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In the current work, small hollow Au nanoparticles (d = 16 nm) with excellent thermal stability and high
photo-thermal conversion efficiency, which have great potential for use in photo-thermal cancer
therapy, were prepared through galvanic replacement reaction between Ag nano-templates and gold
salt. The position of surface plasmon resonance (SPR) bands for these nanoparticles could be tuned by
varying the amount of gold salt. The hydrophobic hollow nanostructures were made water-dispersible
PMAO. The obtained
nanostructures were stable in an aqueous solution of NaCl with concentration up to 280 mM. The
hollow gold nanoparticles (HGNPs) were then heated using an 808 nm laser at different power densities,
the obtained data showed that they are highly photo-thermal stable under a high power density laser up
to 1.6 W cm™2 after three circles of irradiation at 20 min per circle (20 min continuous irradiation for

by being encapsulated with poly(maleic anhydride-alt-1-octadecene) -
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each circle). The facile synthesis of small size HGNPs with a plasmon peak in the near infrared range,

colloidal and photo-thermal stability, and high capacity of conversion of photon energy into heat makes
them a promising material for photo-thermal and imaging applications.
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1. Introduction

Gold nanostructures have attracted wide interest recently due to
their fascinating optical properties known as surface plasmon
resonance (SPR) and their diverse application in catalysis,*”
sensing,*® photonics” and biomedicine."***™* In biomedicine,
gold nanostructures with strongly enhanced and tunable
optical properties, high biocompatibility, chemical stability and
simple surface modification have opened up their practical
applications. To date, solid spherical Au nanoparticles having
the SPR peak finely tuned between 510 and 600 nm have been
extensively studied.*'> These spherical Au nanoparticles,
however, are less useful in some in vivo biomedical applications,
for example, photo-thermal cancer therapy, where near-infrared
(NIR) light in the range of 650-900 nm is preferred due to its
deeper penetration (both blood and soft tissues are highly
transparent within this range)."**°
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To overcome the limitation of solid spherical Au nano-
particles, recently, several Au nanostructures, including nano-
rods, nanoshells (dielectric core/gold shell) and hollow
nanostructures which strongly absorb light in the NIR range
have been intensively investigated and successfully applied in
medicine. For example, Murphy developed gold nanorods with
SPR peaks controlled in the range from 600 to 1200 nm by
varying the ratio of their length/diameter. Some reports were
successful in the control of nanorods by tuning the synthesis
conditions.**** However, it was indicated that the nanorods are
not thermal stable and in some case, deformed into spherical
structures, leading to a large shift of SPR peak from the near-IR
region after a short period of irradiation.'®*” Gold nanoshells
with finely tuned optical properties and excellent optical
stability, which have great potential for use in photo-thermal
cancer therapy, have been developed by Halas et al. since the
early 2000s."® Though, the main disadvantage of Au nanoshells
is their relatively large size (usually =70 nm). As a result, it is
very difficult to sustain them in a solution without precipitation,
consequently limiting their practical application. Recently,
HGNPs have been attracted special interests for purposes of
diagnosis (cancer cell imaging) and therapy (photo-thermal
cancer therapy and targeted drug delivery) of cancer, due to
their finely tuned SPR peak to the near-infrared region, optical
stability and high photo-thermal conversion efficiency.** To
date, the size of the synthesized HGNPs is still large (30-60
nm).”*** In this size range, to disperse and retain the colloidal
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stability in aqueous solution for a long time is a remaining
challenge.

At the present, there are only a few works on the synthesis of
small size (=16 nm) HGNPs.'*** Andres et al. reported on the
synthesis of HGNPs using nanosecond laser irradiation.*
However, the formation of hollow nanostructures was observed
only under certain specific conditions. The absorption peaks of
HGNPs are still located in the visible region or small HGNPs
were only dispersible in organic solvent," which is not suitable
for biomedical applications. The photo-thermal properties of
small HGNPs have not been investigated.

In this work, we describe a facile synthesis of small HGNPs
(=16 nm) involved in the galvanic replacement reaction of Ag
nanoparticles with gold salt in organic solvent. The hydro-
phobic HGNPs were then transferred into water by being
encapsulated with PMAO. The colloidal stability, optical and
photo-thermal properties of the obtained small HGNPs were
investigated. The obtained results indicated that the PMAO
encapsulated HGNPs were stable in NaCl solution at a concen-
tration up to 280 mM. The SPR peaks shifted from 430 to
700 nm and back to 535 nm as the gold salt solution varied. The
optical heating data indicated a high conversion capacity of
photo energy into heat and photo-thermal stability of the PMAO
encapsulated HGNPs using an 808 nm laser at different power
densities or concentration of HGNPs. In addition, they were
highly photo-thermal stable under high power density of laser
up to 1.6 W cm™ > after three circles of irradiation at 20 min per
circle.

2. Materials and method

2.1. Chemicals

The chemicals: gold(m) chloride hydrate (HAuCl,-xH,O0,
99.999%), silver nitrate (AgNO;, 99.9%), oleylamine (OLA) and
PMAO were ordered from Sigma-Aldrich, Singapore. The
solvents: dichlorobenzene (DCB, 99%), dibenzyl ether (99%),
acetone (99.5%), n-hexane and chloroform (CHCl;, 99%) were
purchased from Acros, USA or Shanghai, China. All chemicals
were used as received without any purification.

Gastric cancer cell line AGS (from RIKEN, BRC Cell Engineering
Division, Japan); Gibco RPMI 1640 Medium, fetal bovine serum
and vancomycin (all from Invitrogen, Cergy-Pontoise, France);
DAPI (4',6-diamidino-2-phenylindole) and MTT reagent (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide) from
Thermo Fisher.

2.2. Synthesis of Ag templates

Silver nanoparticles were synthesized based by the reduction of
silver ions in organic solvent at high temperatures. In a typical
process, AgNO; was dissolved in 6 mL OLA. The mixture of
AgNO; in 6 mL OLA was then added into a three-neck flask
containing 40 mL DCB. This flask was immersed in an oil bath
placed on a heating mantle equipped with a magnetic stirrer.
The mixture was refluxed at around 180 °C at a heating rate of
5°C min~ ' and maintained for 60 min before cooling down to
room temperature. To purify the sample, 15 mL acetone was
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added into the final reaction solution, the mixture was then
centrifugated at 10 000-11 000 rpm for 5 min. The precipitated
nanoparticles were re-dispersed in 15 mL n-hexane. The puri-
fication process was repeated several times to remove all excess
free reagents and the collected particles were dispersed in
toluene for characterisation.

2.3. Synthesis of hollow Au nanostructures

Hollow gold nanostructures were prepared via galvanic
replacement method by the reaction of HAuCl, salt with the
prepared Ag nanotemplates. In a typical synthesis, 1 mL solu-
tion of the purified Ag sample was diluted into 20 mL dibenzyl
ether and stored in the three-neck flask. The solution was
magnetically stirred and then slowly heated to the desired
temperature. At this temperature, a certain volume of the gold
salt solution made of 15 mg HAuCl,-xH,O dissolving in 15 mL
dibenzyl ether and 0.5 mL OLA was added into the flask. After
10 min, the solution was cooled down to room temperature. The
obtained sample was purified twice as aforementioned before
being dispersed in CHCl;.

2.4. Transferring hollow Au nanostructures into water

Hydrophobic hollow gold nanostructures were transferred in
water by the encapsulation with PMAO following a recently
developed procedure.>*>>*¢ In a typical process, a stock solution
of PMAO in CHCI; with a concentration of 10 mg mL~" was
prepared. To this solution, 4 mL of chloroform containing 4 mg
OLA coated hollow Au NPs was added and sonicated for 1 h.
Chloroform was then removed under vacuum, and 4 mL of
dilute NaOH solution was added. Then, the solution was soni-
cated for 10 min and heated at 60 °C for an additional 10 min.
Aggregates were removed by centrifugation at 3000 rpm (twice
for 15 min), and the excess polymer and NaOH were removed by
centrifugation (12 000 rpm for 1 h). The PMAO coated hollow Au
nanostructures were finally dispersed in 8 mL water.

2.5. Characterisation

All the TEM images reported in this paper were taken by
transmission electron microscope JEM 1010 (JEOL, Japan).
Dynamic Light Scattering (DLS) measurements were carried out
using a Nanosizer S (Malvern, UK). The optical properties of
samples were collected by UV-vis measurements (Jasco V-670,
Japan). The photo-thermal effect was investigated on the
home-made instrument where the gold sample solution was
irradiated with an 808 nm semiconducting laser at different
power densities.

The MTT assay was used for the evaluation of the cytotoxicity
of HGNPs on gastric cancer cell line AGS. 5 x 10° cells were
seeded onto 96-well plates and different concentrations (5, 10,
15, 20, 30 and 40 ug mL~") of HGNPs were added to the culture
media (n = 5 for each concentration). Control samples without
the addition of the HGNPs were also contained in culture
media. After treatment, cells were cultured during the period of
24 hours and 72 hours to evaluate the cell morphology by
removing the culture media and adding 100 uL of fresh media
containing 20 pL of MTT reagent (5 mg mL™"). After being
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Fig. 1 TEM images of Ag NPs prepared at different Ag precursor concentrations of 43 (a), 86 (b), 130 (c), 217 (d), 326 (e) and 391 mM (f). Size
distribution histograms (g) and UV-vis spectra (h) of NPs with different precursor concentrations (43, 86, 130, 217, 326 and 391 mM). Scale bar:

20 nm.

incubated in 5% CO, at 37 °C and 95% humidity for 4 h, MTT
solution was removed. The samples were added with 100 pL
dimethyl sulfoxide (DMSO) and 12 pL of Sorensen buffer (NaCl
0.1 M, glycine 0.1 M adjusted to pH = 10.5 with NaOH 1 M) and
then incubated for 15 min at 37 °C. The number of cells was
recorded at 570 nm of absorbance using a spectrophotometric
plate reader (Multiskan Sky). Cell viability was determined
using the formula:

% cell viability = (optical density of sample/optical density of
control) x 100

The influence of HGNPs on AGS cell morphology was
controlled as the following procedure: 2 x 10° cells were seeded
onto 24-well plates and treated with HGNPs at various concen-
trations during 72 hours. Cellular morphology was captured
using a phase-contrast light microscope (Eclipse Ts2, NIKON).

13460 | RSC Adv, 2021, 11, 13458-13465

Nuclear staining with 4’,6-diamidino-2-phenylindole (DAPI)
at 1 : 5000 dilution of 10 mg mL " DAPL After treatment with or
without HGNPs, cells were washed twice with phosphate buff-
ered saline (PBS), permeabilized with 0.5% Triton X for 10 min
at room temperature and stained with the DNA-specific fluo-
rochrome DAPI (Invitrogen). Cells washed by PBS and nuclear
stained were then observed and recorded fluorescence images
using a NIKON Eclipse Ti2U fluorescence microscope (NIKON,

Japan).

3. Results and discussions

3.1. Ag templates

It was well known that the optical property of hollow Au nano-
structures strongly depends on their morphology which is
determined by the morphology of Ag nanoparticles. In our
previous work, Ag nanoparticles with different shapes of sphere,
cube and rod were synthesized in ethylene glycol (EG) using

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 TEM images of OLA/OA capped Ag templates (a) and hollow Au
nanostructure prepared at: 0 mL (a), 1.5 mL (b); 2.0 mL (c), 2.5 (d);
3.0 mL (e) and 3.5 mL HAuCl, (f). Scale bar: 100 nm.
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Fig. 3 EDS spectra of hollow Au nanostructure prepared at 3.0 mL
HAUCl, solution.

poly(vinylpyrrolidone) (PVP) as a capping ligand.® However,
these nanoparticles are relatively large (40-100 nm) and thus
were readily precipitated in solution. In the current work, with
an attempt to reduce the particle size of Ag NPs, we replaced EG
by DCB and PVP was replaced by OLA, a stronger reductive
reagent.

Fig. 1 shows TEM images of the Ag nanoparticles synthesized
at various concentrations of AgNO; precursor. It can be seen
that the morphology of Ag NPs has no significant change in all
cases, the spherical Ag NPs with the mean size from 3 to 26 nm
were observed when the concentrations of AgNO; precursor
varied from 43 to 391 mM, correspondingly. This change in the
particle size can be seen more clearly in Fig. 1g. In addition, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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UV-vis spectra of the samples (Fig. 1h) also show that the
surface plasmon resonance (SPR) peak shifts from 396 to
413 nm corresponding to the change in the particle size.

3.2. Au hollow structures

Hollow Au nanostructures were formed via the galvanic
replacement reaction using Ag NPs as nano-templates. The
chemical reaction involved in the galvanic replacement process
is as follows:

3A2° (s) + Au®" = Au® (s) + 3Ag"

Herein, the Ag NPs serve as both reducing agent and nano-
template to form the hollow Au nanostructures. The Ag
sample synthesized at 217 mM AgNO; precursor (Fig. 1d) with
a size of 15 nm was used as nanotemplate for the formation of
the hollow gold nanoparticles. Fig. 2 shows TEM images of Ag
templates (0 mL HAuCl, solution) and Au nanostructures
prepared at the different volumes of HAuCl, solution. From the
TEM images, it can be seen that the obtained Au NPs are hollow
nanostructures when the volumes of HAuCl, solution varied in
the range of 1.5 to 3.0 mL. The formation of Au hollow nano-
structures was evidenced by the darker at the edge than inside
of the particles on the TEM images due to the mass contrast.
The hollow Au nanostructure was further confirmed by the
changes of the optical property and colour of solution (Fig. 5)
and will be discussed in the following section. As the volume of
HAuCl, increased to 3.5 mL, the hollow nanostructures gradu-
ally broke down to form solid NPs.

The chemical composition of the hollow Au nanostructure
synthesized with 2.0 mL HAuCl, was determined through
energy dispersive X-ray spectroscopy (EDS) (Fig. 3). The results
show that the hollow Au nanostructure has characteristic peaks
of the main elements including Ag and Au. In addition, the
presence of low-intensity peaks of C and N is due to the
contribution of surfactants. The chemical composition of the
hollow Au samples synthesized at different volumes of gold
salts is detailed in Table 1. As we can see, the composition of Au
elements increases as the amount of gold salts increases. The
increase in Au content corresponds to the reduction of Ag

Table 1 The atomic composition of hollow Au nanostructure
prepared at different volumes of HAUCl,

Weight (%)

The volume of

H[AuCl,] (mL) Ag Au C N

0 94.78 0 3.47 1.54
0.5 90.18 5.01 3.36 1.45
1.0 82.95 11.16 3.58 2.15
1.5 77.64 17.30 3.52 1.42
2.0 69.22 25.77 3.47 1.54
2.5 58.75 36.11 3.32 1.56
3.0 48.16 47.38 3.14 1.32
3.5 36.25 58.05 3.25 2.16

RSC Adv, 2021, 11, 13458-13465 | 13461
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Fig. 4 DLS spectra of PMAO coated hollow Au nanostructure in water
under different NaCl concentrations: 200 mM (blue), 250 mM (green)
and 280 mM (red).

component, indicating the substitution of gold for silver via
galvanic replacement process to form a hollow structure (Fig. 2).

3.3. Colloidal stability of hollow Au nanostructures in
aqueous solution

For biomedical applications, the hollow Au nanostructures have
to be aqueous dispersible and colloidally stable in the solution.
In our previous work, we successful used PMAO to transfer
a variety of magnetic nanoparticles from organic solvent into
water.>>*” The PMAO encapsulated NPs were then utilized to
evaluate the MRI contrast and magnetic induced heating
effects.

In the current study, we use a similar approach to coat
hollow Au NPs. After transferring into water, PMAO encapsu-
lated Au NPs are well dispersed and stable in water for at least 6
months and under different pH values or NaCl concentrations.
Fig. 4 shows DLS spectra of PMAO encapsulated hollow Au
nanostructures under different NaCl concentrations of 200, 250
and 280 mM. As for the NaCl concentrations up to 280 mM, the
hydrodynamic size remained almost unchanged at around
26 nm, indicating that PMAO capped Au nanostructures did not
aggregate but remain well disperse and stable in solution.

3.4. Optical properties

The optical property of the samples was recorded using UV-vis
measurements. Fig. 5 shows the UV-vis spectra of the samples
prepared at different volumes of HAuCl, solution. It is evident
that the plasmon resonance of the NPs depends strongly on the
amount of Au®** salt solution added. The 15 nm Ag nano-
template solution (0 mL HAuCl,) exhibited a typically narrow
and strong SPR peak of solid Ag NPs at around 400 nm. When
a small volume of Au*" salt solution (0.5 mL) was added, the
absorption spectrum of the sample appeared two peaks at 430
and 550 nm. The peak at 430 nm is assigned to Ag nano-
templates and the other is stem of the Au shell.

Further adding the HAuCl, solution, the SPR peak of the
samples was possible tuned finely to the NIR region. For
example, at 1.0 mL HAuCl, solution, Ag/Au NPs solution
exhibited a SPR peak of 612 nm. The sample shows a broad
plasmonic absorption peak from 600 to 850 nm with
a maximum at around 700 nm when the HAuCl, solution
increases to 2.0 mL. The red-shift of the absorption peak to NIR

13462 | RSC Adv, 2021, 11, 13458-13465
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Fig. 5 UV-vis spectra of hollow gold samples synthesized with
different volumes of HAuCl, solution (0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.5
mL) and the corresponding photos of their solution.

region of the hollow Ag/Au NPs with the increase of Au®" salt
solution used is due to the increasing voids as observed in
Fig. 2. This was previously reported for hollow Au nanocubes.?
In the current study, when the Au** salt solution continuously
increases to 2.5 and 3.5 mL, a blue-shift of the SPR peak from
700 for 2.0 mL Au®* salt solution to 587 (2.5 mL) and 535 nm (3.5
mL) was observed. The blue-shift of the SPR peak of the sample
at high volumes of HAuCl, solution is explained by the breaking
down of the hollow Au NPs to form solid Au NPs (Fig. 2f). The
change in the absorption peaks was visually observed by the
change in the colour of Au solutions, as seen in Fig. 5.

3.5. Invitro cytotoxic results

In the current study, the hollow Au NPs prepared at 2.0 mL
HAuCl, solution were evaluated cytotoxicity and photo-thermal
conversion efficiency. After 24 h of treatment by the hollow Au
NPs at different concentrations, there was no significant
difference in cell growth, implying the negligible influence of
these particles. The cytotoxic effects of the HGNPs were esti-
mated in terms of growth inhibition percentage that did not
exceed 20% compared to the control. In contrast, the inhibitory
effect of nanoparticles on cell proliferation was significantly
increased after 72 h of treatment at high concentration from 20-
40 ng mL~'. However, there were no obvious differences in the
cell morphology at the whole concentration range of the NPs
(Fig. 6).

Previous studies have verified that gold is relatively safe both
in vitro and in vivo because it is less likely to be ionized than
other metals.”® Our previous experiments showed that the
PMAO coating was biocompatible.”” Therefore, the toxicity of
the HGNPs on AGS cells can be attributed to the following

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The effect of HGNPs on cellular proliferation (A). Representa-
tive images of cellular morphology of AGS cells after 72 h of treatment,
compared to the control (0 ug mL™) (B). Nuclear morphology in cells
was stained or unstained with DAPI at various concentrations of
HGNPs after 72 h (C). Scale bars: 50 pm.

reasons: (1) the HGNPs contain a large amount of Ag (69.22%
weight, Table 1), (2) the HGNPs have hollow nanostructure so
that the association between the PMAO coating and the mate-
rial surface is restricted. When the cationic silver (Ag") is easily
released from the hollow structure, the Ag* ions might bind to
the phospholipid bilayer (the component of cell membrane),
subsequently caused changes in its permeability by oxidation
reaction and causing apoptosis.”” The more time to be treated,
the more Ag" ions in the cell membrane block the uptake of
nutrition in the culture media. This is the reason why after 72 h
of treatment, the proliferated rate decreased significantly. The
same explanation for the higher concentrations of HGNPs is
shown in Fig. 6A. Furthermore, the disruption in mitochondria
function may occur if Ag" ions go through the membrane into
the cell by diffusion or endocytosis mechanism, inducing
reactive oxygen species (ROS) which are damaging to proteins
and nucleic acids including both RNA and DNA, hence the
results is the inhibition of cell proliferation.**-**

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.6. Photo-thermal effect of hollow Au nanostructures

We investigated the photo-thermal effect and thermal stability
of PMAO encapsulated hollow Au NPs under the NIR laser
irradiation. The heating was conducted by irradiating around
0.2 mL hollow Au colloidal solution with an 808 nm diode laser
at power density up to 1.6 W cm™ 2, During the NIR absorption
process, the absorbed energy by HGNPs will be transferred into
thermal energy, consequently heating up the surroundings. The
changes in temperature of HGNPs solutions with irradiation
time and power density at various current of laser and different
concentrations of the HGNPs were recorded by the computer;
the data was presented in Fig. 7. Clearly, the temperatures of the
aqueous solutions containing hollow Au NPs (at 40 ug mL )
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Fig. 7 (a) The temperature change with the irradiation time of hollow
Au colloidal solution (40 ug mL™! concentration) under different
power densities of the laser in the range from 0.35 to 1.6 W cm™2. (b)
The temperature change with different concentrations of Au under
808 nm laser irradiation at the power density of 1.6 W cm™2. (c) The
stable photo-thermal conversion after three times irradiation under
high power density of laser up to 1.6 W cm—2.
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increased with the irradiation time at the power density of 0.35
to 1.6 W cm 2. When the power density remains at 1.6 W cm ™,
the increase rate was proportional to the concentration of the
NPs. For the lowest power density of 0.35 W cm ™%, a small
change in the temperature from 30 to 32.5 °C was recorded after
10 min of irradiation. At the intermediate power densities in the
range from 0.5 to 0.65 W cm ™2, the highest temperature of the
sample varied from 37.5 to 43 °C. Under the maximum laser
power density of 1.6 W cm ™2, the solution temperature reached
50 °C after just 200 seconds and quickly reached the saturation
value of around 55 °C (Fig. 7a). At the different Au concentra-
tions of 0, 20 and 40 pug mL ', the saturation temperatures of
the samples were 31.4, 46.7 and 55 °C (Fig. 7b). Pure water
sample (0 pug mL™' of Au) showed only an insignificant
temperature increase (1.4 °C), indicating that the temperature
increase of the samples was due to the heating effect of the
PMAO encapsulated hollow Au NPs. This high temperature
suggests a high capacity of photo-thermal conversion during
the heating.

Hollow Au colloidal solution was irradiated continuously for
about 20 min, then the laser source turned off, after the sample
temperature dropped to room temperature, the laser source
restarted. This process was repeated 3 times with a total irra-
diation time of 60 min and the results are shown in Fig. 7c. It
can be seen that the variation in sample temperature over time
is a stable process without any attenuation between different
projection cycles. This suggested that thermal and colloidal
stability of the nanoparticles is not affected by laser irradiation.

The successfulness in the fabrication of the small hollow Au
nanostructures having SPR peak in NIR region and high
capacity of conversion of photo energy into heat, photothermal
and colloidal stabilities made them become a promising
material for therapy and photo imaging applications.

4. Conclusions

Small hollow Au nanostructures (=16 nm) were fabricated
utilizing Ag nanoparticles as self-sacrificed nanotemplates. The
size and uniformity of Ag nanotemplates were well controlled by
varying the concentration of AgNO; precursor. The obtained
hollow Au NPs showed a red-shift of the SPR peak to 700 nm and
exhibited a high capacity of photo-thermal conversion. It also
revealed that hollow Au NPs are promising for applications in
bio-imaging, photo-thermal therapy and controlled drug
release.
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