GO. Second, the GO@SiO>@AuNS
hybrid showed strong absorption in the near-infrared
region and photothermal conversion efficiency, which
could kill cancer cells under mild NIR laser irradiation
(0.3 W/ecm?). We comprehensively studied the photother-
mal therapeutic effect of the GO@SiO,@AuNS hybrid in
colorectal cancer cells (KM12C). Our results suggested
that this novel 2D core-shell gold hybrid might provide
potential applications in cancer treatment.

Methods and Materials

Materials and Instruments

Tetraethylorthosilicate (TEOS, 98%) was purchased from
Acros Organics (Fisher Scientific, Fairlang, New Jersey,
USA). Graphene oxide (~1.0 pum) was purchased from
Cheap Tubes Inc. (Grafton, Vermont, USA). Gold (III) chlor-
ide trihydrate (HAuCl,-3H,0, 99.9+%), hexadecyltrimethy-
lammonium bromide (CTAB, CH3(CH2)15N(Br)-(CH3)3,
96%), hydroxylamine hydrochloride (98%, ACS grade), and
sodium borohydride (NaBH,4, >98%) were purchased from
Sigma Aldrich Inc (Milwaukee, Wisconsin, USA).
Ammonium hydroxide (NH4OH, 28.0-30.0%), potassium
carbonate (K,COs5-1.5 H,O, ACS grade), ethanol (95%),
phosphate buffered saline tablets and fetal bovine serum
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Scheme | Schematic illustration of the GO@SiO,@AuNS hybrid formation for photothermal therapy of cancer cells.

were obtained from Fisher Scientific Co (Beijing, China).
Polyvinylpyrrolidone molecule (PVP, average molecular
10,000) was purchased from Alfa Aesar
(Shanghai, China). Human colon cancer cell line, KM12C
and SW620 were obtained from Shanghai cell bank of
Chinese Academy of Sciences. Deionized (DI) water
(Millipore Milli-Q grade) with the resistivity of 18.2 MQescm
was used in all experiments (Millipore Sigma, Burlington,
Massachusetts, USA).

A Hitachi SU8010 field emission scanning electron

weight Mn =

microscope (Hitachi, Tokyo, Japan) was used to take the
SEM and STEM images of the RGO/Ag nanocomposite.
Elemental analysis for different RGO/metal nanocompo-
sites was performed by an energy-dispersive X-ray spec-
troscope (EDS) (Oxford, X-Max) installed in the Hitachi
SU8010 SEM (Hitachi, Tokyo, Japan). UV-vis absorption
spectra were recorded with a Perkin Elmer UV-Vis spec-
trometer (PerkinElmer, Waltham, Massachusetts, USA).
The photothermal effect
a BWF1 series fiber-coupled diode laser system (808
nm) (B&W TEK Inc, Newark, Delaware, USA).

study was performed by

Synthesis of GO@SiO,

The preparation of GO@Si0, was carried out according to
a previous literature.®’ Briefly, 50 mL of 0.1 mg/mL GO

aqueous solution was mixed with 500 mg CTAB and
20 mg sodium hydroxide under ultrasonication. Then,
250 pL TEOS was injected into the solution and stirred
in a 40 °C water bath for 2 hours, followed by the addition
of 50 uL. APTES and stirred for another 5 hours. Finally,
the formed GO@SiO, was centrifuged and refluxed in
50 mL HCIEtOH solution (0.1%, v/v) for 3 hours to
remove the surfactant and reactants. After washing with
ethanol and water, the final product was re-dispersed in
water with concentration of 10.0 mg/mL for further usage.

Preparation of Gold Seeds

Gold seeds were synthesized according to previous studies.*
Firstly, 100.0 mL 0.04% HAuCl, was mixed with 0.5 mL 0.2
M K,COs3 in an ice bath with stirring, turning the bright
yellow solution into colorless solution. Then, 5.00 mL of
freshly prepared 0.5 mg/mL NaBH, solution was dropwise
added to the solution with vigorous stir. The color of the
solution became reddish, suggesting the formation of gold
seeds, which was preserved at 4.0 °C for future usage.

Formation of GO@SiO,@AuNS Hybrid
First, 1.0 mL of 10.0 mg/mL GO@SiO, solution was
mixed with 40 mL of gold seeds solution, and vigorously
stirred for 10 minutes to absorb Au seeds onto GO@SiO,.
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The solution was centrifuged at the speed of 6500 rpm for
10 min and the supernatant was abandoned to remove the
excess gold seeds. The red sediment represented that the
GO@SiO, was successfully coated with Au seeds, which
was suspended in 10 mL water to obtain GO@SiO,@Au
seeds solution. The 10 mL of GO@SiO,@Au seeds solu-
tion was added to the gold growth solution, which was
composed of 2.00 mL (or 0.50, 1.00, or 4.00 mL) of 1.00%
HAuCl, and 0.025g of K,COj3 in 90.00 mL of water. After
stirring for 5 min, 1.00 mL of 0.50 M hydroxylamine
hydrochloride was slowly injected into the above solution.
Finally, 1.00 g of PVP as a stabilizer was added into the
solution with overnight stirring. The GO@SiO,@AuNS
hybrid was obtained after the centrifugation at 6500 rpm
for 15 min to remove the excess PVP and the final product
was re-dispersed in water for further usage.

Cytotoxicity Investigation

The cytotoxicity of GO@SiO,@AuNS hybrid was inves-
tigated in different cancer cells including KM12C and
SW620 cells by MTT assay. Cells were seeded in 96-
well plates at 37 °C for 24 hours, followed by the incuba-
tion with GO@SiO,@AuNS hybrid with different
concentrations (0, 10, 20, 40, 60, 80, 100 and 150 pg/
mL) for 24 hours. Then, 10.00 pL. MTT reagent was added
into each well to reach a final concentration of 1.00 pg/
mL. The cells were cultured at 37 °C for 4 h until purple-
colored crystals appeared. Subsequently, each well was
added 100.00 pL of stop solution (50 mM HEPES buffer
of 10% SDS, 10% DMSO) and shaked for a while. An
enzyme linked immunosorbent assay reader was employed
to measure the absorbance of each well.

Photothermal Therapy in vitro

The effect of photothermal therapy was first evaluated
using the above-mentioned MTT method. KM12C cells
were seeded in 96-well plates at 37 °C for 24 h. Different
concentrations of GO@SiO,@AuNS (10, 50, and 100 pg/
mL) or PBS solution (control) were incubated with
KM12C cells for 6 h and then subjected to NIR irradiation
for 0 min or 20 min using an 808 nm laser with power
density of 0.3 W/ecm?. The cell viability was evaluated by
MTT assay according to the above protocol.*”

The Vybrant apoptosis assay was used to test cell
apoptosis and necrosis. The GO@SiO,@AuNS hybrid
with different concentrations (0, 10, 50, and 100 pg/mL)
in DMEM culture medium was incubated with KM12C
cells overnight with the final cell number of ~1 x 10°/well

before the treatment. Then, the cells were irradiated with
an 808 nm laser with power density of 0.3 W/cm? for 20
min. After being washed twice with fresh cell culture
medium, the cells were stained with YO-PRO-1 dyes
(Vybrant apoptosis assay kit) and propidium iodide (PI)
for 10 min, followed by observation using a Zeiss confocal
fluorescence microscope. The green fluorescence of YO-
PRO-1 was excited with an Argon laser and collected with
a 505-550 nm band-pass filter. The red fluorescence of PI
was excited with Helium-Neon laser and collected with
a 580 nm long-pass filter.

Results and Discussion

Synthesis and Characterization of
GO@SiO,@AuNS Hybrid

The synthesis of GO@SiO,@AuNS hybrid is illustrated in
Scheme 1 by three steps. First, the commercial GO was
coated with a mesoporous silica layer through the sol-gel
method using CTAB as a stabilizer and template (Scheme
1, step A). During the hydrolysis of saline (TEOS), amino-
terminated saline (APTES) was co-hydrolyzed to modify
amino groups on the surface of the mesoporous silica
layer, which was used to anchor gold seeds. The SEM
images of GO and GO@SiO, show that the wrinkle and
smooth morphology, respectively (Figure 1A and B).
However, the lateral size dramatically decreased from 1.0
pm to about 300 nm. This might be caused by the strong
base and acid treatment during the synthesis process. But
detail mechanism needs further investigation, which is not
in the scope of this work. The hydrodynamic diameter
measured by DLS showed a similar size of 300 nm of
GO@Si0, (Figure 2A). The presence of the amino groups
on the mesoporous silica layer could be evidenced by the
positive surface potential (+10 mV) (Figure 2B).

In the second step, the prepared small gold seeds (~4
nm) were anchored to the positive-charged surface of
GO@Si0O, through electrostatic interaction (Scheme 1,
Step B). After being removed the excess gold seeds, the
GO@SiO,@Au seeds clearly showed the decorated indi-
vidual gold seed in SEM image (Figure 1C) and negative
charges (—20 mV) (Figure 2B). In contrast, the lateral size
and hydrodynamic diameter of GO@SiO,@Au seeds did
not change (Figure 1C and Figure 2A). The gold seeds on
the silica layer provided anchoring sites for the growth of
gold nanosheets in the following step.

In the last step, we utilized the gold growth method to
prepare the 2D gold nanosheets on the surface of GO@SiO,
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Figure 2 Hydrodynamic diameters (A) and zeta potential (B) of the synthesized nanomaterials.

@Au seeds (Scheme 1, Step C). A layer of gold sheet was
formed on the outside of GO@SiO,@Au seeds by introducing
hydroxylamine hydrochloride to reduce HAuCly, followed by
the modification of PVP through electrostatic interaction. The
final product was designated as GO@SiO,@AuNS hybrid.
SEM images demonstrated the formation of the Au shell and
the 2D structure of the hybrid (Figure 1D-F). The hydrody-
namic diameters and surface zeta potentials of GO@SiO,
@AuNS hybrid have neglectable change compared with the
GO@SiO>,@Au seeds. Furthermore, SEM images (Figure
1D-F) showed that the density of the Au shell was directly
related to the amount of added HAuCly. The coverage of Au
shell increased when the amount of the 1% HAuCl, increased
from 1 mL to 4 mL in the gold growth solution. However,
when 4 mL 1% HAuCl,; was used for the synthesis of
GO@SiO,@AuUNS hybrid, we noticed that more isolated
free gold nanoparticles were formed, which was proved by
the decreased size (right panel of Figure 1F).

To confirm the formation of the GO@SiO,@AuUNS
hybrid, SEM-EDS elemental analysis was performed. As
shown in Figure 3, the elemental mapping image and spectrum
confirmed the presence of the Au, Si, O, and C in the
GO@SiO,@AuNS hybrid as designed, indicating the pre-
sence of GO, silica layer and gold shell, respectively. The Cu
signal came from the copper grids used for holding the sample.

During the preparation of GO@SiO,@AuNS hybrid, we
characterized each step with absorption spectroscopy. The
results demonstrated that the plasmon resonance band chan-
ged with the addition of the gold growth solution. As shown
in Figure 4, the pure GO@SiO, revealed a low absorbance
in the near-infrared region. With the addition of gold seeds

on the surface of GO@Si0O,, an absorption peak at 520 nm
was presented, indicating the successful adhesion of gold
seeds on the surface of GO@SiO,. During the gold growth
process, the absorption of GO@SiO,@AuNS hybrid could
be easily tuned by adding different amounts of gold growth
solution. When the amount of 1% HAuCly in gold growth
solution increased from 1 mL to 2 mL, the absorption peak
of GO@SiO,@AuNS hybrid showed a broad red-shift peak
towards NIR (Figure 4). Compared with the GO@SiO,, the
GO@Si0O,@AuNS-2mL hybrid showed almost 40-times
enhancement of the absorbance at 808 nm. This result indi-
cated that GO@SiO,@AuNS hybrid would be promising
for photothermal therapy with NIR laser irradiation.
However, when the amount of gold growth solution
increased to 4 mL, the absorption peak at 520 nm was
again presented coupled with decreased NIR absorbance,
which suggested the formation of many free gold nanopar-
ticles in the solution. Therefore, we chose the 2 mL of 1%
HAuCly in gold growth solution for the following experi-
ments to prepare the optimal GO@SiO,@AuNS hybrid for
photothermal therapy.

Concentration Effect of GO@SiO,
@AuNS Hybrid on NIR Absorbance

Given that the plasmon resonance absorption intensity of
nanomaterials is closely related to their concentration, we
further evaluated the optical absorbance of GO@SiO,
@AuUNS hybrid with various concentrations. The results
showed a concentration dependent NIR absorbance for the
GO@SiO,@AuNS hybrid (Figure 5A). The absorbance of
the GO@SiO,@AuNS hybrid

increased when its
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concentration changed from 2 to 150 ug/mL. It showed and the absorbance at 808 nm (Figure 5B). Hence, we
a good linear relationship (Y = 12.61X, R* = 0.9999) concluded that the concentration of the hybrid has
between the concentration of GO@SiO,@AuNS hybrid a positive effect on their light absorption intensity in the
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Figure 4 The absorption spectra of the synthesized nanomaterials.
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relationship between the absorbance at 808 nm and the concentration of GO@SiO,@AuNS hybrid.

near-infrared region, which can be strong even at a low
concentration.

Photothermal Effect of GO@SiO,
@AuUNS Hybrid

Motivated by the high NIR absorbance, the photothermal
capability of GO@SiO,@AuNS hybrid was further inves-
tigated by employing 808 NIR laser as an irradiation
source. The temperature of the solutions was monitored
for 20 min with the irradiation. As shown in Figure 6, the
temperature of GO@SiO,@AuNS hybrid showed a rapid
increase upon the irradiation for a short period time of 10
min and reached a plateau after 20 min. Notably,
a concentration-dependent temperature increase was
demonstrated for GO@SiO,@AuNS hybrid. The tempera-
tures of GO@SiO,@AuNS hybrid at 0.05, 0.10, to
0.15 mg/mL were enhanced by 9.1 °C, 11.7 °C, and 16.4
°C, respectively (Figure 6) with the irradiation for 20 min.
In contrast, the temperature change of water and cell
culture medium was less than 2 °C under the same condi-
tion. The results suggested that GO@SiO>@AuNS hybrid
has efficient photothermal conversion efficiency. The
conversion efficiency of theGO@SiO,
@AuNS hybrid was calculated to be approximately 30%,
which is higher than the gold nanorods (21.0%).%
Furthermore, the photothermal stability of GO@SiO,
@AuNS hybrid was evaluated. After the irradiation with
808 nm laser for 1 hour, the absorption spectra of
GO@SiO,@AuNS hybrid was recorded to compare with

photothermal

the original absorption spectrum. The results showed that
NIR absorbance of GO@SiO,@AuUNS hybrid decreased
by only 8.1% after 1-hour irradiation (Figure 7A), indicat-
ing the great photothermal stability of the GO@SiO,
@AuNS hybrid. The temperature changes of 0.15 mg/mL
GO@SiO,@AuNS hybrid solution in three laser on-off
cycles were monitored to further prove the great photo-
thermal stability. As shown in Figure 7B, after three cycles
of laser exposure, the temperature of GO@SiO>@AuNS
hybrid solution decreased by only 2.5 °C compared with
the first irradiation, implying the good photothermal stabi-
lity as well.

Biocompatibility of the GO@SiO,
@AuNS Hybrid

To be used as an efficient photothermal agent for cancer
therapy, the biocompatibility of GO@SiO,@AuNS hybrid
was evaluated by a standard MTT assay. We tested the
biocompatibility of GO@SiO,@AuNS hybrid in two can-
cer cell lines, including KM12C and SW620 cells. Various
concentrations of GO@SiO,@AuNS hybrid (0, 1, 5, 10, 25,
50,75, and 100 ng/mL) were cultured with the cells at 37 °C
for 24 h. As shown in Figure 8, the results demonstrated the
concentration-dependent  cytotoxicity of GO@SiO,
@AuNS hybrid for both cell lines. The cell viability
decreased with the increased concentration of GO@SiO,
@AUuNS hybrid. But importantly, the cell viability was still
higher than 80% even with the highest concentration of 100
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Figure 7 (A) Normalized absorption spectra of GO@SIO,@AuNS hybrid before and after laser irradiation (0.3 W/cm? for | h). (B) Temperature changes of 0.15 mg/mL
GO@SiO,@AuNS hybrid under 808 nm laser irradiation for three cycle with the power density of 0.3 W/cm? (20 min of irradiation for each cycle).

pg/mL (Figure 8), indicating the good biocompatibility of
the GO@SiO,@AuNS hybrid.

In vitro Photothermal Therapy

Based on the superior photothermal properties and good
biocompatibility, we explored the capacity of GO@SiO,
@AuNS hybrid to destroy cancer cells under the NIR
irradiation. The cell viability of KMI12C cells under

different treatments was assessed by MTT assay. As
shown in Figure 9, either high concentration of
GO@SiO,@AuNS hybrid (100 ug/mL) or laser irradiation
(0.3 W/cm? for 20 min) treatment alone showed negligible
toxicity to cells. In contrast, the combination of GO@SiO,
@AuNS hybrid and NIR laser irradiation significantly
decreased cell wviability., When the concentration of
GO@SiO,@AuNS hybrid was increased from 10, 50, to
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Figure 9 Relative cell viability after treatment of different concentrations of
GO@SiO,@AuNS hybrid in the presence or absence of NIR irradiation. - stands
for no treatment. For the concentration of GO@SiO,@AuNS hybrid, +, ++, and +

++ represent the concentrations at 10, 50, and 100 pg/mL, respectively. For the
laser irradiation, + represents 20 min NIR irradiation at 808 nm with 0.3 W/cm?,

100 pg/mL with NIR laser irradiation, the cell viability
was decreased to about 61%, 35%, and 10%, respectively.

Meanwhile, the in vitro photothermal therapy of
GO@SiO,@AuNS hybrid towards KMI12C cells was
further confirmed by Vybrant assay, which was used to
distinguish apoptosis and necrosis through the green fluor-
escent YO-PRO-1 and red fluorescent propidium iodide
(PI) staining, respectively. In Vybrant assay, YO-PRO-1
stains apoptotic cells, and PI stains necrotic cells. As
shown in Figure 10, the fluorescence images demonstrated
that only the cells treated with the combination of
GO@SiO,@AuNS hybrid and NIR laser irradiation
could be stained with YO-PRO-1 and PI. The fluorescence
intensities and the stained cell numbers were both
enhanced when the concentration of GO@SiO,@AuNS

hybrid increased, which revealed that the effect of photo-
thermal therapy is proportion to the concentration of
GO@SiO,@AuUNS hybrid (Figure 10D-F). No fluores-
cence in green and red channels was observed with either
the treatment of GO@SiO,@AuNS hybrid or NIR laser
irradiation alone. These results were consistent with the
MTT result, confirming the photothermal ablation of the
cells by GO@SiO,@AuNS hybrid. Overall, the data sug-
gested that GO@SiO,@AuNS hybrid possessed an excel-
lent photothermal therapeutic effect for KM12C cells
under the low NIR laser irradiation.

Furthermore, to verify the cellular uptake of the pre-
pared GO@SiO>@AuNS hybrid in the tumor cell,
a fluorescent dye, TAMRA, was doped into the mesopor-
ous silica layer of the GO@SiO,@AuNS hybrid. After the
incubation of TAMRA doped GO@SiO,@AuNS hybrid
with KM12C cells, the cells were imaged using the con-
focal microscope to track the location of the hybrid. As
shown in the Z-stack confocal fluorescence images (Figure
11), the TAMRA-labeled GO@SiO,@AuNS hybrid
mostly distributed in the cytoplasm of the KM12C cells,
indicating the effective cellular uptake. Meanwhile, the
successful carrying of TAMRA using the mesoporous
silica layer suggested that the GO@SiO,@AuNS hybrid
has the potential to be used as a drug delivery system for
chemotherapy as well. Coupled with the intrinsic photo-
thermal therapy function, the GO@SiO,@AuNS hybrid is
promising for multi-modality therapy of cancer, which is
under investigation in our lab.

Conclusions

In conclusion, we successfully designed and constructed
a 2D GO@SiO,@AuNS hybrid using a simple seed
growth method. In this hybrid, the 2D GO was used as
the template to form the 2D gold nanosheet. Interestingly,
the novel GO@SiO,@AuUNS hybrid demonstrated strong
NIR absorption due to the formation of the 2D gold
nanosheet. Under the irradiation of 808 nm laser, the
GO@SiO,@AuNS hybrid showed great photothermal sta-
bility and significant photoablation of the cancer cells
through the photothermal effect at a low laser dose (0.3
W/em?). Meanwhile, the GO@SiO,@AuNS hybrid
demonstrated excellent biocompatibility without laser
irradiation. Together, this work suggests that the novel 2D
GO@SiO,@AuNS hybrid highlights the promise for can-
cer photothermal therapy, which may inspire further
for cancer

explorations of the 2D nanostructures

theragnostic.
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Figure 10 Fluorescence images of KMI2C cells treated with different conditions: (A) without any treatment; (B) 20 min light exposure; (C) 100 ug/mL GO@SiO,@AuNS
hybrid; (D) 10 pg/mL GO@SiO,@AuNS hybrid and 20 min light exposure; (E) 50 pg/mL GO@SiO,@AuNS hybrid and 20 min light exposure; (F) 100 pg/mL GO@SiO,
@AuNS hybrid and 20 min light exposure. The power intensity of light exposure was 0.3 W/cm?. After the treatment, the cells were stained with Vybrant Apoptosis Assay.
The green fluorescence from YO-PRO-| showed the apoptotic cells, and the red fluorescence from Pl showed the necrotic cells. Scale bar = 100 um. A 20 X objective was
used to capture the images.
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Figure 11 Confocal fluorescence images (Z-stack) of KMI2C cells with the internalization of TAMRA doped GO@SiO,@AuNS hybrid. KM12C cells were incubated with

TAMRA doped GO@SiO,@AuNS hybrid for 6 h at 37 °C before taking the images.
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