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therapy (PTT) has attracted

considerable attention for cancer treatment. Strong optical absorption located in the NIR region
and high performance in converting light to heat should be emphasized for the development of

ideal photothermal agents. In this report, Au@Pt bimetallic nanoparticles (Au@Pt NPs) with

dendritic structure were synthesized through an ultrasound assisted one-step method in aqueous
solution. The absorption of Au@Pt NPs at 808 nm was obviously enhanced compared to that of Au
NPs and could be easily manipulated via the amount of Pt NPs. Au@Pt NPs exhibited excellent
photostability with a photothermal conversion efficiency of 44.2%, which is significantly higher

than those in most reported studies. Au@Pt NPs with thiol PEG functionalization presented
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improved cellular killing capacity upon NIR laser irradiation. Moreover, the potential application of

Au@Pt NPs was also investigated in xenograft tumor mouse model. Overall, the remarkable

DOI: 10.1039/c9ra04286e

rsc.li/rsc-advances cancer treatment.

1. Introduction

Photothermal therapy (PTT) exploiting near-infrared (NIR)
light irradiation for cancer treatment has drawn widespread
attention for its non-invasiveness, precise control and high
therapeutic efficiency.”” Therefore, PTT is a promising
candidate for treating diverse cancers compared with tradi-
tional cancer treatment technology possessing non-negligible
disadvantages. In a typical PTT procedure, photothermal
agents are first intravenously or intratumorally injected into
mice bearing tumors. Subsequently, a NIR laser is specifically
employed to irradiate them in the tumor sites to generate
enough heat for the successful killing of cancer cells. To
ensure maximized penetration in tissues and avoid the over-
heating effect in normal tissues, a NIR laser with wavelength
ca. 800 nm situated in the first biological window (750-900
nm) is usually chosen for PTT.*® Thus, the development of
ideal photothermal agents with strong optical absorption in
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therapeutic characteristics of PEGylated Au@Pt NPs provide them with great potential for future

the above NIR region and high photothermal conversion effi-
ciency should be particularly emphasized. In the past decade,
much effort has been devoted to engineer different kinds of
photothermal agents, such as noble metal nanoparticles
(NPs),'®"* carbon nanotubes and derivative nanomaterials,'>**
transition metal sulfide NPs,"** and organic-based nano-
materials."®"” Through controlling the morphology and
surface chemistry, photothermal cancer therapy with high
efficiency could be achieved.

Gold (Au) nanomaterials especially those with anisotropic
structures, such as Au nanorods, Au nanocages, Au nanostars
and Au nanoshells, have played key roles in the development
of PTT due to their facile preparation, excellent biocompati-
bility and controllable optical property of surface plasmon
resonance (SPR) with high photothermal conversion effi-
ciency.'®?* For instance, through optimizing the thickness of
Au nanoshells and aspect ratio of Au nanorods, the SPR peak
can be adjusted in NIR region to obtain optimal PTT
effect.”>*>” However, Au NPs with isotropic structures is not
applicable for PTT since their optical absorption are mainly
located in visible region. To adjust the SPR peak of Au NPs
from visible to NIR region, one simple method was developed
via the assembly of Au NPs assisted by the molecules with
diverse chemical functionalities to generate the spectral
coupling effects. Gao et al. have reported that the SPR peak
shift of Au NPs to NIR regions for enhanced photothermal
therapy could be successfully achieved by light-triggered
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cross-linking of Au NPs modified with photolabile diazirine
moieties.”® Similarly, Chen et al. demonstrated their
successful exploration on amphiphilicity-driven self-
assembly of Au NPs modified with PEG-b-PCL block-
copolymer for further biological application.?*** Though
enhanced optical properties could be achieved by the
assembly of Au NPs, the modification of Au NPs is compli-
cated and the size of the hybrids is rarely controllable, which
may hinder their extensive application in cancer therapy.
Therefore, the development of Au NPs based photothermal
agent with tunable optical properties by simple synthesis
method is still of great importance.

In comparison with Au nanomaterials, platinum (Pt)
nanomaterials are identified as inactive optical element and
have negligible absorption in NIR region. However, the
growth of Pt NPs on the surface of Au nanostructures could
effectively adjust the SPR behavior of Au nanostructures due
to their surface plasmon coupling effect between Au core
and Pt shell.**** For example, Pan et al. developed a two-step
method for the synthesis of Au@Pt nanoparticles and
applied them to cancer photothermal and radiation therapy
taking advantage of the enhanced photothermal conversion
and X-ray absorption.** Chen et al. reported that the surface
plasmonic behavior of Au nanorods could be easily tailored
through the growth of ultrafine Pt NPs on the surface,
resulting in red-shifting of the SPR band and elevated pho-
tothermal conversion efficiency.?* Apart from the improved
optical properties, the stability of Au nanostructures has
also been significantly enhanced after the growth of Pt
NPs.*¢

In this paper, Au@Pt bimetallic NPs (Au@Pt NPs) with
dendritic structure were synthesized through an ultrasound
assisted one-step method in aqueous solution (Scheme 1).
The absorption of Au@Pt NPs at 808 nm was obviously
enhanced compared to Au NPs and could be easily regulated
by the amount of Pt precursor. Au@Pt NPs exhibited excellent
photostability with a high photothermal conversion effi-
ciency of 44.2%. After functionalized with biocompatible
PEG, Au@Pt NPs presented a dose-dependent cellular killing
capacity upon NIR laser irradiation, along with negligible
cytotoxicity. Moreover, the potential application of Au@Pt
NPs for PTT was demonstrated in xenograft tumor mouse
model.

2. Experimental section

2.1. Materials

HAuCl,-4H,0 and H,PtCls-6H,0 were purchased from Sino-
pharm Chemical Reagent Co. Ltd. Ascorbic acid (AA) and Plur-
onic F127 were purchased from Sigma. Methoxy-PEG-thiol (M,,
= 5000) was purchased from Shanghai Tuo Yang Biotechnology
Co. Ltd.

2.2. Synthesis of Au@Pt NPs

For the preparation of the Au@Pt NPs with different amount
of Pt NPs, the molar ratios of Pt/Au were varied from 0.0 to 4.0
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Scheme 1 Schematic illustration of Au@Pt NPs for photothermal
cancer therapy.

in the aqueous solution. Typically, Pluronic F127 (0.03 g) was
mixed with H,PtCls-6H,O solution (20 mM, 1.0 mL) and
HAuCl,-4H,0 solution (20 mM, 2.0 mL) in a glass bottle and
stirred to obtain homogeneous solution. Then, AA solution
(0.1 M, 3.0 mL) was added and sonicated for 20 min, followed
by gentle stirring for 24 h at room temperature. The final
product was collected by centrifuging, washed with ethanol/
water for three times, and re-dispersed in water.

2.3. PEGylation of Au@Pt nanoparticles

Methoxy-PEG-thiol solution (3000 ppm, 3 mL) was added into
Au@Pt NPs solution (1000 ppm, 1 mL) and sonicated for 10 min
in ice. After stirring for 24 h at room temperature, the PEGylated
Au@Pt NPs were separated by centrifuging at 12 000 rpm for
30 min and washed for three times to remove free methoxy-PEG-
thiol.

2.4. Characterization

Optical spectrum of Au@Pt NPs was monitored by a UV spec-
trophotometer (UV-2450, Shimadzu). X-ray diffraction spectra
were performed on X-ray powder diffractometer (Ultima IV,
Rigaku, Japan). Transmission electron microscopy images
(TEM) were recorded on JEOL-1203 transmission electronic
microscope (JEM-2010, Jeol, Japan). The average hydrody-
namic diameter was determined by Dynamic Light Scattering
(DLS, Nano-ZS90, Malvern). The concentrations of Au and Pt
were analyzed by an inductively coupled plasma optical

emission spectroscopy (ICP-OES, PerkinElmer Optima
5300DV).
2.5. Temperature measurement during NIR irradiation

Au and Au@Pt NPs with different concentrations were irradi-
ated by 808 nm laser with power density of 2 W cm™> for 8 min.
The IR thermal imaging camera (FLIR) was used to record the
changes of temperature with 0.5 or 1 min interval.

2.6. Cell culture

HeLa human cancer cells, 4T1 murine mammary carcinoma
cells and CCRF-CEM human acute lymphatic leukemia cells

This journal is © The Royal Society of Chemistry 2019
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were obtained from ATCC (American Type Culture Collection,
Manassas, VA, USA). They were cultured in the media of RPMI-
1640 medium (Sigma, St. Louis, MO) with 10% FBS and anti-
biotics at constant temperature of 37 °C with 5% CO,.

2.7. Cell viability assay

Cell viability was determined by MTS assay, while the photo-
thermal effect of Au and Au@Pt NPs were also evaluated by the
viability of HeLa cells. Simply, HeLa cells seeded with 0.5 x 10*
cells per well were incubated for 24 h. Then, HeLa cells were
divided into two groups: (1) control group without laser and (2)
PTT group with laser irradiation. Subsequently, HeLa cells were
cultivated with different concentrations of Au and Au@Pt NPs for
24 h, then removing cell medium and following different treat-
ments, with or without 808 nm laser irradiation (1.0 W cm™2, 6
min). Finally, the PTT effect was evaluated by measuring the
absorbance at 490 nm with a microplate reader (BioTek).

To further evaluate the photothermal effect of Au@Pt NPs
under laser irradiation in vitro by microscope, calcein-AM/
propidium iodide (PI) double staining experiment was per-
formed. HeLa and CCRF-CEM cells were cultivated in optical
cell culture dishes for 24 h.

Then, Au@Pt NPs was added with final concentration of
150 ppm and cultivated for 2 h, followed by another 1 h culti-
vation under irradiation with 808 nm laser (1.0 W cm ™2, 6 min).
Finally, the cells were stained with both calcein-AM and PI to
determine the photothermal effect of Au@Pt NPs by an inverted
fluorescence microscope.

2.8. Xenograft tumor mouse model and therapeutic
evaluation

Balb/c female mice (body weight ~20 g) were purchased from
Hunan SLAC Laboratory Animal Co., Ltd. Mice bearing 4T1
tumors were divided into 4 groups with 6 mice per group: (a)
control, (b) NIR only (1.5 W em ™2, 7 min), (c) Au@Pt NPs only
(50 uL, 3000 ppm), (d) Au@Pt NPs + NIR (50 uL, 3000 ppm;
1.5 W ecm™?, 7 min). Au@Pt NPs were directly injected to the
tumors. All animal procedures were performed in accordance
with the Guidelines for Care and Use of Laboratory Animals of
Hunan University and experiments were approved by the
Animal Ethics Committee of College of Biology (Hunan
University).

2.9. Hematoxylin and eosin (H&E) histology analysis of
tumor

Mice were sacrificed at 30 days after PPT and the major organs
(including liver, spleen, heart, lung and kidney) were collected
and fixed in 4% paraformaldehyde. After dehydrated in
different concentration sucrose solution, small pieces of organs
were fixed, sectioned and stained with H&E.

3. Results and discussion
3.1. Synthesis and characterization of Au@Pt NPs

The strategy used to synthesize the nanoparticles was
according to the previously reported method.*”** HAuCl, and

This journal is © The Royal Society of Chemistry 2019
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H,PtCls were chosen as the metal precursor because they have
different standard reduction potentials to realize sequential
reduction of different precursor in one pot. Experimentally,
Au@Pt NPs were synthesized by direct reducing the mixed
precursor solution of Au and Pt (the molar ratio of Pt/Au is 2)
assisted by ultrasound. As shown in Fig. 1a and b, Au@Pt NPs
exhibit uniform branched structures with sizes ranging from
20 to 30 nm. Whereas, the increasing or decreasing the
proportion of Pt could lead to incomplete coverage or self-
nucleation of Pt (Fig. S1f). To better observe the clear
morphology of Au@Pt NPs, high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM),
and energy dispersive X-ray (EDX)-elemental mapping were
carried out. As revealed in Fig. 1c, Au element is mainly located
in the center of Au@Pt NPs and surrounded by multiple Pt
NPs, which is well consistent with the different contrasts in the
TEM images. In addition, the XRD pattern confirm the coex-
istence of Au and Pt NPs in Au@Pt NPs.

Considering the SPR effect of the Au core and Pt shell, the
absorption spectrum of Au@Pt NPs was monitored by a UV-Vis
spectrophotometer, as shown in Fig. 1le. Meanwhile, time
tracking of optical property of Au@Pt NPs (Fig. S21) and the
standard curve of Au@Pt NPs (Fig. S31) were tested. As the Pt/
Au ratio increased from 0 to 2 (Fig. S47), the SPR band exhibits
dose- and time-dependent SPR red-shifting. The relevant
absorption intensity at 808 nm of Au@Pt NPs and Au NPs
against increasing concentration is plotted in Fig. 1f. Inter-
estingly, the absorption at 808 nm of Au@Pt NPs is 8 times
that of pure Au NPs at the same Au concentration, further
confirming the excellent NIR absorption property of Au@Pt
NPs. Then, in order to improve their biocompatibility and
physiological stability, methoxy-PEG-thiol was introduced for
surface modification of Au@Pt NPs. The hydrodynamic size of
the PEGylated Au@Pt NPs was about 110 nm as determined by
DLS, larger than that of measured by TEM (Fig. S51), which is
consistent with the previously published work. Additionally,
PEGylated Au@Pt NPs displayed excellent dispersibility in
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Fig. 1 Synthesis and characterizations of Au@Pt NPs. (a and b)
Representative TEM images with different magnifications. (c) HAADF-
STEM image and EDX mapping images of Au@Pt NPs. (d) XRD pattern
of Au@Pt NPs. (e) UV-Vis absorption spectra of Au and Au@Pt NPs. (f)
The absorption at 808 nm of Au NPs and Au@Pt NPs with the same
concentration of Au element.
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water, Dulbecco phosphate-buffered saline (DPBS) buffer and
serum without notable aggregation in 48 h (Fig. S6t).

3.2. Photothermal conversion effect of Au@Pt nanoparticles

Inspired by the coupling effect of Pt NPs on the SPR of Au@Pt
NPs, photothermal effect of Au@Pt NPs upon the irradiation of
808 nm laser was investigated as shown in Fig. 2a and b. Au
NPs and Au@Pt NPs both exhibit dose-dependent heating
capacity for the absorption increases with concentration. It's
worth mentioning that Au@Pt NPs solution could reach higher
temperatures than Au NPs with the same amount of Au,
contributed by the SPR red-shifting of Au NPs. For example,
with the Au concentration of 100 ppm, the temperature of the
solution increased by 33.8 °C (from 25.6 °C to 59.4 °C) under
8 min irradiation, about three-fold compared to that of Au
NPs, indicating the high photothermal conversion effect of
Au@Pt NPs. Meanwhile, Au@Pt NPs exhibited excellent pho-
tothermal effects in physiological conditions as shown in
Fig. S7.f Then, we quantitatively studied the photothermal
conversion efficiency of Au@Pt NPs following the calculation
principle from Roper's methods.*>** Thus, the heat conversion
efficiency (n) of the Au@Pt NPs under 808 nm laser can be
calculated to be about 44.2% (Fig. S87), which is higher than
that of most reported study, such as Au nanorods (21%),*
Bi,Se; (26.4%)** and PEGylated black phosphorous (BP)
(27.4%).%

After demonstrating the excellent heating capacity of
Au@Pt NPs, the photostability of Au@Pt NPs were evaluated
in detail, as shown in Fig. 2¢ and d. 1 mL of Au@Pt NPs
solution with a concentration of 50 ppm was exposed to NIR
laser for four on/off cycles and each cycle lasts for 20 min.
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Fig. 2 (a) The temperature changes of different concentration of Au
NPs and Au@Pt NPs under an 808 nm laser irradiation. (b) The
temperature change (AT) under an 808 nm laser irradiation with
distilled water, different concentrations of Au NPs and Au@Pt NPs. (c)
Variation of the absorption ratios at 808 nm (A/A%) of Au@Pt NPs
after different irradiation cycles. (d) The time-dependent tempera-
ture curves of Au@Pt NPs with an 808 nm NIR laser for four on/off
cycles.
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During the heating/cooling processing, the temperature and
absorption at 808 nm were recorded, respectively. Obvi-
ously, the absorption at 808 nm, the heating curves, and
maximum temperature were maintained the same after four
on/off heating/cooling cycles, revealing the excellent pho-
tostability of Au@Pt NPs. On the contrary, a marked decline
in absorption (ca. 40%) was observed in the case of Au
nanorods with the same Au concentration (Fig. S9t) due to
the inevitable morphological changes of Au nanorods
nanostructure upon NIR irradiation,**** which further
indicates the outstanding photostability of Au@Pt NPs.
Taken together, Au@Pt NPs exhibited enhanced NIR light
absorption and photothermal conversion properties, as well
as excellent photostability, suggesting great potential as an
ideal photothermal treatment agent.

3.3. Invitro cytotoxicity and photothermal cytotoxicity

Since biocompatibility of nanomaterials is an important
prerequisite for their application in cancer therapy, the cell
viability after incubation with Au@Pt NPs was tested using
a standard MTS assay, as shown in Fig. 3a. After incubation for
24 h, Au@Pt NPs did not cause any significant cytotoxicity in
HelLa cells at tested concentrations, demonstrating the excellent
biocompatibility of Au@Pt NPs at cellular level. This result
further drove us to explore the PTT effect of Au@Pt NPs on HeLa

a 1o b 100
_. 80 . 80
X ®
2 60 2 60
B 40, 8 404
> >
3 20 & 204
0 4
5 1025 50 75 100 150 200 Control 0 25 50 75 100 150 200
Concentration {ppm) Concentration (ppm)
c Control Laser onl

Au@Pt NPs + Laser

Fig. 3 (a) Cytotoxicity of Au@Pt NPs with different concentrations
after incubated with Hela cells for 24 h. (b) Cell viability of Hela cells
treated with Au@Pt NPs (200 ppm) under NIR laser irradiation (808 nm,
1 W cm™2) for 6 min. (c) Fluorescent images of Hela cells stained with
Live/Dead Double Stain Kit, green fluorescence indicates live cells by
calcein-AM, and red fluorescence indicates dead cells by PI. Scale bar,
100 um.
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Fig. 4 (a) IR thermal images of 4T1-tumor-bearing mice with or
without Au@Pt NPs injection under 808 nm laser irradiation. (b) The
tumor temperature changes based on IR thermal imaging during
laser irradiation. (c) Relatively tumor volume of four groups with
different treatments. The tumor volume is normalized to their initial
sizes. (d) The Body weight curves of four groups with different
treatments.

cells under NIR laser irradiation. As shown in Fig. 3b, a dose-
dependent cell killing efficiency was presented, and less than
20% of cells survived after treatment at a concentration of
150 ppm or higher, demonstrating the outstanding therapeutic
efficacy of Au@Pt NPs-based PTT.

On the other hand, to compare the PTT effect of Au@Pt NPs
and Au NPs in vitro, the PTT effect of Au and Au@Pt NPs with
the same concentration of Au element was also examined
(Fig. S10t). As expected, Au NPs also exhibited excellent
biocompatibility as Au@Pt NPs. However, the PTT effect of Au
NPs was much lower than that of Au@Pt NPs, which further
demonstrate the enhanced optical and photothermal proper-
ties of Au@Pt NPs. Live/dead double staining of HeLa and
CCRF-CEM cells by calcein-AM/PI stain kit were also carried
out for direct observation of the cytotoxicity and PTT effect
(Fig. 3c and S111). Compared with control group, cells treated
with only laser and only Au@Pt NPs exhibited negligible
cytotoxicity caused by laser and Au@Pt NPs. After incubation

Au@Pt NPs

View Article Online

RSC Advances

with Au@Pt NPs, part of the cells was irradiated by NIR laser.
Obvious boundary between red fluorescence and green fluo-
rescence could be seen on the edge of the laser spot. From all
the above experiments, the therapeutic characteristics of
Au@Pt NPs provide great potential for the enhanced PTT in
vitro.

3.4. Invivo photothermal therapy

4T1 tumor-bearing Balb/c mice were employed as xenograft
models to determine the PTT effect of Au@Pt NPs in vivo. Mice
bearing tumor were randomly divided into four groups: (1)
group with only PBS injection, (2) group with PBS injection
and laser irradiation, (3) group with only Au@Pt NPs injection
and (4) group with Au@Pt NPs injection and laser irradiation.
The real-time temperature changes of the tumor sites of mice
upon laser irradiation were detected by an IR thermal camera.
The temperature of tumor sites injected with Au@Pt NPs rose
rapidly and could reach as high as 60 °C in 4 min under the
NIR laser irradiation, resulting in significant histological
damage in tumor sections. While, there were no obvious
temperature rise or tissue damage for those treated with only
laser (increased less than 5 °C) after the same irradiation
period (Fig. 4a, b and S127). Significant tumor growth
suppression could be observed in groups with Au@Pt NPs
injection under NIR laser irradiation while those control
groups showed rapid tumor growth during the 16 days period
(Fig. 4c). In addition, the cured mice were kept for another 30
days and no any indications of tumor recurrence could be
observed.

3.5. Invivo toxicity study

Generally, the body weight of the mice during the treatment
period is a key criterion to evaluate the potential toxicity of
nanomaterials in vivo.* The body weight of mice remained
similar in all groups during the treatment period (Fig. 4d),
indicating the high biosafety of Au@Pt NPs. Moreover, the
major organs of the mice in key groups were collected for
histological analysis after the mice sacrificed from the
treatment. As shown in Fig. 5, no significant organ damage
could be found in different groups after PTT treatment,
demonstrating no obvious side effects of Au@Pt NPs in vivo.

Fig. 5 H&E-stained tissue sections of major organs harvested from mice with different treatments. Scale bar, 50 um.

This journal is © The Royal Society of Chemistry 2019
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4. Conclusion

In summary, we have successfully synthesized Au@Pt NPs with
dendritic structure through an ultrasonic assisted one-step
method in aqueous solution. The optical properties of Au@Pt
NPs could be easily manipulated by tailoring the SPR coupling
effect between the Au core and Pt shell. The absorption of
Au@Pt NPs at 808 nm was obviously enhanced compared to Au
NPs, 8 times that of pure Au NPs at the same Au concentration.
Au@Pt NPs exhibited excellent photostability with a high pho-
tothermal conversion efficiency of 44.2% under 808 nm light
irradiation. By introducing methoxy-PEG-thiol, the biocompat-
ibility and physiological stability were largely improved. Besides
negligible cytotoxicity, Au@Pt NPs possess outstanding cellular
killing capacity upon NIR laser irradiation with a dose-
dependent manner. The in vitro experiments showed the PTT
efficiency of Au@Pt NPs was much higher than that of Au NPs,
which was consistent with the enhanced SPR absorption prop-
erties of Au@Pt NPs. Moreover, the potential application of
Au@Pt NPs for PTT in vivo was successfully carried out in
xenograft tumor mouse model and effective inhibition on
tumor growth was obtained. Overall, Au@Pt NPs have shown
great potential as new photothermal agent in the battle against
cancer and the simple synthesis method will provide new ideas
for the field of bionanomaterials.
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