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As a widely-adopted agent for photothermal therapy (PTT), gold nanorods (Au NRs) remain problematic
due to the cytotoxicity derived from CTAB and the comparatively weak and narrow near-infrared (NIR)
absorption band. To address this problem, we here proposed a shape-controllable and spectrum-adjustable
synthesis method of Au@Ag/Au nanoparticles (NPs) through the first coating of a Ag nanolayer outside

10 the Au NR seed and the subsequent replacement reaction with HAuCl, to yield a Ag/Au alloy nanoshell.
Results from TEM and UV-vis spectra analysis showed that thicknesses of Ag layers directly determined
NPs’ shapes and sizes, and the formation of Ag/Au nanoshells effectively enhanced NPs’ NIR absorbance.
Remarkably, the optimum Au@Ag/Au nanospheres (NSs) with a diameter of ~40 nm were revealed to
have a broad and intense absorption cross section from 400 to 1100 nm, ~4.7 times higher hyperthermia

15 effect than Au NRs, and low dark-cytotoxicity. By using A549 lung cancer as the model, a series of in
vitro investigations were performed and demonstrated that Au@Ag/Au NSs could efficaciously destruct
cancer cells under a 980 nm irradiation. The PTT efficacy could be further improved by increasing NSs
concentration, incubation time or irradiation time. Moreover, a preliminary in vivo study also showed that
after injection into the A549 tumor, Au@Ag/Au NSs could cause an obvious necrosis at the irradiation

20 Site. It is indicated that a novel kind of promising and highly-effective NIR PTT agent has been developed,
which might greatly advance the application of PTT in biomedical researches.

particular interest. Owing to their superior properties including

1 Introduction facile synthesis, flexible bioconjugation, colloidal stability and
especially finely-tunable absorption range and large extinction
coefficient in the NIR region, Au NRs have been extensively
investigated for both in vitro and in vivo remote selective PTT of
cancer.?»?* However, concerning their future clinical uses, there
are some deficiencies needed to be addressed. For instance, the
further biomedical application of Au NRs might be limited by
their cytotoxicity derived from the remaining excess
cetyltrimethylammonium bromide (CTAB), which is a surfactant
used as the template during preparation.> Although some ligand
exchange methods have been developed to remove CTAB %%
the additional exchange process might make the use of Au NRs
complex and troublesome. Moreover, the absorbance intensity
e and light-to-heat conversion efficiency of Au NRs in the NIR
region are also in need of improvement. In particular, the lack of
a broad absorption cross section might hamper their popularity as
widely adapted PTT agents, because it is inconvenient that the
peak absorbance always have to be adjusted to match lasers with
different irradiation wavelengths for optimum PTT effects.?”
Yeh et al. have reported a Au NR-in-shell nanostructure synthesis
strategy by introducing Ag component and galvanic replacement
reaction.®® Basing on this strategy, rod-like PTT nanoagents with
a broad absorption band were prepared and their spectrum could
70 be further adjusted by controlling the gap size between core and
shell.3* However, in this strategy, bothersome multiple washing

As a promising alternative or supplement to conventional cancer
treating approaches, photothermal therapy (PTT) has drawn
25 considerable attention due to its advantages including minimal
invasion, few complications, and fast recovery.>? Typically, PTT
utilizes optical absorbing agents to convert photons into local
heating, thus promoting irreversible cancer destruction via protein
denaturation and cell membrane disruption.® Its efficacy was
30 greatly dependent upon optical absorbing properties of the
adopted agents. Therefore, besides good biocompatibility and
cancer-homing ability, ideal PTT agents are particularly desired
to hold strong absorbance and efficient light-to-heat conversion in
the near-infrared (NIR) region, where tissue transmissivity is
35 highest as a result of low scattering and absorption from intrinsic
chromophores.*®
In recent years, development of nanotechnology has advanced
the exploration of nanomaterials-based PTT agents. With varying
degrees of success, a variety of NIR absorbing nanomaterials
have been engineered and applied for photothermal ablation, such
as gold nanorods (Au NRs),®® gold nanocages,®® gold
nanoshells,"**? graphene oxide,** carbon nanotubes, >
composite metal nanoparticles (NPs),*"*® and so on. Thereinto,
Au NRs, a kind of elongated NPs with one transverse and one
longitudinal surface plasmon resonance (SPR) bands,*% are of
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steps were inevitable. More importantly, the preparation of Au
NR-in-shell nanostructures with different shapes and the shape-
induced spectrum variation has not been studied yet.

Herein, a simple, washing-free, shape-controllable and
spectrum-adjustable synthesis method of Au@Ag/Au NPs has
been proposed to develop a novel kind of PTT agent with a broad
and strong NIR absorption cross section, highly efficient
hyperthermia and low dark-cytotoxicity. Firstly, by coating Ag
layers with different thicknesses and shapes outside Au NR seeds
and then reacting with HAuUCI, to yield Ag/Au alloy shells, a
series of Au@Ag/Au NPs with different morphologies were
synthesized. After investigating the effect of NPs’ shapes on their
optical and photothermal properties, the optimized Au@Ag/Au
nanospheres (NSs) for NIR PTT were identified. Subsequently, a
systematic study of Au@Ag/Au NSs for photothermal ablation of
cancer cells was carried out with a 980 nm laser as the irradiation
source. And on this basis, their efficacy for in vivo NIR PTT was
also preliminarily valuated.

2 Experimental
2.1 Chemicals and materials

Sodium borohydride (>96%) and silver nitrate (=99.8%) were
obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Bovine serum albumin (BSA), polyvinyl pyrrolidone
(PVP), cetyltrimethylammonium bromide (CTAB) and ascorbic
acid were purchased from Dingguo Biotech. Co., Ltd. (Beijing,
China). Calcein-AM and HAuCl;*H,O (>99.5%) were obtained
from Sigma-Aldrich. All other reagents were of the highest grade
available. Deionized water was prepared through the Nanopure
Infinity™ ultrapure water system (Barnstead/Thermolyne Corp.).

2.2 Synthesis of Au NRs

Au NRs were prepared according to a room-temperature seedless
growth method.*® Firstly, 85 pi. HAuUCI, (40 mg/mL) and 5 mL
CTAB (0.4 M) were mixed with 2.695 mL water. Then, 2 mL
AgNO; (1 mM) and 200 pL ascorbic acid (100 mM) were added
and stired softly. Finally, 30 pL of NaBH,; (1 mM) was rapidly
mixed and the color of the solution changed to deep violet within
a few minutes.

2.3 Synthesis of Au@Ag NPs

Au@Ag NPs with different shapes were synthesized using a
washing-free and modified method.® Briefly, 510 pL of as-
prepared Au NRs without washing were directly mixed with 10
mL 1 wt% of PVP, different volume of AgNO; (1 mM) and 250
L of ascorbic acid (100 mM), followed by a gentle stir. When
05 mL of 0.1 M NaOH was added, the solution colour
immediately started to change, implying the formation of Ag
layer.

2.4 Synthesis of Au@Ag/Au NPs

Under a vigorously stir at 100 <C, 1.5 mL of HAuUCI, (1 mM) was
directly added to the as-prepared Au@Ag NPs without washing.
The mixture was allowed to react for 15 min to produce
Au@Ag/Au NPs. For biological applications, NPs were
centrifuged and washed with saturated NaCl solution and distilled
water.

2.5 Characterization of NPs

ss UV-vis spectral analysis was carried out using a Beckman
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Couiter DU8B0O0 spectrophotometer. The shape, size and element
components of the as-prepared NPs were analyzed by high-
resolution transmission electron microscopy (HRTEM, JEOL-
3010) and energy-dispersive spectroscopy (EDS, Tecnai G2 F20
S-TWIN) at the accelerating voltage of 200 kV. Zeta potentials
were determined in ultrapure water with a Malvern Zetasizer
3000 HS (Malvern, Worcestershire, England). Temperature
elevation was induced by an external 0~18 W adjustable laser
(980 nm, Beijing Hi-Tech Optoelectronic Co., China) as the
irradiation source.

2.6 Cells

A549 cells (human lung adenocarcinoma cell line), SPCAI cells
(human lung adenocarcinoma cell line) and QBC-939 cells
(human cholangiocarcinoma cell line) were provided by the Cell
Center of our lab. Cells were cultured in RPMI 1640 medium
containing 10% fetal bovine serum, 100 pg/mL streptomycin and
100 IU/mL penicillin, and incubated at 37 <C in a humidified
incubator containing 5% CO..

2.7 Dark-cytotoxicity test

A549 cells were seeded in 24-well plates and allowed to grow
overnight. After incubation with different concentrations of
Au@Ag/Au NSs (0, 1.1<10%, 2.2x10%°, 3.6x10%, 5.4x10'°, and
1.1<10" particles/mL, respectively) at 37 <C for 6 h, cells were
rinsed twice with PBS and then incubated in culture medium at
37 <C for 3 h. Finally, cell viability was tested using a propidium
iodide (Pl)-based dead cell staining method. Detailedly, cells
were harvested and stained with Pl (2 pM) for 15 min. Then, the
dead cell percentage was analyzed using a FACSCalibur flow
cytometer (BD Bioscience, USA).

2.8 Dark-field imaging

A549 cells seeded in cell culture dishes and allowed to grow
overnight were firstly incubated with Au@Ag/Au NSs (2.2x10"
particles/mL) for 6 h at 37 <C. Then, the cells were rinsed twice
with PBS to remove excess NPs and fixed with 4% formaldehyde
for 15 min at 37 <C. Finally, the interaction of AU@Ag/Au NSs
and Ab549 cells were imaged using a dark-field microscope
(Nikon Eclipse 80i) equipped with a black/white CCD camera.

2.9 Invitro NIR PTT

Cells seeded in 24-well plates and allowed to grow overnight
were firstly incubated with NPs (2.2x10° particles/mL) for 6 h at
37 <C. Then, the cells were rinsed twice with PBS and received
an irradiation from an external 980 nm laser. After gently rinsed
with PBS, the cells were incubated in culture medium for 3 h at
37 <C. Finally, viability tests were performed by adding calcein-
AM solution (0.6 M) to stain living cells for 45 min. Fluorescent
images were acquired using an inverted microscope (Nikon,
Te300) with 4% objective lens. The effect of different conditions
on PTT efficacies was systematically investigated, including NPs
types, NSs concentrations, incubation time of NSs and cells, and

105 irradiation time.

2.10 Animals
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Male athymic BALB/c (Balb/C-nu) mice were purchased from
the Shanghai SLAC Laboratory Animal Co., Ltd (BALB/c). All
animal operations were in strict accordance with the Regulations
for the Management of Laboratory Animals of the Ministry of
Science and Technology of the People’s Republic of China. The
protocol was approved by the Committee on the Ethics of Animal
Experiments of Hunan Provincial Laboratory Animal Center
[Permit Number: SYXK (Xiang) 2008-0001]. Tumor-bearing
animal models were prepared through a subcutaneous injection of
~10° in vitro-propagated A549 cells into the backside of nude
mice. Tumors were then allowed to grow to 1-2 cm in diameter
for 2-3 months.

2.11 Invivo NIRPTT

A549 tumor-bearing mice firstly received an intratumoral
injection of 50 pL Au@Ag/Au NSs (2.2x10% particles/mL), and
then were exposed to a NIR laser irradiation (980 nm) for 5 min
at 26.5 mW. The PTT effect was monitored every day using an
IVIS Lumina Il in vivo imaging system (Caliper LifeSicence,
USA). Control groups include tumor-bearing mice without any
treatments, tumor-bearing mice with only irradiation and tumor-
bearing mice with only injection of Au@Ag/Au NSs.

3 Results and discussion
3.1 Synthesis and characterization of Au@Ag NPs

In order to enhance the PTT efficacy of Au nanorods (NRs),
silver with greater thermal conductivity than gold was firstly
introduced by coating a Ag layer outside the NR. As shown in
Fig. 1a, the Au NR seeds were prepared with a 7.842.1 nm width
and a 33.024.6 nm length. Then, by reacting with different
concentrations of AgNO; in the growth solution, a series of
Au@Ag nanoparticles (NPs) were synthesized and displayed
different Ag layer thicknesses and shapes (Fig. 1b-e). When the
Ag" concentration was low (0.040 mM), a few Ag atoms were
deposited and the Ag shell seemed to be more or less
homogeneous over the entire NR. However, as the Ag*
concentration rose to 0.060 mM, the Ag nanolayer was obviously
thickened and an anisotropic Ag coating occurred, although the
resulted Au@Ag NPs remained in the rod shape with a 9.642.3
nm width and a 32.844.4 nm length. By further increasing the
Ag* concentration, the anisotropic degree was gradually

%z

k¥

Fig. 1 TEM images of (a) Au NRs and (b-e) Au@Ag NPs with different
shapes prepared using different concentrations of AgNOs. (b) 0.040
mM; (c) 0.060 mM; (d) 0.128 mM; (e) 0.384 mM. Scale bar: 50 nm.
(Inserts: TEM images with higher magnification. Scale bar: 5 nm.)

ss enhanced. Particularly when the Ag* concentration reached 0.384
mM, sphere-like Au@Ag NPs, which exhibited a clear
differential contrast of the outside Ag layer from the inside
darkened Au NR, were fabricated with a diameter of 40.143.5 nm.
The corresponding absorption spectra investigation also showed

s0 that with the increase of Ag layer thickness, the longitudinal SPR
band blue-shifted markedly, while the transverse SPR band
slightly blue-shifted. These two bands were finally superposed
and centered at ~400 nm when sphere-like Au@Ag NPs formed
(Fig. S1). It was indicated that by adjusting the concentration of

ss AgT in the growth solution, a good morphological control of
Au@Ag NPs could be facilely achieved.

3.2 Synthesis and characterization of Au@Ag/Au NPs

In view of their weak absorbance in the NIR region and potential
toxicity from Ag exposed to biological systems, Au@Ag NPs

60 were then allowed to react with HAuCl, to produce Au@Ag/Au
NPs through transformation of the outside Ag into Ag/Au alloy.
With the thickness increase of original Au@Ag NPs, the NIR
absorbing intensity of Au@Ag/Au NPs exhibited a gradual
enhancement (Fig. S2a). In particular, the Au@Ag/Au NPs

es prepared using Au@Ag nanospheres (NSs) (0.384 mM AgNO3)
were endowed with a broad and intense absorption band from 400
to 1100 nm, which might be caused by the particle polydispersity
in shape and size. And in the case of AU@Ag NSs reacting with
different concentrations of HAuUCIl,, it was found that the

70 absorbance spetrum of Au@Ag/Au NPs would not change
obviously unless the concentration of HAuCl, was below 68 pM
(Fig. S2b).

75 Fig. 2 TEM images of (a) Au@Ag/Au NRs and (e) Au@Ag/Au NSs.
Scale bar: 50 nm. (Inserts: TEM images with higher magnification.
Scale bar: 5 nm.) (b-d) HAADF-STEM-EDS mapping results showing a
single Au@Ag/Au NR image, the gold image (yellow) and the silver
image (red). (f-h) HAADF-STEM-EDS mapping results showing a single

80 AU@Ag/Au NS image, the gold image (yellow) and the silver image
(red).

HAuCl, -

S -~ c b

Au@Ag NR Au@Ag/Au NR

HAuCl
— 100 C

Au@Ag NS
Fig. 3 Schematic representation of the synthesis strategy of Au@Ag/Au
NPs with different shapes.

Au@Ag/Au NS
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Fig. 4 Property investigation of Au@Ag/Au NSs in comparison with Au NRs and Au@Ag/Au NRs. (a) UV-vis absorption spectra, all measured with

2.2x10'0 particles/mL. (b) Heating curves using a 980 nm laser irradiation at 26.5 mW, all measured with 4.4x1010 particles/mL. (c) Zeta potential

analysis, all measured with 2.2x1070 particles/mL.

Subsequently, two kinds of representative Au@Ag/Au NPs,
including the one prepared using Au@Ag NRs (0.060 mM
AgNO3) and the one prepared using Au@Ag NSs (0.384 mM
AgNO;3) were characterized by HRTEM and EDS. Results
revealed that after the replacement reaction, the overall shapes
and sizes of NPs were not changed significantly (Fig. 2a and 2e).
But a core-shell structure with the Au NR core and the Ag/Au
alloy shell was definitely observed for both Au@Ag/Au NRs (Fig.
2b-d) and Au@Ag/Au NSs (Fig. 2f-h) through EDS mapping
analysis of a single NP. This was also confirmed by the line-scan
EDS evaluation to measure their transverse and axial directions,
which displayed the compositions of both Au and Ag, with a
dominant Au in the middle part where the Au NR was located
within the shell (Fig. S3).

Inspired by above investigation results, a shape-controllable
and spectrum-adjustable synthesis strategy of Au@Ag/Au NPs
could be outlined as shown in Fig. 3. Firstly, through the reaction
of Au NR seeds with different concentrations of AgNQO; in the
growth solution, Au@Ag NPs with different shapes including
rods, spheres, etc., could be fabricated. Next, through a
replacement reaction with HAuCl,, the outside Ag/Au alloy could
be formed® and thus endow Au@Ag/Au NPs with the greatly
increased NIR absorbance and decreased toxicity. Due to the
optical properties of Au@Ag/Au NPs were directly dependent
upon their shapes, the adjustment of absorption spectra could be
facilely achieved by controlling NPs’ shapes according to
practical needs.

3.3 Properties of Au@Ag/Au NSs

Concerning the application in biological systems, NIR absorption
is a critical feature for ideal PTT agents. From this point of view,
the as-prepared Au@Ag/Au NSs with a broad and strong
absorption band from 400 to 1100 nm were deemed to be a
promising PTT agent. Several properties of Au@Ag/Au NSs
were then investigated by comparison with Au NRs and
Au@Ag/Au NRs. As expected, at the same concentration,
Au@Ag/Au NSs exhibited a much higher optical absorbing
intensity than both Au NRs and Au@Ag/Au NRs (Fig. 4a). And
the broad absorption band covering the visible and NIR region
would promise a perfect adaptation to lasers with different
wavelengths. Subsequently, a temperature elevation experiment
was performed to test light-to-heat conversion efficiencies of
these three NPs by using a 980 nm laser as the irradiation source.
As shown in Fig. 4b, with the extension of exposure time, the
temperature of AU@Ag/Au NSs solution achieved an increase of

~6.8 ‘C in 5 min, in marked contrast to the small changes of the
irradiated Au NRs (1.2 C) and Au@Ag/Au NRs (3.1 ‘C). The
hyperthermia effect of Au@Ag/Au NSs was estimated to be ~
5.7 times of Au NRs and ~2.2 times of Au@Ag/Au NRs,

ss respectively. Furthermore, the zeta potential analysis also

revealed a gradual shift from 53.5+10.1 mV of Au NRs to 3.78
+7.06 mV of AU@Ag/Au NRs and then to -32.24+10.9 mV of
Au@Ag/Au NSs at netural pH (Fig. 4c). It was speculated that
during the process of Ag layer coating and Ag/Au shell formation,

e the toxic CTAB molecules with positive charges on Au NRs

surface might be gradually removed or embedded. This would
potentially bring a much lower dark- cytotoxwlty to Au@Ag/Au

Fig. 5 Feasibility investigation of Au@Ag/Au NSs for NIR PTT of cancer

65 cells. (a, c, e) A549 cells without treatment by NPs; (b, d, f) A549 cells

incubated with Au@Ag/Au NSs (2.2x101° particles/mL) for 6 h. (a, b)
Dark-field images; (c, d) fluorescent images of cells without NIR
irradiation; (e, f) fluorescent images of cells after NIR irradiation. (Green

fluorescence indicates living cells.) A549 cells that incubated with (g)

70 Au NRs (2.2x10"0 particles/mL) or (h) Au@Ag/Au NRs (2.2x1010

particles/mL) for 6 h and then treated by NIR irradiation were also used
as the control.
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(a) Different concentrations of NSs

NIR +

NIR —

(b) Different incubation time

3.6X 10 particles'mL 5.4 X 10!° particles/mL 7h

(c) Different irradiation time

8h 8 min 12 min

Fig. 6 NIR PTT investigation of cancer cells with Au@Ag/Au NSs under different conditions. (a) A549 cells treated by different concentrations of
Au@Ag/Au NSs for 6 h, (up) with or (bottom) without NIR irradiation for 5 min; (b) A549 cells treated by Au@Ag/Au NSs (2.2x1010 particles/mL) for
different time, (up) with or (bottom) without NIR irradiation for 5 min; (c) A549 cells (up) with or (bottom) without treatment by Au@Ag/Au NSs
(2.2x101° particles/mL) for 6 h, exposed to NIR irradiation for different time. (Green fluorescence indicates living cells.)

NSs. Thereupon, it is concluded that Au@Ag/Au NSs, which
hold a broad, intense absorption and highly efficacious
hyperthermia in the NIR window, are positively qualified optical
heaters for PTT in biological systems.

3.4 NIR PTT of cancer cells using Au@Ag/Au NSs

In order to test the PTT efficacy of Au@Ag/Au NSs on biological
samples, A549 lung adenocarcinoma cell line was selected as the
main model. Through dark-field microscopy, the interaction of
NSs with cells was firstly investigated (Fig. 5a and 5b). Results
showed that a high density of bright pink spots indicating the
presence of NSs were obviously observed on the cell surface or
inside cells after incubation with NSs. While for cells without
treatment, there were only light blue signals detected as a result
of autofluorescence and scattered light from organelles. It was
revealed that Au@Ag/Au NSs could effectively interact with
A549 cells. Then, the NIR PTT of cancer cells was carried out by
using calcein-AM, a non-fluorescent dye that could permeate cell
membrane and be hydrolyzed by intracellular esterases to a green
fluorescent calcein dye in live cells, to assess cell viability. As
displayed in Fig. 5f, after exposure to a 980 nm laser at 26.5 mW
for 5 min, the apparent cell death in the irradiation region was
imaged for cells treated by NSs. In contrast, cells without any
treatment (Fig. 5c), cells only incubated with NSs without
irradiation (Fig. 5d) and cells only irradiated without incubation
with NSs (Fig. 5e) all exhibited bright green fluorescence,
implying no obvious cell death. It was indicated that Au@Ag/Au
NSs could efficaciously achieve the NIR light-to-heat conversion
to kill cancer cells. And no obvious dark-cytotoxicity was
observed for Au@Ag/Au NSs, which was further proved by
using a Pl-based dead cell staining method to quantitatively test
the cytotoxicity of Au@Ag/Au NSs (Fig. S4). In addition, a

comparison with Au NRs (Fig. 5g) and Au@Ag/Au NRs (Fig. 5h)

also showed that under the same condition, cells treated by these
two NPs still preserved perfect viability, suggesting a much
higher PTT efficacy of Au@Ag/Au NSs.

Whereafter, a systematic investigation of the influence of
several factors, including NSs concentration, incubation time and
irradiation time, on the PTT efficacy of Au@Ag/Au NSs was
performed. As shown in Fig. 6a, by further increasing the
concentration of NSs for cell treating, a gradual expansion of
dead cell areas was detected. After incubation with 5.4>10%

particlessmL NSs for 6 h, a NIR irradiation for just 5 min

so destructed most of the cells in the whole visual field. A similar

phenomenon was also observed by extending the incubation time
to 8 h (Fig. 6b). It was speculated that longer incubation time
might lead to more NSs interacting with cells, thus producing
stronger PTT effects. However, no matter the increased

s5 concentration of NSs or the extended incubation time did not

visibly affect the viability of cells without exposure to NIR light.
This confirmed the low dark-cytotoxicity of Au@Ag/Au NSs
once again. Next, a better way to enhance PTT efficacies was
found by prolonging the exposure time to NIR light. As presented

60 in Fig. 6¢, a NIR irradiation for up to 12 min was definitely safe

for cells without treatment by NSs. While for cells incubated with
2.210" particles/mL NSs for 6 h, the dead cell area was sharply
broadened so that its radius went far beyond the visual field. It
was implied that Au@Ag/Au NSs held a great potential for the

6s NIR PTT of cancer. Thereupon, the adaptability of Au@Ag/Au

0day 10 days

- P
Control L.L‘# h“

Au@Ag/AuNSs ’— '7
| N_Q,. | Lr )
L e

Au@‘Ag/Au NSs
' ‘&
” ‘ £ r .

Fig. 7 Feasibility investigation of Au@Ag/Au NSs for /n vivo NIR PTT
using A549 tumor-bearing mice as the model. The PTT effect was

+NIR

assessed by observing tumor necrosis. (The red circle indicates the

70 injection site or irradiation region.)
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NSs for the PTT of other cells was testified by using QBC-939
cholangiocarcinoma cells and SPCAI lung adenocarcinoma cells.
Results indicated that after incubation with NSs, both kinds of
cells could be effectively destructed under the NIR irradiation
(Fig. S5).

3.5 Invivo NIR PTT using Au@Ag/Au NSs

A primary application of Au@Ag/Au NSs in the NIR PTT of
cancer in vivo was then conducted by using A549 tumor-bearing
mice as the model. Four groups of mice were investigated with
different treating strategies, including one group without any
treatment, one group with only NIR irradiation, one group with
only NSs injection and one group with both NIR irradiation and
NSs injection. The PTT efficacy was assessed by observing the
tumor necrosis ten days after treatment. As shown in Fig. 7, only
the tumor that received an injection of NSs and then irradiated by
a 980 nm laser for 5 min exhibited an obvious necrosis. In
contrast, ten days later, tumors in other three control groups still
keep intact without any sign of cancer destruction. The result
suggests that Au@Ag/Au NSs are a kind of promising PTT
agents for in vivo cancer therapy.

4 Conclusions

In this paper, a novel, washing-free, shape-controllable and
spectrum-adjustable synthesis strategy of Au@Ag/Au NPs was
developed by firstly coating a Ag nanolayer outside the Au NR
and then reacting with HAuCl, to yield a Ag/Au alloy nanoshell.
The shape of NPs could be facilely controlled by changing the
concentration of AgNO; in the growth solution. The
transformation of outside Ag into Ag/Au alloy could greatly
enhance the NIR absorbance of NPs. The optimized Au@Ag/Au
NSs held a broad and intense absorption band from 400 to 1100
nm, thus producing ~5.7 times hyperthermia effect of Au NRs
and promising a perfect adaptation to laser sources with different
wavelengths. Particularly, if a continuous NIR irradiation source
is employed, their PTT effects might be further improved due to
the extremely broad absorption cross section. In vitro
investigation then demonstrated that Au@Ag/Au NSs could not
only efficaciously destruct different kinds of cancer cells, but also
hold low dark-cytotoxicity. A primary in vivo application also
revealed that Au@Ag/Au NSs held a great potential for cancer
therapy in real biological systems. As a promising NIR PTT
agent, the specificity of Au@Ag/Au NSs would be improved by
introducing cancer-targeted molecules, such as antibodies,
aptamers, etc.*** Moreover, due to AU@Ag/Au NSs
simultaneously have signal output and therapy function, they
might be potentially applied in theranostics.
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