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Ultra-high thermally stable gold nanorods/radial
mesoporous silica and their application in

enhanced chemo-photothermal therapyf

Chun Shan,? Yuting Huang,?

Junhao Wei,® Min Chen*? and Limin Wu

In this work, gold nanorods embedded in ultra-thick silica shells with radial mesopores (AuNR/R-SiO,) were

successfully synthesized in an ethanol/water solution. By optimizing the concentration of CTAB and the

volume of ethanol, a shell thickness up to 83 nm was realized. Taking advantage of the ultra-thick silica
shell, AuNR/R-SiO, exhibited ultra-high thermal stability—could retain the integrity and photothermal
effects even after 800 °C thermal annealing, providing inspiring sights into the application under some

extreme conditions. After continuous irradiation for twenty times, the photothermal effects of AuNRs
coated with R-SiO; still remained perfect without performance degradation and shape change. Besides,
abundant mesopores could effectively improve the photothermal conversion efficiency of AuNRs. AuNR/
R-SiO, exhibited an outstanding loading capacity up to 2178 mg g~! with doxorubicin (DOX) as the
model drug, and the release behaviors could be nicely controlled by acidity and near-infrared (NIR) laser
to achieve the “On-demand” mode. In vitro experiments showed that AUNR/R-SiO, were biocompatible
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and easy to be internalized by Hela cells. In addition, due to the ultra-thick silica shell, the effect of the

combined chemo-photothermal therapy using AuNR/R-SiO,/DOX was significantly enhanced, showing
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1 Introduction

Gold nanorods (AuNRs) have been widely studied as popular
photothermal therapy agents owing to their good biocompati-
bility, unique and tuneable localized surface plasmonic
response (LSPR) and photothermal effects."* Under the irradi-
ation of a near-infrared (NIR) laser, AuNRs with LSPR located at
the NIR region (650-950 nm) show an excellent light absorption
property and can effectively convert light into heat.* However,
when the NIR light penetrates deep into tumors, the energy will
gradually decrease due to light scattering and absorption, which
is insufficient to be a cancer cell killer.® Therefore, the syner-
getic combined chemo-photothermal therapy in a single AuNR
platform for cancer treatment has aroused extensive attention.

As promising anticancer-drug carriers, gold nanorods are
still imperfect. First, the high surface tension causes low
thermal stability, although the optical properties of AuNRs can
be easily achieved during synthesis under mild reaction
conditions. However, it is very critical to ensure that the
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a higher therapeutic efficiency than single chem- or photothermal therapy. It was worth noting that
AuNR/R-SiO; are effective and promising for drug delivery and tumor therapy.

performance of AuNR/R-SiO, still remains perfect under high
temperature conditions. When irradiated repeatedly or heated
at a high temperature, AuNRs tend to be transformed into large
or small spherical nanoparticles via surface melting to reduce
their surface tension, resulting in the change of rod shape and
the degradation of photothermal effects.® In order to improve
the thermal stability of AuNRs, many efforts have been made
such as coating with titanate (for detection of H,, 400 °C),” thin
silica (for plasmon-enhanced photoconductivity, 600 °C)* and
encapsulation in yttria-stabilized zirconia (high-temperature
plasmonic sensing, 600 °C).” These methods still have some
disadvantages such as limited thermal treating temperatures
and damaged LSPR properties. Therefore, there still remain
challenges to develop an effective and easy method to improve
the thermal stability of AuNRs.

Second, the specific surface area of AuNRs is relatively low,
resulting in the limitation of the loading amount and the size of
guests. Generally, in order to improve the efficiency of
combined therapy, a large laser power intensity and a high
injection dose are adopted, which will increase the risk of
therapy.'*"* It is critical to choose a suitable nano-drug carrier
to achieve better therapeutic effects. In an effort to overcome
these disadvantages, the surface of AuNR is conjugated with
various coatings such as polymers,*™* mesoporous silica,'*"”
metal-organic frameworks,'®" and liposomes.”>* Among
them, AuNR coated with the mesoporous silica shell (AuNR/
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SiO,) exhibited a great potential to realize chemo-photothermal
therapy due to their uniform pore size, high biocompatibility,
and easy surface functionalization.””** However, according to
the classical protocol reported by Gorelikov,” the thickness of
the silica shell is only ~30 nm with disordered mesopores of
~4 nm diameter, which cannot provide enough space for car-
gos, thereby limiting the size of the guests. As to improve the
drug loading capacity, much work so far has focused on the
“layer-by-layer” method® to increase the shell thickness, or
“surface-protected etching” to produce the hollow structure.>**”
However, the loading capacity is still limited.

In this work, we first developed a flexible and controlled
strategy to fabricate sphere-like AuNR/radial silica (AuNR/R-
SiO,) with a thicker silica shell (~83 nm) and larger pores (~4.8
nm). After thermal annealing at different temperatures (up to
800 °C), AuNRs embedded in this core-shell structure still
retained the rod-like shape and good photothermal effects,
indicating the ultra-high thermal stability. After continuous
irradiation for twenty times, the photothermal effects of AuNRs
coated with R-SiO, still remained perfect without performance
degradation and shape change. Besides, the abundant meso-
pores could effectively improve the photothermal conversion
efficiency of AuNRs. Owing to the thicker shell and larger pore size,
the loading capacity of doxorubicin (DOX) in the AuNR/R-SiO,
spheres was relatively high as 2178 mg g ' and the release
behaviours could be nicely controlled by acidity and NIR laser,
achieving drug release on demand. The HeLa cell experiments
exhibited that due to the ultra-thick silica shell, the treatment
effect of the combined chemo-photothermal therapy using AuNR/
R-SiO,/DOX was significantly enhanced and showed a more
effective therapeutic effect for cancer therapy than other reports.

2 Experimental section

2.1. Materials

Sodium borohydride (NaBH,, 98%), hydrogen tetrachloroaurate
trihydrate (HAuCl,-3H,0, =99.9%), 1-(+)-ascorbic acid (AA,
=99%), silver nitrate (AgNO3z, =99%), tetraethyl orthosilicate
(TEOS), aqueous ammonia solution (NH3-H,0, 25-28%) and
doxorubicin hydrochloride (DOX) were received from ALADDIN
Reagent (Shanghai) Co., Ltd. Hydrochloride solution (HCI, 36—
38%) and cetyltrimethylammonium bromide (CTAB, =99%)
were obtained from Sinopharm Chemical Reagent Co., Ltd.
Absolute ethanol (EtOH, =99.7%) was acquired from Shanghai
Titan Technology Co., Ltd. Deionized water (~18.2 MQ) was
used in all preparation procedures.

2.2. Characterizations

A transmission electron microscope (TEM) from Tecnai G2 20
TWIN, America, operating at an accelerating voltage of 200 kV was
used. The surface area and pore volume were calculated by the
Brunauer-Emmett-Teller (BET) analysis (relative pressure range
from 0.0 to 1.0). The Barrett-Joyner-Halenda (BJH) analysis was
used to calculate the pore size distribution from the absorption
branches. A UV-vis-NIR spectrophotometer (U-4100, HITACHA,
Japan) was adopted to record UV-vis-NIR spectra. Fluorescence
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intensities were tested using a QM40 fluorescence spectrometer
(PTI). Elemental distribution was obtained by energy-dispersive X-
ray spectroscopy (EDS, X-Max 80T, America) at an accelerating
voltage of 200 kV. Zeta potentials and hydrodynamic diameters
were measured using a Zetasizer Nanoseries (Nano ZS90, Malvern).

2.3. Synthesis of AuNRs

Gold nanorods (AuNRs) were prepared following the procedure
in the published report with minor modifications.'” First, the
chemical reduction of HAuCl, using fresh NaBH, was adopted to
prepare CTAB-capped gold seeds. In a typical formulation,
aqueous HAuCl, (5.0 mL, 0.5 mM) was mixed with a CTAB solution
(5.0 mL, 0.2 M). Then, fresh ice-cold NaBH, (0.6 mL, 0.01 M) was
introduced to the solution under vigorous stirring at 26 °C. Two
minutes later, the solution was kept un-disturbed for 2 h to
guarantee the complete degradation of residual NaBH,.

Next, the AuNRs were synthesized from the gold seeds in the
growth solution. To prepare the growth solution, a CTAB solution
(100 mL, 0.1 M) was mixed with HCI (3.0 mL, 1 M), AgNO; (1.0 mL,
10 mM) and HAuCl, (2.0 mL, 25 mM). After stirring well, ascorbic
acid (0.7 mL, 0.0788 M) was added and the mixture became col-
ourless immediately. Last, 120 pL gold seeds were added. After
vigorous stirring for a while, the solution was kept un-disturbed at
29 °C overnight. In order to separate AuNRs from excess CTAB, the
solution was centrifuged and washed with water. AuNRs with an
LSPR band at 776 nm were obtained. By controlling the amount of
AgNO; and HCI, AuNRs were prepared with different LSPR bands
from 733 nm to 898 nm.

2.4. Synthesis of AuNR/R-SiO,

Mesoporous silica-coated AuNRs with radial pores (AuNR/R-SiO,)
were prepared according to Marta N. Sanz-Ortiz with some modi-
fications.” First, centrifugal washing was used to remove the CTAB
surfactants around AuNRs before re-dispersion in 5 mL water.
Meanwhile, a CTAB solution (170 mL, 10 mM) was mixed with
70 mL EtOH at 30 °C. Second, the AuNRs were transferred into the
above mixture. After stirring for 1 h to make equilibration, 0.5 mL
NH,OH (25-28%) was introduced and stirred for 5 min to ensure
the homogeneity of the solution. Then, the TEOS ethanol solution
(1 : 1 v/v) was gradually injected into the mixture for 6 h (injection
rate: 0.2 mL h™") under vigorous stirring. The mixture reacted at
60 °C for 1 day to get the final product AUNR/R-SiO,. By adjusting
the CTAB concentration and EtOH volume, AUNR/R-SiO, different
sizes, shapes and morphologies were obtained.

2.5. Thermal annealing

AuNR/R-SiO, with LSPR at 935 nm were dried at 40 °C, and then,
the powder was thermally annealed in a tube furnace under the
flow of Ar. The temperature increased from 30 °C to the setting
temperature (400, 500, 600, 700 and 800 °C) and then kept for
1 h. After that, the powder was cooled to room temperature.

2.6. Photothermal characterization after thermal annealing

AuNR/R-SiO, after thermal annealing at different temperatures
were dispersed into an aqueous solution and then added to
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a centrifuge tube (500 pL). A 808 nm NIR laser (2.0 W cm ™2, 8
min) was adopted to irradiate each tube, and at the same time,
a near-infrared camera (FLIR-T62101, Sweden) was adopted to
record the solution temperature every 20 s.

To investigate the change in the photothermal conversion
capacity of AuNR/R-SiO, with the increase in irradiation
frequency, the AuNR/R-SiO, solution was irradiated repeatedly
for twenty times. The photothermal conversion efficiency ()
was calculated as follows:*

hS(Tmax - Tsurr) - Qdis

= 1
n 1(1 _ 10—/1808) ( )
hs — Mx Cuo 2)

Ts

In eqn (1), # (W m > K ") is the heat transfer coefficient, S (m?)
is the container surface area, Tj.x (K) is the highest temperature of
AuNR/R-Si0O, within 8 min, Ty, (K) is the ambient temperature (25
°C), Qais (W) is the heat generated by solvent and container under
the same irradiation condition, I (W) is the laser power, and Ags is
the absorbance intensity of AuNR/R-SiO, at 808 nm. In eqn (2), m
(g) is the mass of the solution, Cipo [J (g K) '] is the heat capacity
of water, and 1, (s) is the time constant.*

2.7. Drug loading and release

These experiments were conducted according to our previous
work.*”** Before drug loading, AuNR/R-SiO, were first thermally
annealed to completely remove residual CTAB. After that, 2 mg
of them was added into the DOX solution at different concen-
trations (0.125, 0.25, 0.5, 1.0, 1.25, and 1.5 mg mL ') and stirred
at 25 °C for 24 h in the darkness. Finally, in order to remove the
unloaded-DOX, the DOX-loaded AuNR/R-SiO, (AuNR/R-SiO,/
DOX) were washed three times with water. For calculating the
loading capacity and efficiency, the supernatant DOX solution
was collected and measured according to the UV-vis (the
absorption spectra of DOX was 480 nm, y = 20.763x + 0.052, R
= 0.9992, Fig. S17) to calculate the amounts of loaded drugs.
The formula is as follows: loading capacity (DOX) = amounts of
loaded DOX/weight of AuNR/R-SiO,, loading efficiency (%) =
amounts of loaded DOX/initial amount of DOX x 100%.

Drug release behaviours of AuNR/R-SiO,/DOX were performed by
acidity and NIR laser stimuli. Typically, the samples were diluted with
4 mL PBS at different pH levels (7.4 and 5.0) at 37 °C. After stirring for
a while, the solutions were irradiated with 2 W em™> NIR laser for
5 min at fixed time points. After centrifugation, the supernatants
were collected to calculate the amount of released DOX followed by
re-adding fresh PBS. The formula is as follows: relative release (%) =
amount of released DOX/amounts of loaded DOX x 100%.

2.8. Intracellular drug release visualized by confocal laser
scanning microscopy (CLSM)

HeLa cells (5000 cells per well) were seeded in a 96-well plate.
After incubation for 24 h, the cells were treated with free DOX
and AuNR/R-Si0,/DOX (at the same DOX feeding concentration)
for another 4 h. Then, the cells with AuNR/R-SiO,/DOX were
irradiated with 2 W cm ™ 808 nm NIR laser for 5 min. After
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incubation for 24 h, the cells were washed with PBS and incu-
bated with DAPI/PBS buffer solution at room temperature for
15 min in the darkness. After washing with PBS for further three
times, 200 pL PBS was added. The CLSM was used to qualita-
tively analyse pH- and NIR-triggered drug release within the cell
culture. The DOX molecules and cell nuclei were distinguished
by red signal fluorescence and blue signal fluorescence (DAPI).

2.9. Cytotoxicity of blank nanocarriers

The evaluation of the biological non-toxicity of blank nano-
carriers was conducted by Cell Counting Kit-8 (CCK-8). HeLa
cells (5000 cells per well) were cultivated in a 96-well plate.
Then, the fresh medium containing different AuNR/R-SiO,
concentrations (0, 10, 20, 40, 100, 200, 300 and 400 pg mL )
was added and cultured for 24 h. Then, the CCK-8 solution (100
uL) was introduced into wells. After incubation for another 4 h,
a microplate reader was adopted to test the absorbance at
450 nm of each well.

2.10. Combined chemo-photothermal therapy

HeLa cells (5000 cells per well) were cultivated in a 96-well plate.
After incubation for 24 h, free DOX, AuNR/R-SiO,, and AuNR/R-
Si0,/DOX (with the equivalent DOX concentration: 0.01, 0.1, 0.2,
0.5, 1.0, 2.5 and 5.0 pg mL ™ ') were added and incubated for another
4 h. For chemotherapy only, cells were cultured without NIR irra-
diation; to achieve photothermal therapy, cells were irradiated with
808 nm laser at 2.0 W cm ™ > for 5 min and incubated for 20 h. The
CCK-8 solution (100 pL) was introduced into wells and incubated
for 4 h. At last, the cell viability was tested via a standard CCK-8
assay. Each experiment was conducted three times.

3 Results and discussion

3.1. Synthesis and characterization of AuNR/R-SiO,

AuNRs with an aspect ratio of ~4.1 (54 x 14 nm?) were prepared
by the seed-mediated growth method (Fig. 1a). Different from
the dense silica shell deposited onto AuNRs by the classic
Stober method,” a porous out layer was fabricated directly
without further modification (Fig. 1b). As shown in Fig. 1c,
AuNRs were coated with a clear mesoporous silica shell, and the
pores extended radially from the centre to the surface of parti-
cles. In addition, the shell thickness was up to ~83 nm, which
was higher than the previous work (~30 nm),***” offering more
accommodation for guest loading. Moreover, the TEM images
showed that AuNR/R-SiO, had a size of ~174 nm in length and
~150 nm in width with a shorter aspect ratio (~1.16) and
narrow size distribution (Fig. S27). These results indicated that
AuNRs with radial mesoporous silica coating were successfully
prepared. The BET analysis of the AuUNR/R-SiO, by N, adsorp-
tion-desorption isotherm is presented in Fig. 1d. The surface
area, pore volume and average pore diameter were measured to
be 934.33 m* g ', 0.69 cm® g ' and 4.8 nm, respectively,
significantly higher than the most recent results.

The synthesis of AUNR/R-SiO, involves two steps: first, AuNRs
were prepared and then introduced into the growth conditions of
mesoporous silica. During the whole preparation process, CTAB

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 TEM images of (a) AuNR; (b) AUNR/R-SIO,; (c) magnification of
AuNR/R-SiO, and (d) N, adsorption—desorption isotherm curves of
AuNR/R-SiO, and their corresponding pore size distribution (inset).

are of great importance. First, it acts as the structure directing
agent to prepare rod-like AuNRs, and then as the surfactant
surrounding the surface of AuNRs via electrostatic interactions, so
that AuNRs can be stably dispersed in the aqueous solution.*
Third, CTAB bilayer around AuNRs acts as a site for silica nucle-
ation* to form the core shell structure. Beyond that, they also
served as the soft template to produce the mesoporous structure.

In this work, AuNR/R-SiO, with different shapes, sizes and
morphologies were obtained by changing the concentration of
CTAB. When the CTAB concentration was lower than 10 mM,
the reaction solution turned to be colourless, indicating the
aggregation and precipitation of AuNRs. That is because CTAB
are easy to be removed from the AuNR surface to the bulk
solution due to their high solubility in ethanol, which would
destroy the stability of the colloidal nanorod. As the CTAB
concentration increased from 20 mM to 50 mM, the shell
thickness and aspect ratio changed from 33 nm to 20 nm, and
1.26 to 1.6, respectively (Fig. 2 and S3at). With the higher
concentration, more CTAB are free in the solution, providing
a template for silica nucleation. Accordingly, the shell thickness
would decrease and more by-product mesoporous silica sphere
would be prepared. Hence, it is critical to properly adjust the
CTAB concentration to minimize nanoparticle precipitation
and increase the shell thickness, generally at least above the
critical micelle concentration.**?*¢

To verify this assumption, the dependence on the EtOH volume
was further investigated (Fig. S3b and S4+). By increasing the volume
of EtOH from 35 mL to 70 mL, more CTAB were dissolved, the
diameter and shell thickness increased from 83 nm to 174 nm, and
19 nm to 83 nm, respectively. Above all, in order to optimize the
conditions for the incorporation of AuNRs into mesoporous silica,
the CTAB concentration and ethanol/water volume should be strictly
adjusted.

3.2. Thermal stability of AuNR/R-SiO,

During thermal annealing, AuNRs will transform from rods into
spherical particles because the high surface tension will drive

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM images of AuNR/R-SiO, were collected at different
concentrations of CTAB. (a) 20 mM; (b) 30 mM; (c) 40 mM; and (d)
50 mM. Volume of EtOH: 75 mL.

the nanoparticles to reduce their surface-to-volume ratio.® In
this circumstance, the LSPR band of AuNR/R-SiO, tends to blue-
shift until it disappears® because of the decrease in the aspect
ratio. Hence, the LSPR peak is adopted to monitor the structural
change so as to investigate the thermal stability of AuNR/R-SiO,.
In this work, AuNRs with higher LSPR at 898 nm were synthe-
sized. After coating with a 80.4 nm-thick silica shell, the LSPR
peaks exhibited a red-shift from 898 nm to 935 nm obviously
(Fig. S51) with the increase in refractive index near AuNRs.

Fig. 3 shows the UV-vis-NIR absorption spectra of AuNR/R-
SiO, before and after thermal annealing at different tempera-
tures. Even after heating at 800 °C, there still exist two distinct
peaks: a localized TSPR peak at 520 nm and different LSPR
peaks, confirming that AuNRs incorporated into the ultra-thick
silica shell maintained the rod-like structure. As can be seen,
after thermal annealing at 400 °C to 800 °C for 1 h, LSPR with
original 935 nm blue-shifted from 859 nm to 818 nm obviously,
indicating the reduction in the aspect ratio. This conclusion is
in accordance with the observation from TEM images (Fig. 4
and Table S17): the length of AuNRs decreased from 72.8 nm to
60.8 nm; meanwhile, the width of AuNRs increased from
13.4 nm to 16.0 nm, and the aspect ratio reduced from 5.5 to
3.8. Although the dimension of AuNRs changed, their shape
still remained rod-like and retained the integrity after heating
and only some small cracks appeared on the surface of silica
shell. These results indicated that the ultra-thick solid silica
shell can extremely improve the thermal stability of AuNRs up to
800 °C and prevent the structural change from rod to sphere,
which broaden the application of AuNRs under extreme
conditions.

In order to trace the change regularity of LSPR and TSPR
before and after thermal annealing at different temperatures,
SPR peaks at different temperatures are shown in Fig. 5. It is
worthwhile mentioning the LSPR peak was a linear variation

RSC Adv, 2021, 11, 10416-10424 | 10419
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Fig. 3 UV-vis-NIR absorption spectra of AuNR/R-SiO, before and
after thermal annealing at different temperatures: 400 °C, 500 °C,
600 °C, 700 °C and 800 °C.

Fig. 4 TEM of AuNR/R-SiO, before and after thermal annealing at
different temperatures: 400 °C, 500 °C, 600 °C, 700 °C and 800 °C.

with the heating temperature from 400 to 800 °C (y = —0.1045x
+901.7, R* = 0.997). This may cast a new light on the application
of AuNR/R-SiO,—based on this formula, on the one hand, one
can infer their thermal history by measuring the LSPR peaks
after heating. On the other hand, in some high temperature for
device fabrication or application conditions, AuNRs with higher
LSPR can be prepared first and then the LSPR could be adjusted
to the specified peaks by thermal annealing. For example, in
this work, thermal annealing was adopted to completely remove
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the residual CTAB of AuNR/R-SiO, instead of the time-
consuming and repeated ion exchange way;' after this high
temperature processing, the optical properties of AuNRs still
remained perfect and could be used in drug release and pho-
tothermal therapy.

In addition, in order to verify the shape stability of AuNRs
embedded in the ultra-thick silica shell during the photothermal
heating process, the AuNR/R-SiO, solution was irradiated repeat-
edly for twenty times, which is more than that reported in similar
studies. As shown in Fig. 6, after continuous irradiation of AuNR/
R-SiO, for twenty times, the LSPR peak showed almost no change
and AuNRs still retained the rod-like structure. These results
indicated that the ultra-thick silica shell can effectively preserve the
LSPR and shape of AuNRs, enhancing the shape stability of AuNRs
during photothermal heating.*”

3.3. Photothermal characterization of AuNR/R-SiO, after
thermal annealing

AuNRs can convert NIR light into heat with high efficiency. In
order to verify the photothermal effects of the products, original
AuNR/R-SiO, as well as the corresponding thermal treated
samples were irradiated with an 808 nm laser (2.0 W cm ™ 2). The
maximum temperature and their corresponding LSPR are
shown in Table 1. As shown in Table 1 and Fig. 7a, the
temperature of original AuNR/R-SiO, increased from 25 °C to
more than 60 °C within 8 min, and with the increase in thermal
annealing temperature, the maximum temperature of the
samples also increased even up to 89.7 °C after post-treatment
at 800 °C. That is because after heating at different tempera-
tures, the LSPR obviously blue-shifted from 935 nm to 818 nm,
which is gradually close to 808 nm, resulting in a higher effi-
ciency in photothermal conversion. Beyond that, the photo-
thermal effects of AuNR/R-SiO, after thermal annealing at
800 °C were dose and laser intensity-dependent (Fig. 7b and c).
When irradiated with a 2 W cm ™2 NIR laser, the temperature
would increase by 12.3 °C to 35.6 °C, as the concentration of
AUNR/R-SiO, increased from 50 to 250 pg mL~'. When
increasing the laser intensity from 1.0 W cm ™2 to 2.0 W cm 2,
the temperature would increase by 21.5 °C to 46.6 °C at 250 pg

950
—=-LSPR

900- —-TSPR
E — Linear fit of LSPR
£ 850+
=
278009 y=-01045x+901.7 T
[}]
° R?*=0.997
z

e e et

=

500

Control 200 400 600 800

Temperature (C)

Fig. 5 LSPR and TSPR of AuNR/R-SiO, before and after thermal
annealing at different temperatures: 400 °C, 500 °C, 600 °C, 700 °C
and 800 °C.
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Fig. 6 (a) UV-vis-NIR absorption spectra of AUNR/R-SiO, before and
after continuous irradiations for twenty times. (b) TEM of AuNR/R-SiO,
after continuous irradiations for twenty times.

mL ™. Furthermore, the photothermal stability of AUNR/R-SiO,
was also investigated (Fig. 7d). The AuNR/R-SiO, after heating at
800 °C was irradiated four times “on/off” cycles. It could be
observed that the photothermal effect did not show much
change except that the T, value decreased slightly with
repeating irradiation (from 87.1 °C at the 1st time to 80.9 at the
4th time), which means the negative effect of heat history on
photothermal conversion. Considering that 43 °C is high
enough for moderate hyperthermia to effectively kill cancer
cells with minimal side effects on normal cells nearby,*** the
present AuNR/R-SiO, after thermal annealing still have excel-
lent photothermal effects and offer exciting opportunities to be
applied under high temperature conditions.

3.4. Photothermal characterization of AuNR/R-SiO, after
continuous irradiation of AuNR/R-SiO,

In order to verify the change in the photothermal conversion
capacity of AuNR/R-SiO, with the increase in irradiation
frequency, the AuNR/R-SiO, solution was repeatedly irradiated
twenty times with a 2.0 W cm ™2 808 nm NIR laser. As shown in
Fig. 8, the photothermal conversion curve of AuNR/R-SiO,
remained substantially unchanged during the whole process.
According to our previous report, in in vivo experiments, the nano-
drug carriers will accumulate in tumor tissues for 6-8 h because of
enhanced permeability and retention (EPR) effects.® Therefore,
AuNR/R-SiO, can achieve repeated photothermal therapy in the
limited time without the degradation of photothermal effects,
which will improve the utilization of nano-drug carriers.

In addition, the photothermal conversion efficiency (n) was
also measured to evaluate the potential application as

Table 1 The maximum temperature (Tma) of AuNR/R-SIO, after
exposed to 808 nm laser at 2.0 W cm™2 for 8 min and their corre-
sponding LSPR after heated at different temperature for 1 h

Temperature

§9) LSPR (nm) Tnax (°C)
Control 935.0 60.5

400 859.0 75.8

500 850.5 81.1

600 839.0 84.8

700 829.0 89.5

800 817.5 89.7
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Fig. 7 (a) Temperature rise of the AUNR/R-SiO, solution before and

after thermal annealing upon irradiation at 2.0 W cm™ 808 nm laser
intensity; temperature rise of AUNR/R-SIiO, (800 °C) solution of (b)
different concentrations upon 2.0 W cm~2 808 nm laser irradiation; (c)
different power intensity at 250 ug mL~* and (d) for four repeated
irradiation cycles.

photothermal therapy agents (Fig. S6%1). According to the
calculation results, the n value remained stable around 70%,
which is significantly higher than that of AuNRs (22%).* This is
because the mesopore structure of the SiO, shell could effec-
tively suppress the light reflection and enhance the light
absorption of AuNRs.*”** Thanks to the high surface area
(934.33 m> g ') and pore volume (0.69 cm® g~ ') of the ultra-
thick mesoporous shell, the photothermal effect of AuNRs
could be extremely improved by the ultra-thick silica layer.

3.5. Drug loading capacity

To achieve controllable drug release for chemo-therapeutics
and provide hyperthermal cancer therapy for obtaining better
therapeutic efficiency, AuNR/R-SiO, after thermal annealing at
800 °C with LSPR at 818 nm served as an anticancer-drug
carrier. By simply mixing the DOX solution with AuNR/R-SiO,,
drugs were loaded into the radial mesopores via electrostatic
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Fig. 8 Photothermal conversion curve of AuNR/R-SiO, for twenty
repeated irradiation cycles.
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interactions (Fig. S7a,t the {-potential of AuNR/R-SiO, is
—22.5 mV, while DOX is positively charged). Compared with free
AuNR/R-SiO,, a clearly new absorption peak at 480 nm emerged
in the UV-vis-NIR spectra of the DOX-loaded AuNR/R-SiO,
sample (Fig. 9a). Meanwhile, after loading, the zeta potentials
increased from —22.5 mV to +20.6 mV and the hydrodynamic
diameters increased from 247 nm to 280 nm (Fig. S771), which
could confirm that DOX had been successfully loaded.

Fig. 9b shows that the loading amount of DOX increased
linearly with the increase in original DOX concentrations. As the
DOX concentrations changed from 0.125 to 1.5 mg mL ™", the
loading content increased from 183 mg g~ ' to 2178 mg g~ ', and
the loading efficiency did not considerably change, and still
exceeded 73%. Therefore, the loading capacity in our study was
extremely improved, almost 5 times than the classical meso-
porous silica-coated AuNRs' and 2.4 times higher than the
current rattle-type AuNR/porous-SiO,.>® It was reported that in
order to improve the drug loading capacity, many post-
treatment processes including surface-protected etching by
PVP to achieve the hollow interiors of AuNR/SiO,,* using H,0,
to fabricate rattle-shaped AuNR/mesoporous SiO,,** were tried.
Although the hollow interior can provide enough space for
cargos, the drugs tend to be adsorbed just on the wall of the
spheres. Contrary to the hollow structure in silica, the ultra-
thick silica shell with a larger surface area and pore volume
provides more absorption sites for guests, contributing to the
high loading capacity.

3.6. Dual-stimulus drug release

Drug release behaviours of AuNR/R-SiO,/DOX were studied with
acidity and NIR laser stimuli (Fig. 10a and b). In the absence of
808 nm laser irradiation, the drug release rate was very slow,
and only 6.8% of DOX was released (pH 7.4, 37 °C), and the
release rate of DOX was accelerated when the pH of the PBS
solution decreased to 5.0, up to 27.4%. This trend was attrib-
uted to the decreasing pH value that would reduce electrostatic
binding and weaken the hydrogen bonds between DOX and
mesoporous silica,* and hence accelerated the release in the
acid solution (pH 5.0). In order to achieve faster release and “on-
demand” release, NIR laser irradiation was performed repeat-
edly at the setting time points for 5 min and switched off for
a while. Overall, this process was conducted for 7 cycles. It can
be detected that when the NIR laser was on, the release rate of
DOX was extremely improved. Once the light was switched off,
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Fig.9 (a) UV-vis-NIR spectra of DOX, AuNR, AuNR/R-SiO,, and AuNR/
R-SiO,/DOX. (b) Loading capacity and loading efficiency of DOX.
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the release rate would slow down immediately. After 7 on/off
cycles, the cumulative DOX release was 24.9% at pH 7.4 and
78.3% at pH 5.0. Owing to the photothermal effect, the localized
temperature raised after NIR laser irradiation, contributing to
weaken the interaction between mesoporous silica shell and
DOX. These results indicated that AuNR/R-SiO,/DOX exhibited
dual-stimulus-responsive drug-release behaviours (pH and NIR
laser), and it could be finely controlled under the stimuli of an
NIR laser on/off to achieve the “on-demand” release.

3.7. Cellular uptake and intracellular NIR-stimulated drug
release

In this work, cellular uptake and intracellular NIR-stimulated
drug release of AuNR/R-SiO,/DOX were evaluated by CLSM.
AuNRs can quench the red fluorescence signals of DOX when
loaded in AuNR/R-SiO, (Fig. S87). However, Fig. 11b shows a few
red fluorescence signals after treatment with AuNR/R-SiO,/
DOX. These signals were attributed the unbound DOX, which
were slowly released from AuNR/R-SiO,/DOX under the stimuli of
the intracellular acidic microenvironment. These images sug-
gested that the HeLa cells could successfully internalize these
nanoparticles. Under 808 nm laser irradiation, the red fluores-
cence signals were much stronger (Fig. 11c), indicating that the
higher localized temperature could weaken the interactions
between the drug and nanocarriers and accelerate the release rate
of DOX, which are well consistent with our previous discussion.

3.8. Combined chemo-photothermal therapy

HeLa cells were the model cell systems to evaluate the in vitro
cytotoxicity of the blank nanocarrier by CCK-8 assays. After
incubation with different concentrations of AuNR/R-SiO, (even
up to 400 pg mL ") for 24 h, the cell viabilities were still higher
than 92% (Fig. 12a). Although CTAB as a stabilizer and soft
template for preparing AuNR/R-SiO, is highly cytotoxic, after
thermal annealing at high temperatures, CTAB decomposed
thoroughly (Fig. S9). This has contributed that nanocarriers
become more biologically and clinically safe.

Last, the enhanced combined chemo-photothermal thera-
peutic efficiency of AuNR/R-SiO,/DOX was also calculated by
CCK-8 assays. HeLa cells were incubated with free DOX, AUNR/
R-SiO,, and AuNR/R-SiO,/DOX for 4 h, and exposed to 808 nm
laser irradiation for 5 min. After incubation for another 20 h,
the cell viabilities were tested. As Fig. 12b shows, the dose-
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Fig. 10 Accumulated DOX release from AuNR/R-SiO,/DOX in PBS at
pH 7.4 (a) and 5.0 (b) at 37 °C. A 808 nm laser was used for irradiation at
the setting points for 5 min.
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Fig. 11 Confocal fluorescence images exhibiting cellular uptake and
intracellular NIR-stimulated DOX release in Hela cells. (@ and b)
Without NIR laser irradiation; (c) with NIR laser irradiation (scale bar: 50
pnm).

dependent therapeutic efficiency was exhibited in all HeLa cell
lines. At a DOX concentration of 5 ug mL ™%, the cell viabilities of
free DOX and AuNR/R-SiO,/DOX were 18.3% and 42.5%,
respectively. Compared with free DOX treatment only, the cell
viability was higher when treated with AuNR/R-SiO,/DOX. This
finding indicated that the nanocarrier could effectively inhibit
the fast and free releasing behaviours of DOX to achieve
controllable release. Besides, when exposed to NIR laser irra-
diation after treatment with AUNR/R-SiO, only, the cell viability
decreased remarkably (18.83%, with the equivalent DOX
concentrations of 5 pug mL™'), which was attributed to heat
generated by AuNR/R-SiO,. These results of single photo-
thermal therapy were better than the similar report (80% *>” and
70%,%° with the equivalent DOX concentrations of 5 ug mL™").
More importantly, after incubation with AuNR/R-SiO,/DOX and
808 nm laser irradiation for 5 min, the cell killing effects were
enhanced significantly in all cell lines, even decreased to 9.29%
at a DOX concentration of 5 ug mL ™", better than others (40% *’
and 70%,*® with the equivalent DOX concentrations of 5 pg
mL ™). These allow the conclusion that compared with a single
therapy, combined chemo-photothermal therapy strategy
exhibits better therapeutic effects and could be enhanced when
taking AuNR/R-SiO, as the nano-drug carrier. As discussed, this
is due to the fact as follows: (1) hyperthermia resulting from
AuNRs under NIR laser irradiation could destroy cancer cells

a
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Fig. 12 (a) Evaluation of cytotoxicity at different concentrations of

AuNR/R-SIiO,. (b) Evaluation of Hela cells for therapy after incubation
with different concentrations of free DOX, AUNR/R-SiO,, and AuNR/R-
SiO,/DOX with or without NIR irradiation.
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directly.**** (2) Local heat could promote the DOX release to
enhance the chemo-therapy effect. (3) Heating might enhance
the cytotoxicity of DOX.**¢ This study reveals that AUNR/R-SiO,
offer exciting opportunities to reach the objective of enhanced
combined photothermal-chemo therapy.

4 Conclusions

In summary, gold nanorods embedded in ultra-thick silica
shells with radial mesopores (AuNR/R-SiO,) have been
successfully prepared. The shell thickness was up to ~83 nm
with larger pores (~4.8 nm). Thanks to the ultra-thick shell,
AuNR/R-SiO, exhibited ultra-high thermal stability, which could
retain the integrity and photothermal effects even after heating
at 800 °C and the change in the LSPR peak was a linear variation
with the heating temperature from 400 to 800 °C (y = —0.1045x +
901.7, R* = 0.997). When taken as the nano-drug carrier, the
treatment effect of the combined chemo-photothermal therapy was
significantly enhanced for the following reasons: (1) owing to the
thicker shell thickness, the loading capacity of doxorubicin (DOX)
in the AUNR/R-SiO, spheres was relatively high as 2178 mg g/,
almost 2.4-5.0 times higher than that in the similar reports. The
injection dose of nano-drug carriers would be significantly less at
equivalent concentrations of DOX, decreasing the risk of therapy.
(2) Due to the mesopore structure of the SiO, shell, the photo-
thermal effects of AuNRs could be significantly enhanced. When
treated only with AUNR/R-SiO,, the cell viability would be lower than
that of others after NIR laser irradiation. (3) An ultra-thick shell can
enhance the shape stability and thermal stability of AuNRs to
achieve repeated photothermal therapy without the degradation of
photothermal effects. This will improve the utilization of nano-drug
carriers and achieve sustained release of drugs.

Beyond that, the release behaviours could be nicely
controlled by acidity and near-infrared (NIR) laser, achieving
drug release on demand. Furthermore, this nanocarrier was
easy to be internalized by HeLa cells and had good biocom-
patibility. The AuNR/R-SiO,/DOX exhibited enhanced combined
chemo-photothermal therapy, displaying a higher therapeutic
efficiency. These results present that AuNRs with ultra-thick
silica shells could be applied as a dual-stimuli-responsive (pH/
NIR) drug delivery system for cancer therapy. Future research
should further develop and confirm these initial findings by
widening the application range of AuNR/R-SiO,.
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