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ABSTRACT: In the past decade, photothermal therapy (PTT) of
tumors based on gold nanomaterials has been widely studied
because of their strong extinction ability and high photothermal
conversion ability in the near-infrared (NIR) region. However,
related research still faces two problems: First, the biosafety of the
surface ligands on gold nanomaterials is not ideal and even has
strong toxicity, so the surface modification or shell coating is very
necessary; second, gold nanomaterials only have a single PTT
function, which requires high temperature to achieve better
treatment effect. Therefore, it is necessary to enrich the antitumor
function of gold nanomaterials and realize synergistic therapy.
Natural polyphenols can combine with each other or other
substances through various supramolecular forces, forming shells on the surface of nanomaterials and reducing biotoxicity. In
addition, natural polyphenols represented by resveratrol have antitumor activity and can induce apoptosis of tumor cells. Therefore,
the surface coating method of gold nanomaterials with natural polyphenols with antitumor activity can effectively solve the above
problems. In this work, we prepared resveratrol-coated gold nanoflowers (Au@Res NFs) and applied them to the treatment of
malignant melanoma. Resveratrol in Au@Res NFs can induce the apoptosis of tumor cells, and Au@Res NFs can play a role in PTT
under an NIR laser. In cell experiments, the synergistic effect of apoptosis/PTT on the A375 cells was extremely strong. In animal
experiments, Au@Res NFs enriched in tumor sites identified the location and boundary of tumors by computed tomography (CT).
The apoptosis induced by resveratrol had a certain inhibitory effect on tumor growth. Further applying the NIR laser, under the
synergistic effect of apoptosis and PTT, the tumors were completely eliminated without recurrence during the experimental period.

■ INTRODUCTION
In the past decade, nanoscience and nanotechnology have
developed rapidly and brought about many positive effects on
human life.1−3 In the field of biomedicine, nanomaterial-based
photothermal therapy (PTT),4,5 photodynamic therapy
(PDT),6,7 sonodynamic therapy (SDT),8,9 chemodynamic
therapy (CDT),10−13 immunotherapy,14,15 and other new
methods16,17 have greatly promoted the development of tumor
treatment methodology and provided more possibilities for
tumor therapy.18

Among many nanomaterials, gold nanomaterials are chemi-
cally inert and have good stability and high biocompatibility in
vivo.19,20 Gold nanomaterials have a high X-ray absorption
coefficient and can be used as contrast agents in computed
tomography (CT).21 Besides, due to the local surface plasmon
resonance effect, the absorption spectrum of gold nanomateri-
als is red-shifted. Therefore, the extinction ability of gold
nanomaterials in the near-infrared (NIR) region is enhanced
and the photothermal conversion ability is good.22

Gold nanomaterials such as gold nanospheres,23,24 gold
nanorods,25,26 gold nanocages,27,28 and gold nanoflowers (Au

NFs),29,30 are widely used in the PTT of tumors. However, the
application of gold nanomaterials in tumor treatment is also
limited by some factors, mainly reflected in two aspects: on the
one hand, the preparation process of gold nanomaterials
mostly uses surface ligands, which are not ideal in biological
safety and even have strong toxicity;31 on the other hand, the
treatment function of gold nanomaterials is single, simple PTT
requires higher temperature to achieve better treatment effect,
and high temperature is easy to burn skin and tissues, bringing
additional damage to organisms.32 Therefore, coating gold
nanomaterials with antitumor substances can not only reduce
the potential toxicity of the ligands on the surface of gold
nanomaterials but also contribute to the realization of tumor
synergistic therapy.33
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Natural polyphenols are a kind of compounds widely
existing in animals and plants, which have antitumor,
antioxidation, antibacterial, and other biological effects and
are widely used in the treatment of various diseases.34−36 For
example, resveratrol can lead to the reduction of mitochondrial
membrane potential, induce mitochondrial damage and cell
cycle arrest, and play an antitumor effect through apoptosis.37

In addition, natural polyphenols can be combined with each
other or other substances through various supramolecular
forces, such as coordination, π−π interaction, hydrophobic
interaction, and hydrogen bonding; moreover, they can not
only form nanoparticles, films, hydrogels, and other materials
but also be used as surface shells to coat inorganic
nanomaterials.38 This can not only retain the activity of
natural polyphenols but also improve their water solubility,
which is helpful to playing a better biological role.

In this work, we used resveratrol as a reducing agent to
prepare core−shell composite nanoparticles with Au NFs as
the core and resveratrol as the shell (Au@Res NFs). Au@Res
NFs have strong absorption in the NIR region, and the
photothermal conversion efficiency is up to 36.9%. The coating
of the resveratrol shell greatly reduces the toxicity of ligands on
the surface of Au NFs, and the biosafety of Au@Res NFs is
good. In cell experiments, Au@Res NFs induced the apoptosis
of the A375 cells. The cell cycle was arrested in the S phase,
the proliferation ability were weakened, the expression of
antiapoptotic proteins was downregulated, and the expression
of pro-apoptotic proteins was up-regulated. In addition, Au@
Res NFs also absorbed NIR light to generate heat, which
further achieved the effect of PTT. Under 808 nm laser
irradiation, the survival rate of A375 cells was significantly
reduced and the synergistic effect of apoptosis and PTT on
A375 cells was significant. In animal experiments, Au@Res
NFs accumulated in tumors on account of EPR effect and the
retention rate is up to 6.2%ID/g. Because of the high X-ray
absorption coefficient of gold, Au@Res NFs enriched in the
tumors can be used as a contrast agent in CT imaging to
localize malignant melanoma. Resveratrol in Au@Res NFs can
induce the apoptosis of A375 cells and inhibit tumor growth.

Further applying NIR laser, under the synergistic effect of
apoptosis and PTT, the A375 tumor was completely
eliminated without recurrence in the experimental period.
Hematological and histological studies confirmed the safety of
the experiment.

■ RESULTS AND DISCUSSION
In this work, the classical seed growth method was used for the
synthesis of nanomaterials. As shown in transmission electron
microscopy (TEM) photos, Au seeds with uniform morphol-
ogy were first prepared and their average diameter was 11.6 nm
(Figure 1a). Using Au seeds as templates, Au NFs were then
prepared. Au NFs also showed a uniform size distribution, with
an average diameter of 81.2 nm. By further coating the
resveratrol shell on the surface of Au NFs, Au@Res NFs were
successfully prepared and the average shell thickness was 7.5
nm (Figure 1b). The characteristic peaks belonging to
resveratrol also appeared in the Fourier transform infrared
(FTIR) spectra of Au@Res NFs, which proved the successful
coating of the resveratrol shell (Figure 1c). The mass fraction
of resveratrol in Au@Res NFs is 9.0%. XRD patterns show that
the crystal structure of Au NFs was not affected by the coating
of resveratrol (Figure S1). The coating of the resveratrol shell
also gave nanomaterial a positive surface charge, and the zeta
potential of Au@Res NFs was measured as +17.4 ± 2.6 mV. In
addition, due to the local surface plasmon resonance (LSPR)
effect of gold nanomaterials, Au@Res NFs exhibited high
extinction ability at 808 nm and can be applied to PTT (Figure
1d).

To study photothermal performance, the temperature
increments of Au@Res NF aqueous solutions under 808 nm
laser were measured. At a fixed concentration of 100 μg/mL,
the solution temperature increased with laser power density on
account of increased dose of irradiation (Figure 2a). Similarly,
when the concentration was fixed at 200 μg/mL, the solution
temperature also increased with laser power density (Figure
2b). Then, under the experimental conditions of a concen-
tration of 200 μg/mL and laser power density of 3 W/cm2, the
rising and cooling data of solution were used to calculate the

Figure 1. (a) TEM image of Au seeds. (b) TEM image of Au@Res NFs. (c) FTIR spectra of Res and Au@Res NFs. (d) UV−vis-NIR absorption
spectra of Au@Res NFs.
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photothermal conversion efficiency of Au@Res NFs. Through
calculation, the photothermal conversion efficiency was 36.9%
(Figure 2c,d), which is not only higher than the average level
of gold nanomaterials33 but also basically at the same level
compared with the reported photothermal reagents based on
Au NFs38,39 and has strong competitiveness. A thermal infrared
imager was also employed to monitor the solution temper-
ature. Similar to the data given in Figure 2a,b, the infrared
thermal imaging images also show that the temperature of the
Au@Res NF solution increased with the increase of the laser
power density (Figure 2e,f). It is worth noting that a higher

laser power density was selected in the above experiment, in
order to avoid the influence of heat loss of solution on the
accuracy of the experiment caused by too long of an
experiment time.

Before biomedical applications, the colloidal stability of
nanomaterials was studied first. Au@Res NFs were well
dispersed and stable in water, saline, PBS, and cell culture
medium. Even after 7 days of incubation, there was only a
slight settlement under gravity, which could be redispersed by
slight shaking (Figure S2). The Au@Res NFs after 24 h of
incubation in cell culture medium still maintained their original

Figure 2. (a) Temperature increments of Au@Res NF solutions at 100 μg/mL irradiated by an 808 nm laser at different power densities of 1, 2,
and 3 W/cm2. (b) Temperature increments of Au@Res NF solutions at 200 μg/mL irradiated by 808 nm laser at different power densities of 1, 2,
and 3 W/cm2. (c) The heating−cooling process of Au@Res NF solution at 200 μg/mL irradiated by an 808 nm laser at the power density of 3 W/
cm2, and the laser was removed at 900 s when the solution reached maximum temperature. (d) The linear time versus the negative natural
logarithm of driving force temperature during the cooling period. The time constant for heat transfer: τs = 332.96 s. The photothermal conversion
efficiency: η = 36.9%. (e) Infrared thermal images of Au@Res NF solutions at 100 μg/mL irradiated by an 808 nm laser at different power densities
of 1, 2, and 3 W/cm2. (f) Infrared thermal images of Au@Res NF solutions at 200 μg/mL irradiated by an 808 nm laser at different power densities
of 1, 2, and 3 W/cm2.
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hydrated particle size and did not aggregate (Figure S3).
Therefore, the colloidal stability of Au@Res NFs was very
good.

Then, the cytotoxicity in vitro was evaluated by the cell
counting kit-8 (CCK-8) assay. The killing effect of Au@Res
NFs on L929 cells is much lower than that of Au NFs (Figure
3a, Figure S4). Au@Res NFs have no obvious cytotoxicity at
concentrations up to 200 μg/mL, because the coating of the
resveratrol shell improves the biosafety of nanomaterials.
However, the viability of A375 cells decreased gradually with
an increased concentration. At the Au@Res NF concentration
of 200 μg/mL, the cell viability was lower than 40% (Figure
3b). The killing effect of Au@Res NFs came from the
resveratrol shell. As the concentration of resveratrol cocultured
with A375 cells increased, the cell viability gradually decreased
because resveratrol arrested the cell cycle in the S phase and
induced apoptosis (Figure S5). As shown in Figure 3c and
Table S1, with the increase of the Au@Res NF concentration,
the proportion of A375 cells in the S phase gradually increased
because the increased Au@Res NFs in A375 cells also
increased the content of intracellular resveratrol. The apoptosis
caused by Au@Res NFs was also reflected in the change of
protein expression level in cells. After incubating with Au@Res
NFs at different concentrations, the expressions of Bax protein
associated with promoting cell apoptosis and Bcl2 protein
associated with inhibiting cell apoptosis were significantly
changed. With the increase of the Au@Re NF concentration,
the expression of Bax protein was up-regulated in A375 cells
while the expression of Bcl2 protein was downregulated
(Figure S6). All the studies indicated that the Au@Res NFs
can induce the apoptosis of the A375 cell.

It is also important to note that apoptosis alone is not
sufficient to efficiently kill tumor cells. Therefore, an NIR laser
with 808 nm wavelength was further applied to exert the effect
of PTT. After being incubated with Au@Res NFs at the
concentration of 50 μg/mL, A375 cells were irradiated by 808
nm at different power densities of 0, 0.33, 0.5, 1, and 2 W/cm2.
Then, the killing effect of Au@Res NFs on A375 was evaluated
by flow cytometry (dyes: Annexin V-FITC and PI). As shown
in Figure 3d, the percentage of live cells decreased gradually
attributed to the increased efficacy of PTT. When the laser
power density reached 2 W/cm2, the proportion of living cells
is only 11.2%. To be clear, even if a few cells were kept alive,
their proliferation ability was greatly impaired. Clone
formation assay showed that the higher the power density of
A375 cells subjected to laser irradiation, the lower the
proliferation ability, which was reflected in the gradual
reduction of the number of cell colonies (Figure S7). In
summary, apoptosis/photothermal synergistic therapy is
effective for killing A375 cells. Even a small number of A375
cells could still survive after synergistic therapy, but their
proliferation ability was basically lost.

Before the synergistic therapy experiments in vivo, the
biosafety of Au@Res NFs was first investigated. Mice
intravenously injected with 50 μL of Au@Res NF solution
were used as the experimental group, and healthy mice
intravenously injected with 50 μL of saline were used as the
control group. After 24 h, the blood of all the mice was
collected for blood glucose, blood fat, liver function, and renal
function examinations. There was no obvious difference in the
blood glucose index between the experimental group and the
control group (Figure S8). Similarly, blood fat indexes such as

Figure 3. L929 cells (a) and A375 cells (b) were incubated with Au@Res NFs at different concentrations of 0, 20, 40, 60, 80, 100, 150, and 200
μg/mL for 24 h, and the cell viabilities were obtained by the CCK-8 assay. Each experiment was repeated five times. Data are shown as mean ±
standard deviation (SD), with ns (no significance), * (p < 0.05), and ** (p < 0.01). (c) A375 cells were incubated with Au@Res NFs at different
concentrations of 0, 25, 50, 75, and 100 μg/mL for 24 h. The cell cycle was obtained by flow cytometry, and 104 of cells were counted. Each
experiment was repeated three times. (d) A375 cells were incubated with Au@Res NFs at the concentration of 50 μg/mL, and then the cells were
irradiated with 808 nm laser at different power densities of 0, 0.33, 0.5, 1, and 2 W/cm2. After 24 h incubation, the cell apoptosis was obtained by
flow cytometry and 104 of cells were counted. Each experiment was repeated three times.
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total cholesterol (CHOL), triglyceride (TG), high-density
lipoprotein (HDL), and low-density lipoprotein (LDL) were
all at very similar levels (Figure S9). Besides, the main liver
function indexes such as aspartate transaminase (AST), alanine

aminotransferase (ALT), alkaline phosphatase (ALP), chol-
inesterase (CHE), and albumin (ALB) in the experimental
group, and the main renal function indexes such as blood urea
nitrogen (BUN), creatinine (CREA), and uric acid (UA) in

Figure 4. (a) Blood circulation of Au@Res NFs in vivo. (b) Biodistribution of Au@Res NFs in major organs and tumor 24 h after the injection. %
ID means the amount of Au@Res NFs in the sample as a percentage of the total amount injected. Sagittal CT images of A375 tumor-bearing Balb/
c nude mice 24 h after the injection of saline (c) and Au@Res NF solution (d).

Figure 5. Apoptosis/photothermal synergistic therapy in vivo. The A375 tumor-bearing Balb/c nude mice are divided into five groups: control
group, Laser control group, Res group, Au@Res NF group, and Au@Res NFs + laser group. (a) Average tumor volume curves for each group. Data
are shown as mean ± standard deviation (SD), with ** (p < 0.01) and *** (p < 0.001). (b) Average body weight curves for each group. (c−g)
Photographs of typical mice and tumors at the end of treatment for each group. The average tumor volumes are 900.7 ± 151.5, 869.6 ± 60.9, 858.5
± 122.1, 248.0 ± 28.7, and 0 mm3, respectively. The two tumors were the largest and smallest ones in the groups.
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the experimental group were at the same level as those in the
control group (Figure S10, S11). The above four experiments
show that Au@Res NFs had good biosafety in vivo.

Then, the pharmacokinetic behavior of Au@Res NFs was
systematically studied. By monitoring the amount of Au in the
blood with an inductively coupled plasma-atomic emission
spectrometer (ICP-AES), the concentration of Au@Res NFs
in the blood over time can be measured. The content of Au@
Res NFs in blood showed a tendency to decay with time, and
the blood circulation half-life (t1/2) was 3.01 ± 0.17 h (Figure
4a). The relatively long half-life was conducive to the
accumulation of nanoparticles into the tumor site. 24 h after
the intravenous injection, the accumulation rate of Au@Res
NFs in the A375 tumor was 6.13 ± 0.34%ID/g, which is

relatively high (Figure 4b). At the same time, Au@Res NFs
were also accumulated in the liver (22.43 ± 2.29%ID/g) and
spleen (19.43 ± 2.86%ID/g), which is the result of the
reticuloendothelial system (RES).

The Au in Au@Res NFs had a high X-ray absorption
coefficient and can be used as a contrast agent for CT imaging.
Therefore, the accumulation behavior of Au@Res NFs in A375
tumors can be used for tumor localization. As shown in Figure
4c, in A375 tumor-bearing mice injected with saline through
the tail vein, the CT signal intensity of the tumor site was
basically maintained close to that of muscle tissue. After the
injection of Au@Res NFs, the CT signal intensity at the tumor
site of mice was significantly enhanced, and not only did the

Figure 6. IR thermal images of A375 tumor-bearing Balb/c nude mice treated with saline + laser (a) and Au@Res NFs + laser (b). The laser power
density is 0.33 W/cm2, and the irradiation times are 0, 5, 10, 20, and 30 min, respectively.

Figure 7. H&E-stained (a) and TUNEL-stained (b) tumor slices of each group (magnification: 200×).
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average intensity increase but also multiple high signal points
appeared, showing white enhancement (Figure 4d).

The increased content of Au@Res NFs in the tumor site was
helpful for the play of therapeutic function. As shown in Figure
5a, the Au@Res NFs significantly reduced the growth rate of
A375 tumors. In contrast, the tumors in the control group and
the laser control group maintained rapid growth, reaching an
average volume of up to 900.7 ± 151.5 and 869.6 ± 60.9 mm3

after a 16-day experimental period (Figure 5a,c,d). Besides,
resveratrol molecules can be excreted to the outside of the
body quickly through the kidney, which was not conducive to
the play of the drug effect, and the influence on tumor growth
was very low. The average tumor volume was 858.5 ± 122.1
mm3 after the same 16-day experimental period (Figure 5a,e).
Au@Res NFs inhibited tumor growth not only in the growth
curve but also in the reduction of the average tumor volume.
The average tumor volume was only 248.0 ± 28.7 mm3, and
the tumor inhibition rate reached 72.5% (Figure 5f). It is also
important to note that Au@Res NFs, while effective in
inhibiting tumor growth, did not eliminate the tumor
completely. Therefore, the NIR laser was further applied to
exert the efficacy of PTT. NIR lasers can cause a rapid
temperature rise at the tumor site. After 30 min of 0.33 W/cm2

laser irradiation, the temperature at the tumor site exceeded 50
°C, which was enough to cause the death of tumor cells in a
large area (Figure 6b). After treatment, the tumors were
completely eliminated without recurrence (Figure 5g). In
contrast, the increase in temperature was very low in the laser
control group without the Au@Res NFs, suggesting that the
laser alone was not enough to kill cancer cells, consistent with
the experimental results shown in the laser control group
(Figures 5a,d and 6a).

Histological methods were used to further evaluate the effect
of treatment (Figure 7a,b). Hematoxylin and eosin (H&E)-
stained tumor sections showed almost no significant cell death
in the control group and the laser control group, and TUNEL
staining showed a very low percentage of apoptotic cells. The
degree of apoptosis of tumor cells in the Res group was also at
a low level, which also indicated that the therapeutic effect of
resveratrol molecules was limited. The accumulation of Au@
Res NFs into A375 tumors under the EPR effect was
conducive to the increase of resveratrol content in tumors.
Therefore, tumor cells in the group of Au@Res NFs had a
large area of apoptosis. After further application of near-
infrared laser, the degree of apoptosis of tumor cells was
further improved and the synergistic effect of apoptosis and
PTT was obviously superior to the single effect of apoptosis.

The weight of the mice also varied from group to group. In
the control group, laser control group, Res group, and Au@Res
NF group, the weight of mice fluctuated, which proved that the
growth of tumor had a certain impact on the health of mice,
especially in the control group the fluctuation was the most
obvious. In the group Au@Res NFs + laser, the synergistic
effect of apoptosis and PTT led to complete tumor
elimination. Without the effect of tumor growth on the
metabolism of mice, the body weight of mice showed a steady
increase, which reflected the safety of our experiment (Figure
5b). In addition, H&E staining photos of major organs
(including heart, liver, spleen, lung, and kidney) of nude mice
before and after the experiment showed that all tissues were in
normal morphology and structure, without inflammation,
necrosis, etc., which also proved the good safety of our
experiment (Figure S12).

■ CONCLUSIONS
In conclusion, we successfully designed and prepared the Au@
Res NFs with the functions of CT imaging, apoptosis, and
PTT and successfully achieved the treatment of A375 tumor.
The resveratrol coating on Au@Res NFs greatly reduced the
toxicity and improved the biosafety. Moreover, the Au in Au@
Res NFs had strong absorption in the NIR region and the
photothermal conversion efficiency was as high as 36.9%. In
cell experiments, Au@Res NFs blocked the cell cycle in the S
phase and induced the apoptosis of A375 cells. After applying a
further 808 nm laser, the survival rate of A375 cells continued
to decrease significantly and the synergistic effect of apoptosis
and PTT on A375 cells was significant. In animal experiments,
the Au@Res NFs accumulated in tumors not only served as a
CT imaging contrast agent to locate the tumor but also
achieved the treatment of A375 tumor through the synergistic
effect of apoptosis and PTT. Hematological and histological
studies confirmed the biosafety of our experiment jointly.

■ EXPERIMENTAL SECTION
Materials. Tetrachloroauric acid tetrahydrate (HAuCl4·

4H2O), sodium citrate, silver nitrate (AgNO3), C2H5OH,
formaldehyde, and NH3·H2O were purchased from Sinopharm
Chemical Reagent Company. Hydroquinone and resveratrol
were purchased from Sigma-Aldrich. The CCK-8 kit, cell cycle
and apoptosis analysis kit, SDS-PAGE gel quick preparation
kit, BCA protein assay kit, QuickBlock blocking buffer for
Western blot, and hypersensitive ECL chemiluminescence kit
were purchased from Beyotime. Dulbecco’s Modified eagle's
medium (DMEM) with the D-glucose content of 4.5 g/L and
the Annexin V-FITC/PI apoptosis detection kit were
purchased from Beijing Solarbio Science & Technology Co.,
Ltd. Fetal bovine serum (FBS) was purchased from Biological
Industries (BI). DMEM containing 10% FBS was used in all
experiments. Bax polyclonal antibody, Bcl2 polyclonal anti-
body, β-tubulin polyclonal antibody, and HRP-labeled goat
anti-rabbit IgG H&L were purchased from Proteintech.
Preparation of Au Seeds. HAuCl4·4H2O was dissolved in

water to prepare a solution with a concentration of 100 mM.
Sodium citrate was dissolved in water to prepare a solution
with a concentration of 10 mg/mL. Then, 520 μL of 100 mM
HAuCl4·4H2O solution was made up to 200 mL with water
and the solution was heated in a conical flask. After boiling, 10
mL of sodium citrate solution was added to the above solution
and kept boiling for 20 min and then the Au seeds were
prepared.
Preparation of Au NFs. 400 μL of Au seed solution, 80 μL

of HAuCl4·4H2O solution (100 mM), 80 μL of AgNO3
solution (1 mg/mL), and 1 mL of hydroquinone solution
(30 mM) were added into 10 mL of deionized water at room
temperature. After stirring for 30 min, the mixed solution was
centrifuged at the speed of 5000 rpm for 10 min. The
precipitates were washed with deionized water, and then Au
NFs were obtained for further use.
Preparation of Au@Res NFs. 3 mL of C2H5OH, 30 μL of

formaldehyde, 100 μL of NH3·H2O, and 275 μL of resveratrol
ethanol solution (20 mg/mL) were added into the as-prepared
Au NF solution. After stirring for 1 h, the mixed solution was
centrifuged at the speed of 5000 rpm for 10 min. The
precipitates were washed with deionized water, and then Au@
Res NFs were obtained. A small amount of deionized water
was added to prepare a concentrated solution of Au@Res NFs,
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and the solution solid content was determined. Finally,
according to the needs of subsequent experiments, Au@Res
NF solution was diluted to suitable concentrations with
deionized water.
Photothermal Performance of Au@Res NFs. A 2 mL

amount of Au@Res NF solutions was added to quartz cells. A
digital thermometer hanging above the laser path was used to
record the temperature of the solutions at an interval of 15 s.
At the same time, an infrared thermal camera was also used to
photograph the infrared thermal images of the solutions. First,
the concentration of Au@Res NF solution was fixed at 100 μg/
mL and the solution was irradiated by an 808 nm laser with
different power densities of 1, 2, and 3 W/cm2, respectively.
Second, the concentration of Au@Res NF solution was fixed at
200 μg/mL and the solution was irradiated by the 808 nm laser
with different power densities of 1, 2, and 3 W/cm2,
respectively. Third, the Au@Res NF solution at a concen-
tration of 200 μg/mL was used to study the photothermal
conversion efficiency at a power density of 3 W/cm2. The laser
was applied from 0 s, the laser was removed when the
temperature rose to the maximum after 900 s, and the
temperature was stopped being recorded at 1800 s.
Toxicity of Au@Res NFs to Normal cells and Cancer

Cells. In the cytotoxicity study, L929 cells were selected as the
representation of normal cells and A375 cells were selected as
the representation of cancer cells. L929 cells and A375 cells
were inoculated on 96-well plates at the density of 8000 cells
per well. Au@Res NFs with concentrations of 0, 20, 40, 60, 80,
100, 150, and 200 μg/mL were cocultured with these two
kinds of cells. After 24 h, the relative cell viability was
determined by a CCK-8 assay (WST-8 reduction assay). Each
experiment set up five duplicate wells and was repeated three
times. It is worth noting that in addition to cells + Au@Res
NFs + CCK-8 as the experimental group, we also set (1) cells
and (2) Au@Res NFs + CCK-8 as the two control groups. By
subtracting the optical density values of the experimental group
at 450 nm from the optical density values of the two control
groups at 450 nm, the interference of Au@Res NF itself, CCK-
8 itself, and the interaction between the two can be eliminated.
Cell Cycle Detected by Flow Cytometry. A375 cells

were inoculated on six-well plates at the density of 300,000
cells per well. Au@Res NFs with the concentrations of 0, 25,
50, 75, and 100 μg/mL were cocultured with A375 cells for 24
h. Then, the cells were washed with PBS, fixed with ethanol
(70%) for 12 h, washed again with PBS, and incubated with
propidium staining solution (containing buffer, propidium, and
RNase) at 37 °C in dark. The cell cycle detection was
performed by a flow cytometer.
Expression of Apoptosis-Related Proteins. A375 cells

were inoculated on 6-well plates at the density of 300,000 cells
per well. Au@Res NFs with concentrations of 0, 50, and 100
μg/mL were cocultured with A375 cells for 24 h. Then, the
cells were washed with PBS three times and a RIPA-containing
protease inhibitor was added. After centrifugation, the
supernatant was a protein sample and the concentration of
protein was detected by a BCA protein assay kit. The protein
samples were denatured, depolymerized by high-temperature
treatment (100 °C, 5 min), run on SDS-PAGE, and then
transferred to polyvinylidene fluoride membranes. After
blocking the membranes with QuickBlock blocking buffer for
1 h, the membranes were washed and incubated with primary
antibodies overnight at 4 °C. The following primary antibodies
were used: anti-β-tubulin (1:2000), anti-Bax (1:2000), and

anti-Bcl2 (1:2000). Subsequently, the membranes were washed
and incubated with a secondary antibody (HRP-conjugated
Goat Anti-Rabbit IgG(H+L), 1:5000) for 2 h. Finally, the
expression of apoptosis-related proteins Bax and Bcl2 was
detected by ECL chemiluminiscence.
Cell Apoptosis Detected by Flow Cytometry. A375

cells were inoculated on six-well plates at the density of
300,000 cells per well. Au@Res NFs with the concentration of
50 μg/mL were cocultured with A375 cells, and then the cells
were irradiated with an 808 nm laser at different power
densities of 0, 0.33, 0.5, 1, and 2 W/cm2. After 24 h of
incubation, the cells were washed with PBS, centrifuged,
resuspended with buffer, and stained with Annexin V-FITC
and PI. The cell apoptosis was performed by a flow cytometer.
Clonal Formation Experiment. A375 cells were inocu-

lated on six-well plates at the density of 300,000 cells per well.
Au@Res NFs with the concentration of 50 μg/mL were
cocultured with A375 cells, and then the cells were irradiated
with an 808 nm laser at different power densities of 0, 0.33, 0.5,
1, and 2 W/cm2. After 24 h of incubation, the cell culture
medium was discarded and then the cells were washed three
times with PBS to remove dead cells, digested, and counted.
Finally, 500 living cells were taken out, inoculated on a new
six-well plate, shaken gently, and placed in an incubator for
further culture. When the number of cells in most of the single
clones in the well was more than 50, the culture medium was
discarded. The cells were washed with PBS, fixed with 4%
paraformaldehyde, washed with PBS, and stained with crystal
violet dye. The cells were finally washed with deionized water
and photographed with scanner.
Safety Study In Vivo. All of the in vivo animal experiments

related to this work were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Jilin
University and approved by the Animal Ethics Committee of
the First Hospital of Jilin University. In the safety study in vivo,
10 of the Balb/c mice (18 g, 4 weeks, male) were purchased
from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. Then, five mice were iv injected with 50 μL of saline and
another 5 mice were iv injected with 50 μL of Au@Res NF
solution (5 mg/mL). Then, 24 h after the injection, the blood
of mice was collected for blood glucose, blood fat, liver
function, and renal function examinations.
Pharmacokinetic Study In Vivo. Tumor models con-

structed by Balb/c nude mice were used in subsequent
experiments in this work. Balb/c nude mice (17 g, 4 weeks old,
male) were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd. After being adaptively fed in an
SPF animal laboratory for 1 week, 1,000,000 of A375 cells were
subcutaneously injected into the right buttock of the mice to
establish tumor models. When the average tumor diameter
reached 6 mm, the A375 tumor-bearing mice were iv injected
with 50 μL of a Au@Res NF solution (5 mg/mL). Then, 5 μL
of blood was collected from the tail at different time points of
0, 0.5, 1, 2, 4, 6, 8, 12, and 24 h. Moreover, all the blood
samples were dissolved in aqua regia to test the contents of Au
by ICP-AES. After 24 h, the mice were euthanized and
dissected, and the heart, liver, spleen, lung, kidney, and tumor
were all weighed and then dissolved in aqua regia to test the
contents of Au by ICP-AES.
CT Imaging Assay In Vivo. In a CT imaging assay in vivo,

A375 tumor-bearing mice were iv injected with 50 μL of Au@
Res NF solution (5 mg/mL). After 24 h, the mice were
anesthetized and imaged by a medical CT scanner to study the
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accumulation of Au@Res NFs in tumor. The voltage is 60 kV,
the electric current is 1 mA, and the radiation dose is 0.1 mGy.
There were also A375 tumor-bearing mice injected with saline
that were used as control.
Animal Experiments. A375 tumor-bearing mice were

randomly divided into five groups when the average tumor
diameter reached 6 mm: (1) control group; (2) laser control
group; (3) Res group; (4) Au@Res NF group; (5) Au@Res
NFs + laser group. In the control group and laser control
group, the mice were i.v. injected with 50 μL of saline. In the
Res group, the mice were i.v. injected with 50 μL of Res
solution (5 mg/mL). In the Au@Res NF group and Au@Res
NFs + laser group, the mice were i.v. injected with 50 μL of
Au@Res NF solution (5 mg/mL). After 24 h, the tumors of
mice in the laser control group and Au@Res NFs + laser group
were irradiated by an 808 nm laser at the power density of 0.33
W/cm2 for 30 min. The long axis length (L: mm) and short
axis length (S: mm) of tumors and the weights (g) of the mice
were recorded every other day. On the 16th day, all the mice
were photographed, euthanized, and dissected. The tumors
from each group were photographed and then used for
subsequent H&E staining and TUNEL staining, and as for the
Au@Res NFs + laser group, one tumor was excised for H&E
staining and TUNEL staining 4 h after the irradiation. The
major organs were fixed with 10% formalin for subsequent
H&E staining to evaluate the long-term safety of the
experiment.
Characterization. A JEM-2100F TEM (200 kV) was

employed to collect TEM photos. A Malvern Zetasizer Nano
ZS was employed to collect hydrate particle size data. A Bruker
Vertex 80 V FTIR spectrometer was employed to collect FTIR
spectra. A Shimadzu UV-3600 spectrophotometer was
employed to collect UV−vis-NIR absorption spectra. Agilent
725 ICP-AES was employed to measure the concentration of
Au. An RT-6000 microplate reader was employed to collect
optical density values. Beckman Coulter CytoFLEX was
employed to flow cytometry analysis. An Olympus FV3000
confocal laser scanning microscope was employed to collect
crystal violet-stained images of cells. A Tanon 5200 automatic
chemiluminescence image analysis system was employed to
collect Western blot band photos. Planmeca cone beam CT
(60 kV, 1 mA) was employed to collect CT images. An
Olympus IX71 microscope was employed to collect H&E
staining and TUNEL staining images.
Statistical Analysis. Analysis of variance (ANOVA)

followed by Tukey test for multiple comparisons was
performed for the evaluation of statistical significance among
different groups. P < 0.05 was considered to be statistically
significant.
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