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Enhanced ICG Stability

ABSTRACT Near-infrared plasmonic nanopartides demonstrate great potential in disease
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on the plasmonic effect. The surface plasmon resonance of AuNRs was fine-tuned to overlap with

the exciton absorption of indocyanine green (ICG), a near-infrared photodynamic dye with poor ol \“. =
photostability and low quantum yield. Such overlap greatly increases the singlet oxygen yield of - .
incorporated 1CG by maximizing the local field enhancement, and protecting the 1CG molecules "\l :
against photodegradation by virtue of the high absorption cross section of the AuNRs. The silica ,,,,.,,m""',c; 00 a0,
shell strongly increased ICG payload with the additional benefit of enhancing 1CG photostability [ o .

by facilitating the formation of ICG aggregates. As-fabricated AuNR@Si0,—ICG nanoplatform
enables trimodal imaging, near-infrared fluorescence from ICG, and two-photon luminescence/
photoacoustic tomography from the AuNRs. The integrated strategy significantly improved photodynamic destruction of breast tumor cells and inhibited
the growth of orthotopic breast tumors in mice, with mild laser irradiation, through a synergistic effect of PDT and photothermal therapy. Our study
highlights the effect of local field enhancement in PDT and demonstrates the importance of systematic design of nanoplatform to greatly enhancing the

antitumor efficacy.
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ecause of their minimally invasive
B modalities, highly spatial and tempor-
al controllability and specific lesion
destruction, various photoactivatable ther-
anostics hold great promise for addressing
unmet medical needs.'® Photodynamic
therapy (PDT) is a photobased therapeutic
modality with three essential components
(light, photosensitizer and oxygen) for ma-
lignant cell killing by producing highly
reactive oxygen species, especially singlet
oxygen ('0,), when exposed to light of
specific wavelength.* The efficacy of PDT
depends almost entirely on the generation
of '0, created by photosensitizers after light
absorption and subsequent transfer of the
excited state energy to oxygen molecules.
In recent years, the electromagnetic near-
field enhancement mechanism of plasmo-
nic metals has been explored to control '0,
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generation.>”® When the localized surface
plasmon resonance (SPR) band is in reso-
nance with the absorption band of vicinal
photosensitizer, the absorption coefficient
of the photosensitizer is greatly enhanced
by localized electric field (LEF), and there-
fore, the production of '0, is remarkably
enhanced.® As a representative plasmonic
metal nanomaterial with strong and tunable
SPR and high biocompatibility, gold nano-
material have been extensively explored
for biomedical applications.'®~'* Most of the
gold-based nanoplatforms use the plasmon-
enhanced two photon luminescence and
localized photothermal effect to improve
bioimaging in parallel with localized hy-
perthermia for photothermal therapy (PTT)
and photoenhanced chemotherapy, and
mainly act as carriers for different photo-
sensitizers in PDT.'*~?2 However, utilizations

* Address correspondence to
wuxc@nanoctr.cn,
niegj@nanoctr.cn.

Received for review August 25, 2014
and accepted November 6, 2014.

Published online N b
10.1021/nn5047647

06, 2014

©2014 American Chemical Society

WWwWWw.acsnano.org

11529



Enhanced ICG Stability

e °
]
e e ©°
pe

- o

Single (]
Photoprotection - AuNR
hv

N

-degradation

\® s-esve ¢ Aggregation

;
e e, 05

Mesoporous SiO,

- \\

Au@Si0,-ICG

ICG

\\h “e b
Photon
A : Double
bsorption Photoprotection
---------- [

A |
]

I
i
\

,,,,,, 0, 10,
102 302
. 302 10,
I —— 10, 320,
Local Field
Enhancement E"g?:;'l_lged

Scheme 1. Design of enhanced PDT by utilizing the surface plasmonic effect of the AuNR to simultaneously increase the
absorption coefficient and reduce photodegradation of the photodynamic dye ICG. Mesoporous silica provided the second
photoprotection for ICG by facilitating the formation of ICG aggregates. The double photoprotection will significantly
enhance the stability of loaded-ICG in comparison with the single photoprotection of silica shell.

of their LEF enhancement to increase the production of
'0, in PDT are still scarce, especially lack of systematic
study both in vitro and in vivo. Recently, a few attempts
have preliminary demonstrated LEF effect of gold nano-
material may be effective forimproving PDT efficacy.>**

Indocyanine green (ICG) is a near-infrared (NIR)
tricarbocyanine dye approved by the US Food and
Drug Administration (FDA) as a clinical imaging and
diagnostic agent for assessing cardiac output, hepatic
function, and ophthalmic angiography.>>~%’ ICG has
the intrinsic drawbacks of cyanine dyes, such as low
quantum yield, poor photostability and thermal stabi-
lity in aqueous solution, and rapid blood clearance.?’
Nevertheless, because of the remarkable NIR optical
features within the optimized light-transparent win-
dow of biomedical applications, ICG has been inten-
sively studied for NIR fluorescence imaging, and has
also shown great potential in PDT and PTT when in-
corporated into various nanoplatforms,’®2%73° where
the improvement of the ICG stability and the resulting
PDT is usually achieved by carrier encapsulation.

In this study, we design a nanoplatform, which
composed of mesoporous silica-coated gold nano-
rods (AuNRs) incorporating ICG (Au@SiO,—ICG), to
optimize PDT efficacy based on the SPR effect of AuUNR
(Scheme 1). The longitudinal SPR band of AuNR
was tuned to overlap with absorbance band of ICG.
Because of enhanced LEF of the AuNR upon laser
irradiation, the increased absorbance coefficient of
the incorporated ICG can strongly enhance 'O, yield
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without changing ICG payload. Furthermore, due to
~105-fold higher absorption cross section of the AuNR
compared to ICG, the AuNR acted as an effective light
protecting agent to prevent ICG from photodegrada-
tion, as most of the irradiation photons at the overlap
position are absorbed by the AuNR. Adsorption of ICG
onto SiO, was found to lead to ICG aggregates and the
aggregates exhibits much higher photostability and
thermal stability than ICG monomers.?®3” Therefore,
the AuNR was coated with mesoporous SiO, to provide
the second means of enhancing ICG stability by facil-
itating the formation of ICG aggregates. Meanwhile,
the silica shell has additional benefits of increasing ICG
payload by enlarging the nanoplatform surface area,
providing a suitable spatial location to enable incorpo-
rated ICG to “feel” the local field enhancement,
and protecting AuNRs from any aggregation-induced
uncontrolled SPR peak shift. This nanoplatform was
tailor-designed to greatly improve the low quantum
yield and poor photostability stability of ICG. The
resulting photodynamic effect of loaded-ICG is signifi-
cantly enhanced with our integrated strategy. Further-
more, the nanoplatform possesses synergetic PTT
effect based on both AuNR and ICG. The remarkable
antitumor efficacy of this nanoplatform was demon-
strated both in vitro and in vivo. Our study highlights
the local field enhanced tumor PDT, and suggests that
comprehensive integration of material characteristics
with fine-tuned nanosystem opens new windows for
designing powerful antitumor strategy.
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Figure 1. Characterization of Au@SiO,—ICG. (A) TEM
images of AuNR, Au@SiO, and Au@SiO,—ICG. Scale bars,
50 nm. (B) UV—vis absorbance spectra of free ICG, Au@SiO,,
Au@SiO,—ICG, and superposition of Au@SiO, and free ICG.
(C) Fluorescence quenching of ICG in Au@SiO, confirmed
by fluorescence spectra of free ICG, Au@SiO, and
Au@SiO,—ICG (Ex: 650 nm).

RESULTS AND DISCUSSION

Characterization of Au@Si0,—I(G. Au@SiO, were syn-
thesized according to Gorelikov and Matsuura's proto-
col with some modifications.®® Transmission electron
microscope (TEM) image showed that the AuNR core
have a mean length of 49.0 + 9.4 nm and width of
14.4 4+ 2.0 nm. This corresponds to a mean aspect ratio
of 3.4, giving a longitudinal SPR maximum around
780 nm and providing strong resonance coupling with
ICG, the dye employed herein. The thickness of the
silica shell in the longitudinal and transversal directions
is 16.4 and 17.6 nm, respectively (Figure 1A). Using a
single-step ultrasonic method, the loading content of
ICG was estimated to be 7.9 wt %. As the surface of the
Au@SiO, shell is negatively charged (0 = —28.2 mV),
adsorption of anionic ICG (Figure S1, Supporting
Information) does not result from electrostatic interac-
tions. ICG may interact with SiO, via hydrogen bonding
between the O of the sulfonic group of ICG and the OH
group on the silica surface. ICG in aqueous solution has
one main peak at 780 nm and a shoulder at 710 nm
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(Figure 1B). They correspond to the ICG monomer and
H aggregate. The monomer peak matches well with
the localized surface plasmon resonance (LSPR) peak of
Au@SiO, at 788 nm (Figure 1B). After loading ICG, the
LSPR peak of Au@SiO; slightly decreased with a red-
shift to 810 nm. If the adsorbed states of the ICG
exhibited no difference from its behavior in aqueous
solution, the overall absorption spectrum of Au@-
SiO,—ICG should be the simple sum of pure ICG and
Au@SiO,, as shown by blue curve of Figure 1B, but this
was not the case. The difference suggests that ICG
formed aggregates upon adsorption onto the SiO,
surface, in agreement with previous reports.®” These
UV/vis extinction spectra show the successful loading
of ICG onto Au@SiO,. The overlap of Au@SiO, and ICG
peaks ensures local field enhanced PDT based on
AuNR@SiO,—ICG and potentially synergistic effect of
PTT and PDT under irradiation with a single wave-
length NIR laser. The formation of ICG aggregates was
verified by negligible fluorescence from Au@SiO,—ICG
(Figure 1Q).In aqueous solution, ICG tends to form more
stable aggregates at high concentrations, and this is
associated with a decline in monomer fluorescence.®®
If ICG did not form aggregates upon adsorption on SiO5,
enhanced ICG fluorescence would be observed due to
MEF 3>4° After adsorption saturation, free ICG will show
luminescence (Figure S2). It further verifies that ICG
adsorption induces the aggregation. To validate inter-
action between Au@SiO, and loaded fluorescent dyes,
Rhodamine 6G (Rh6G) (Figure S3A), a photostable laser
dye which is known to form aggregates after loading
on Si0, nanoparticle,*’ was loaded onto Au@SiO,
(Figure S3B). Fluorescence quenching similar to that of
ICG was observed (Figure S3C). As we expected, the
confirmed aggregation can greatly increase the photo-
stability and thermal stability of incorporated 1CG,?%>¢
and further improve ICG-based PDT.

Cellular Uptake of Au@Si0,—1CG. The optical properties
of Au@SiO,—ICG enable multimodal bioimaging. To
study the cellular uptake of the nanoplatform, human
breast carcinoma cell MDA-MB-231 were incubated
with Au@SiO,—ICG, Au@SiO, or free ICG for 24 h.
Plasmon-enhanced two-photon luminescence of the
AuNR core was used to assess the cellular uptake of
Au@SiO,—ICG. Two-photon-laser scanning confocal
microscopy showed obvious luminescence in the
cytoplasm after treatment with both Au@SiO,—ICG
and Au@SiO,, suggesting the efficient cellular uptake
and intracellular distribution of both nanomaterials
(Figure 2A). It is notable that the fluorescence intensity
in Au@SiO,—ICG-treated cells is lower than that in
Au@SiO,-treated cells, exposed to the same concen-
tration of Au@SiO.. To investigate this further, quanti-
tative measurements were carried out by comparing
the elemental gold content of the cells treated
with different formulations using inductively coupled
plasma-mass spectrometry (ICP-MS). The elemental
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Figure 2. Cellular uptake of Au@SiO,—ICG. (A) Two-photon-laser scanning confocal microscopy images of Au@SiO, and
Au@SiO,—ICG in MDA-MB-231 cells. Scale bars, 20 um. (B) Quantification of Au levels by ICP-MS in MDA-MB-231 cells treated
with Au@SiO, or Au@SiO,—ICG. (C) Fluorescence images of ICG in MDA-MB-231 cells treated with Au@SiO,—ICG and free ICG
(Ex: 633 nm). Scale bars, 20 um. The untreated cells were used as controls.

Au concentration of Au@SiO,-treated cells was twice that dramatically affect the cellular internalization of nano-

of Au@SiO,—ICG-treated cells at almost every incuba- materials,** the zeta-potential of Au@SiO, was mea-
tion time point (Figure 2B). As the surface charge will sured before and after ICG loading. Compared with
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Figure 3. Enhanced PDT of Au@SiO,—ICG in vitro. (A) Viability of MDA-MB-231 cells after different treatments and laser
irradiation. *p < 0.01 compared to untreated control cells. (B) The photothermal effects of free ICG, Au@SiO, and
Au@SiO,—ICG after laser irradiation. (C) EPR spectra of singlet oxygen after laser irradiation using 2,2,6,6-tetramethyl-4-
piperidone (TEMP) as a spin trap. (D) Plot of the intensity of the singlet oxygen signal as a function of irradiation time. The
irradiations were carried out under an 8 W/cm? power density of 808 nm laser.

Au@SiO,, Au@SiO,—ICG has almost twice the negative
surface charges both in deionized water and in DMEM
medium (10% fetal bovine serum) (Table S1). Previous
studies indicated that the cellular uptake of negatively
charged nanoparticles is lower than that of positively
charged nanoparticles.'**® We, therefore, suggest a
similar effect here to explain the difference in cellular
uptake. Then, the intracellular NIR fluorescence of ICG
was imaged using a confocal fluorescence microscope
(Figure 2C). Although the fluorescence increased over
time in the cells incubated with both Au@SiO,—ICG
and ICG, the former clearly showed stronger and more
localized ICG fluorescence owing to the endocytosis of
Au@SiO,—ICG, which demonstrates prominent deliv-
ery and protection of Au@SiO, to ICG.
Plasmon-Enhanced PDT of Au@Si0,—ICG /n Vitro. We next
investigated the NIR laser-triggered photothermal
and photodynamic tumor cell killing facilitated by
Au@SiO,—ICG in vitro. MDA-MB-231 cells were incu-
bated with free ICG (30 uM), Au@SiO, (1 nM) or
Au@SiO,—ICG (1 nM Au@SiO, containing 30 uM ICG)
for 24 hin the dark and then irradiated with an 808 nm
continuous laser at a power density of 8 W/cm? for
different times (Figure 3A). Whether there was laser
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exposure or not, free ICG did not exhibit obvious cyto-
toxicity. Au@SiO, and Au@SiO,—ICG were not toxic
when incubated with cells in the dark, but demon-
strated time-dependent cytotoxicity when exposed
to laser. After 2 min of laser irradiation, Au@SiO,—ICG
exhibited significantly stronger phototoxicity than
Au@SiO,. After 3 min exposure, however, they exhib-
ited extensive, and similar, cytotoxicity.

In order to interpret the synergistic efficacy of PDT
and PTT mediated by Au@SiO,—ICG in more details,
the photothermal effects of free ICG, Au@SiO, and
Au@SiO,—ICG were investigated under laser exposure
(Figure 3B). On the basis of the quantitative mea-
surements of cellular uptake of Au@SiO,—ICG and
Au@SiO,, the uptake amount of Au@SiO,—ICG (about
15% of the treatment amount) is a half of the amount
of Au@SiO; after 24 h incubation (Figure 2B). Therefore,
the experimental concentrations were designed in accor-
dance with the intracellular levels of Au@SiO,—ICG
(0.15 nM Au@SiO; containing 4.5 uM ICG) and Au@SiO,
(0.3 nM). During the first 3 min of irradiation, the tem-
perature differences between 0.15 nM Au@SiO,—ICG
(Figure 3B, 50% Au@SiO,—ICG) and 0.3 nM Au@SiO,
(Figure 3B, Au@SiO,) are only 2.6, 1.3 and 3.6 °C at each
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testing time point, which suggested the similar
ability of inducing hyperthermia for PTT. However,
Au@SiO,—ICG treated cells demonstrated 77.2 and
11.0% cell viability after 1 and 2 min exposure, much
lower than those of Au@SiO, treated cells (98.4 and
75.3%) (Figure 3A). The significant difference in photo-
toxicity indicates that the hyperthermia effect is not
the main cause of cell death induced by intracellular
Au@SiO,—ICG after 1 and 2 min of laser irradiation. In
contrast, due to the high temperature upon 3 min laser
irradiation, single hyperthermia effect is sufficient for
extensive cell killing for both intracellular Au@SiO, and
intracellular Au@SiO,—ICG (Figure 3A). Therefore,
we speculate that the enhanced PDT delivered by
Au@SiO,—ICG is the primary cause of the cytotoxicity
after the first 2 min irradiation, and induces additional
cell killing for Au@SiO,—ICG after 3 min laser irradiation.

To explore why the PDT effect of Au788@SiO,—ICG
was much greater than that of free ICG, the change of
the ICG absorption coefficient following LSPR excita-
tion was detected by employing Au630@SiO,, a control
nanoparticle with an LSRP peak at 630 nm, to load ICG
(Figure S4A). For comparison, the concentrations of
nanoparticles and ICG were kept the same as
Au788@Si0.,. If the ICG absorption coefficient is not
enhanced by a plasmonic effect of Au788@SiO,, the
Au630@SiO,—ICG is expected to generate the same
ICG-based PDT efficacy as Au788@SiO,—ICG. Using the
same cell-incubation and laser irradiation protocols,
the enhanced PDT induced by Au788@SiO,—ICG was
not reproduced by Au630@SiO,—ICG. The latter
showed negligible cytotoxicity in all of the tested
groups (Figure S4B). In addition, due to the mismatch
between the LSPR peak of Au630@SiO, and the wave-
length of the NIR-laser (808 nm), the photothermal
conversion efficiency of Au630@SiO, is much lower
than that of Au788@SiO,. On account of the contribu-
tion of incorporated ICG, the temperatures of Au630@
SiO,—ICG were all above those of Au630@SiO, during
the whole course of exposure, but below those of free
ICG until 6 min (Figure S4C). These results strongly
indicate that the overlap between the AuNR LSPR band
and the ICG exciton absorption band is crucial to in-
crease the ICG absorption coefficient of Au@SiO,—ICG,
and simply intracellular enrichment of ICG by Au@SiO,
is unable to realize greatly improved PDT without the
local field enhancement.

'0, is a highly reactive oxygen species believed to
play a key role in the efficacy of PDT.** We further com-
pared the production of 'O, by free ICG, Au630@Si0,—ICG
and Au788@SiO,—ICG (the same concentrations of nano-
particle and ICG) under irradiation using electron
paramagnetic resonance (EPR) (Figure 3C,D). Exposure
to free ICG and Au630@SiO,—ICG resulted in similar
0, intensity after 1 min irradiation, and then free ICG-
produced '0, rapidly decreased due to its poor photo-
stability. Au630@Si0,—ICG maintained its 'O, signal
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intensity up to 2 min, which indicated the single
photoprotection of the silica shell. After 3 min expo-
sure, the Au630@SiO,—ICG signal was clearly attenu-
ated. In contrast, 'O, production by Au788@Si0,—ICG
was much higher than that of the other two prep-
arations and signal intensity remained at high
even after 3 min exposure. The signal intensity of
Au788@SiO,—ICG was 1.5, 3.6, and 6.3 times that of
free ICG after 1, 2, and 3 min irradiation, respectively
(Figure 3D). However, Au630@SiO,—ICG can only im-
prove the production of ICG for 2 times at most
(Figure 3D), that was ineffective for tumor cell killing
(Figure S4B).The significant difference in 'O, intensity
between Au788@SiO,—ICG and Au630@SiO,—ICG ef-
fectively explains the higher efficiency of Au@SiO,—ICG-
mediated enhanced PDT (Figure 3A).

As we expected, the increase in the absorption
coefficient of ICG by LEF of the AuNR is a key mechan-
ism to enhance the yield of '0,. Figure S5 shows the
simulated absorbance and scattering features of indi-
vidual AuNRs (Figure S5A) and distribution of electric
field intensity using finite-difference time-domain
(FDTD) stimulation (Figure S5B,C,D). The LEF effect
decreased progressively from the surface of the AuNR
toward the periphery of the silica shell. The incorpo-
rated ICG has a suitable spatial location provided by
the silica shell to “feel” the LEF effect, and thus its
increased absorbance coefficient can strongly enhance
the "0, yield. Furthermore, the absorbance cross sec-
tion of the single AuNR is of the order of 107 '* m?
(Figure S5A), which is ~10° higher than that of single
ICG molecule (~8.7 x 1072° m?).** This means that if
the LSPR band and exciton band overlap, most of
irradiated photons at overlap position will be absorbed
by the AuNRs. This provides the second protection for
the ICG from strong light-induced photobleaching
besides the first photoprotection rendered by silica
shell. Therefore, more stable and higher 0, level was
achieved using Au788@SiO,—ICG in comparison with
Au630@SiO,—ICG (Figure 3CD), which neither in-
creased the absorbance coefficient of ICG nor provided
the photoprotection of AuNR because of the mis-
matched LSPR band at 630 nm. Compared with
Au630@SiO,—ICG, Au788@SiO,—ICG obtained 1.5,
1.8, and 4.5 folds '0, increase after 1, 2, and 3 min
irradiation, respectively (Figure 3D). The enhanced
photodynamic destruction of MDA-MB-231 cells in-
duced by Au788@SiO,—ICG clearly validated the inte-
grated strategy (Figure 3A, Figure S4B).

Cellular Localization and Stability of Au@Si0,—ICG under
Irradiation. To more precisely define the intracellular
localization of Au@SiO,—ICG and the morphological
changes accompanying laser treatment, MDA-MB-231
cells exposed to free ICG, Au@SiO, or Au@SiO,—ICG for
24 hin the dark, and then subjected to laser irradiation,
were examined by TEM. As shown in Figure 4, in com-
parison with untreated control cells, which showed no
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Figure 4. Representative TEM images of MDA-MB-231 cells incubated with free ICG, Au@SiO, or Au@SiO,—ICG and then
treated with laser irradiation (808 nm, 8 W/cm?). Arrowheads indicate intracellular vesicles induced by irradiated ICG. Solid
arrows in frameless images indicate endocytosed nanoparticles. Solid arrows and open arrows in the frame images indicate
the nanoparticles with and without an intact silica shell, respectively. Scale bars, 2 um (frameless images), 500 nm (frame
images, the primary amplification) and 100 nm (frame images, the second amplification).

noticeable morphological change after laser exposure,
irradiated ICG triggered the marked formation of in-
tracellular vesicles containing internalized cytoplasmic
debris, noted as darkly stained granular inclusions

LI ET AL.

(Figure 4, arrowheads in the ICG samples). Most of
Au@SiO, and Au@SiO,—ICG located in cellular vesicles,
mainly endosomes and lysosomes (Figure 4, solid
arrows in the frameless images), and cell morphology
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was not disturbed by either type of nanoparticles
without laser exposure. Irradiation led to time-related
morphological change in Au@SiO,-treated samples. At
the intracellular locations of Au@SiO,, there was swel-
ling and vacuolation of the vesicles after 2 min laser
treatment, whereas significant damage, marked by
cellular pyknosis, chromatin margination and nuclear
fragmentation, occurred after 3 min laser exposure. In
contrast, after 2 min laser exposure, striking cell dam-
age was observed in the Au@SiO,—ICG group, with
cellular pyknosis, chromatin margination and a large
number of empty vacuoles appearing in the cytoplasm.
These morphological observations are consistent with
the results of cell viability assay (Figure 3A), and visually
demonstrate the prominent effects of enhanced PDT
mediated by Au@SiO,—ICG.

Many of the observed Au@SiO, and Au@SiO,—ICG
nanoparticles observed retained an intact silica shell
on their surface (Figure 4, solid arrows in the framed
images), while in some cases only AuNR cores re-
mained (Figure 4, open arrows in the framed images),
suggesting possible loss of the SiO, shell inside the
cells. To explore the stabilities of Au@SiO, and
Au@SiO,—ICG and the role of laser irradiation in this
process, UV—vis absorbance spectra of Au@SiO, and
Au@SiO,—ICG were obtained before and after irradia-
tion. Au@SiO; exhibited excellent photostability and its
spectrum remained unchanged after laser treatment
(Figure S6A). For Au@SiO,—ICG, the LSPR peak showed
a slight blue-shift as a result of photodegradation of
the loaded-ICG (Figure S6B). These studies indicated
that irradiation treatment did not cause obvious
shedding of the silica shell in vitro. To simulate an
intracellular environment, Au@SiO, and Au@SiO,—ICG
were incubated in deionized water or a phagolysoso-
mal simulant fluid in the dark at 37 °C for 24 h, then
irradiated for different periods of time. TEM images
confirmed that the nanoparticles were stable and
no loss of AuNR core or silica thickness was found
(Figure S6C,D, Table S2). However, considering the
complicacy of intracellular environment, it is possible
that some nanoparticles lose their silica shells through
the action of intracellular enzymes inside acid vesicles.

It has been shown that Au@SiO, nanocarriers can
trigger their chemotherapeutic drug cargo release
through photothermal effect when irradiated with a
laser."®* We thus investigated whether Au@SiO,—ICG
can release ICG in vitro in a controlled way through a
photothermal effect. As it is instable in aqueous solu-
tion,*® ICG rapidly degrades via thermal decomposi-
tion and photodegradation under laser irradiation
(Figure S7A,B). This property makes the evaluation of
ICG release from its carrier more challenging. To over-
come this barrier, a laser dye Rh6G*® was loaded onto
Au@SiO, as a substitute for ICG in order to study
release behavior (Figure S3C). Rh6G exhibits excellent
photostability over 3 min laser irradiation (Figure S7C,
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D). Under laser exposure, the cumulative release Rh6G
from Au@SiO, was 1.7 times that of the nonirradiated
control (Figure S7E), providing support for the proposal
that ICG could be released from Au@SiO, nanocarriers
in response to laser treatment. On the basis of this
evidence, we speculated that laser triggered release of
ICG was also responsible for the slight blue-shift of the
LSPR peak of Au@SiO,—ICG in Figure S6B.

Biodistribution of Au@Si0,—ICG In Vivo. Distribution of
Au@SiO,—ICG in vivo, especially in tumor region, was
tracked through ICG NIR fluorescence imaging and
Au@SiO,—ICG photoacoustic tomography, respec-
tively. Nu/nu mice with orthotopic MDA-MB-231 tu-
mors were injected with saline, free ICG, Au@SiO, or
Au@SiO,—ICG via a lateral tail vein. Abdominal fluo-
rescence signals were first recorded at various time
points after the injection using a Maestro in vivo op-
tical imaging system. As shown in Figure 5A, the ICG
fluorescence of Au@SiO,—ICG injected mice gradually
increased over time in the tumor region and largely
accumulated in the tumor 24 h after administration.
The signal remained detectable 48 h after the injection.
In contrast, free ICG fluorescence mainly distributed in
organs outside the tumor and had disappeared by 24 h
after administration. At the 24 and 48 h time points,
the tumors and various organs were excised for ex vivo
imaging to determine the definite distribution of ICG
(Figure 5B). After treatment with free ICG, weak fluo-
rescence was visible only in the liver at 24 h, and no
signal can be detected at 48 h. Consistent with the
result of the whole animal imaging (Figure 5A),
Au@SiO,—ICG injection generated a clear signal in
the tumor at both the 24 and 48 h time points. In
addition, signals of varying intensity were also ob-
served in the liver, kidney and lung after the treatment
of Au@SiO,—ICG. These imaging results illustrated that
Au@SiO, greatly increase the stability of ICG in the
circulation and promote the selective accumulation of
ICG in tumors.

To confirm the tumor accumulation of Au@SiO,—ICG,
fast multispectral optoacoustic tomography (MSOT)
was used to achieve the high resolution optical ima-
ging of longitudinal sections of mice.*’*® Figure 5C
presents representative MSOT images of nu/nu mice
with orthotopic MDA-MB-231 tumors following the
administration of Au@SiO,—ICG, Au@SiO, or free ICG.
Although some signals from free ICG was found arroud
the tumor region, there was little signal from the tumor
itself, and the signal was quickly diminished over
time. In contrast, the signals of both Au@SiO,—ICG
and Au@SiO, gradually increased over time in the
tumor regions by 24 h, and remained detectable 48 h
after the administration. The optoacoustic signals of
Au@SiO,—ICG (Figure 5C) corresponded well to its ICG
fluorescence signals (Figure 5A) at both 24 and 48 h
time points, that further evidenced the significant
accumulation of Au@SiO,—ICG in the tumor regions
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Figure 5. Distribution of Au@SiO,—ICG following intravenous administration to tumor-bearing mice. (A) Real-time NIR
fluorescence images after intravenous injection of Au@SiO,—ICG and ICG into nu/nu mice. The white dashed circles indicate
the location of the tumor. (B) Ex vivo images of mice tissues (from left to right: tumor, heart, liver, spleen, lung, kidney). (C)
MSOT of Au@SiO,—ICG, Au@SiO, and free ICG at 800 nm on longitudinal section of orthotopic breast tumor regions at 24 h.
The white dashed circles highlight the tumor regions. Scale bars, 2 mm.

and provided necessary prerequisite for subsequent
PDT and PTT in vivo.

Antitumor Efficacy of Au@Si0,—1CG In Vivo. To investigate
the antitumor efficacy of Au@SiO,—ICG-based PTT/
PDT in vivo, the photothermal effect of Au@SiO,—ICG
was monitored through an infrared thermal imaging
camera. At 24 h postinjection, orthotopic MDA-MB-231
tumors in nu/nu mice were exposed to an 808 nm
laser (Figure 6A). Although Au@SiO,—ICG has excellent
photothermal conversion efficiency to generate very
high temperature with a short laser exposure in vitro
(Figure 3B), far milder temperature is preferred in
conventional clinical thermal therapy.*® To ensure that
the tumor temperature reach the threshold needed to
induce irreversible tumor damage, and to guarantee
the safety of the treatment to healthy tissues, a very
low power density of 1.4 W/cm? was applied and the
laser irradiation time was limited to 3 min to make sure
that the tumor surface temperature was no more than
45 °C?® The photothermal conversion efficiency of
Au@SiO,—ICG with this mild treatment was also con-
firmed in vitro (Figure S8). In vivo, the tumor surface
temperatures of Au@SiO, and Au@SiO,—ICG injected
mice were 43.4 and 45.0 °C following a short irradiation

LI ET AL.

of 3 min. A moderate increase in tumor temperature
(4.2 °C) was observed in free ICG-injected mice, while
the tumor in mice injected with saline only increased
by 2.6 °C. Temperatures in all groups quickly declined
to the body temperature after a 1 min interval, sug-
gesting that the treatment is likely to be safe.

To evaluate the antitumor effects of Au@SiO,—ICG
treatment, nu/nu mice bearing with orthotopic
MDA-MB-231 tumors were injected with Au@SiO,—ICG
(Au@SiO,, 10 mg/kg; ICG, 1.15 mg/kg) and related
control preparations into a tail vein. The tumor region
was then irradiated with an 808 nm laser 24 h after the
injection. To avoid possible tissue damage by hy-
perthermia, the laser treatment was carried out for a
total of 12 min at a power density of 1.4 W/cm? with a
1 min interval after every 3 min of exposure. Mice were
conscious and the epidermis was not burnt during the
laser process. Irradiation was carried out on three
occasions (1, 8, and 15 days) during the 30 days of
the experiment (Figure 6B). Tumor growth was rela-
tively rapid in both the saline and saline/irradiation
groups, indicating that simple thermal therapy with
current laser treatment is ineffective at inhibiting
tumor growth. ICG or Au@SiO, coupled with laser
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Figure 6. Antitumor activity of Au@SiO,—ICG in vivo. (A) Heating curve (left) and infrared thermal images (right, at the 3 min
time point) of orthotopic breast tumors in nu/nu mice after irradiation with an 808 nm NIR laser 24 h after intravenous
injection of Au@SiO,—ICG and various control reagents. (B) Tumor growth in nu/nu mice after various treatments and laser
irradiation. *p < 0.05, *p < 0.01 (n = 5). The arrows indicate when laser treatments were carried out. (C) Tumor weight in the
various treatment groups on day 30. *p < 0.05 (n = 5) compared to the saline group. (D) Representative H&E sections of the

tumors after treatment for 30 days. Scale bars, 20 ym.

irradiation hindered tumor growth to a certain extent,
demonstrating the therapeutic efficacy of single ICG-
based PDT or Au@SiO,-based PTT respectively. How-
ever, a strong synergistic effect of PDT and PTT in
inhibiting tumor growth was displayed when mice
injected with Au@SiO,—ICG were subjected to laser
exposure. At the end of the 30 day treatments, the mice
were sacrificed and the tumors excised and weighed
(Figure 6C). The average tumor weight in the Au@-
SiO,—ICG/irradiation group was lower than those of
Au@SiO,/irradiation group and ICG/irradiation groups.
These results are consistent to the result of tumor
growth. H&E staining of tumor sections collected from
the treated mice at day 30 showed that most tumor
cells in the Au@SiO,—ICG/irradiation group had been
destroyed (Figure 6D). Prominent inflammatory cell
infiltration was also evident. Some cell damage was
seen in tumors in the Au@SiO,/irradiation group, in
contrast to the saline and ICG control groups where no
obvious tumor cell damage was observed.

The antitumor efficacy of Au@SiO,—ICG-based laser
treatment was much more than the sum of those of
single ICG-based PDT and single Au@SiO,-based PTT.

LI ET AL.

After 30 day treatments, the average tumor volume of
Au@SiO,—ICG/irradiation group, Au@SiO,/irradiation
group and ICG/irradiation group decreased 65.9, 33.7
and 20.4%, respectively (Figure 6B), and the average
tumor weight in above groups was 71.7,39.2 and 24.0%
lower than that of the saline control mice, respectively
(Figure 6C). Similarly, total destroyed cells in the H&E
staining images of ICG/irradiation group and Au@SiO./
irradiation group were less than that of Au@SiO,—ICG/
irradiation group (Figure 6D). In addition, consistent
with the result in vitro (Figure 3A), simply laser-triggered
hyperthermia induced by Au@SiO, is more effective in
antitumor therapy than simply ICG-based PDT in vivo
(Figure 6B,C), although the mild laser treatment
(1.4 W/cm?, 3 min) had very limited antitumor effect
in both treatment modalities. This is closely related to
the distribution of ICG and Au@SiO, in tumors
(Figure 5). All these results clearly demonstrated the
synergistic antitumor effects of Au@SiO,—ICG in vivo.

CONCLUSIONS

We have successfully designed and validated a novel
plasmon-enhanced PDT for breast tumor by fabricating
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a nanoplatform composed of mesoporous silica-coated
AuNRs incorporating ICG. The LSPR peak of the AuNR
core has been regulated to overlap with the exciton
band of ICG, thus increasing the absorption coefficient
of incorporated ICG by virtue of the LEF effect. Such
overlap also helps protect the loaded ICG from photo-
degradation based on ~10° higher absorbance cross
section of the AuNR. In addition, the formation of ICG
aggregate facilitated by SiO, enhances photostability of
incorporated ICG as well. The AUNR@SiO,—ICG formula-
tion dramatically increases singlet oxygen generation
under laser excitation, relative to free ICG, and demon-
strates enhanced photodynamic destruction of human
breast carcinoma cell MDA-MB-231. In addition, cellular

METHODS

Materials. Sodium borohydride (NaBH,), chlorauric acid
(HAuCl4 - 3H,0), cetyltrimethylammonium bromide (CTAB), so-
dium citrate, silver nitrate (AgNOs), and L-ascorbic acid (AA),
were purchased from Alfa Aesar (Ward Hill, USA) and used as
received. Sodium hydroxide (NaOH), sulfuric acid (H,S0O,), and
tetraethyl orthosilicate (TEOS), were at least analytical reagent
grade and were purchased from Beijing Chemical Reagent
Company (Beijing, China). Indocyanine green (ICG) was pur-
chased from Sigma-Aldrich (St. Louis, USA). Cell Counting Kit-8
(CCK-8) was purchased from Dojindo Molecular Technologies
(Kumamoto Techno, Japan). A human breast carcinoma cell line
MDA-MB-231 was obtained from the American Type Culture
Collection (ATCC, Manassas, USA). All solutions were prepared
using ultrapure water (Milli Q-plus system, Millipore, Billerica,
USA) with a resistivity of 18.2 MQ-cm.

Synthesis of AuNR. AuNRs were synthesized using the well-
developed seed-mediated growth method. Briefly, CTAB-
capped Au seeds were synthesized by chemical reduction of
HAuCl, with NaBH,4: CTAB (7.5 mL, 0.1 M) was mixed with HAuCl,
(100 uL, 25 mM) and diluted with water to 9.4 mL. Then, ice-cold
NaBH,4 (0.6 mL, 0.01 M) was added with stirring. The solution
immediately turned from bright yellow to brown, indicating the
formation of Au seeds. The Au seeds were used within 2—5 h.
For a typical preparation of the AuNRs, in a growth solution
consisting of a mixture of CTAB (100 mL, 0.1 M), HAuCl, (2 mL,
25 mM), AgNOs (100 uL, 0.1 M), H,SO,4 (1 mL, 1 M), and AA
(800 uL, 0.1 M), 240 uL of seed solution was added to initiate the
growth of the AuNRs. The incubation was carried out at 30 °C
for 12 h.

Preparation of Au@Si0, and Au@Si0,—ICG. Mesoporous silica
coating of AuNRs was carried out according to the method of
Gorelikov and Matsuura with some modifications.>® The as-
synthesized AuNRs were washed by centrifugation (60 mL
aliquots at a time, at 9200 rpm for 12 min). The pellet was
suspended in 60 mL of water, and 200 «L of 0.2 M NaOH solution
was added with stirring. Three 60 uL aliquots of 20% TEOS in
ethanol were subsequently added under gentle stirring at
30 min intervals. The mixture was incubated for 2 days at
30 °C. The samples were purified by centrifuging the solution
at 9500 rpm for 20 min then washing three times in ethanol.

Au@SiO,—ICG was obtained by simply sonication (95 W) of a
mixture (mase ratio, 6:1) of Au@SiO, and ICG for 15 min in an ice
bath, and the product was washed three times with water by
centrifuging (9200 rpm for 12 min). The amount of ICG loaded
onto Au@SiO, was determined using a UV—vis spectrophot-
ometer at 780 nm. The ICG loading content was calculated by
the following equation: Loading capacity = (weight of loaded
ICG)/(weight of Au@SiO,—ICG). The preparation of Au@SiO,—Rh6G
was carried out using exactly the same method, with the
exception that the loading content of Rh6G was determined
using a UV—vis spectrophotometer at 525 nm.
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uptake and retaining of ICG in the tumor regions is
enhanced due to the stabilization and delivery of ICG
provided by AuNR@SiO, nanocarrier. This was con-
firmed by three imaging modes (NIR fluorescence, two-
photon luminescence and photoacoustic tomography)
both in vitro and in vivo. Mild photothermal heating at
a very low laser power density was sufficient to ensure
that AuNR@SiO,—ICG induced a clear inhibition of
orthotopic tumor growth through the synergistic ef-
fect of PTT and PDT. Our study highlights a general
design principle for enhancing the effectiveness of
photosensitizers based on plasmon enhancement
and protection, which holds great promises for cancer
therapy by further development.

Characterization. Transmission electron microscopy (TEM)
images were obtained with a Tecnai G 20 S-TWIN TEM operating
at an acceleration voltage of 200 kV. Elemental analysis was per-
formed with energy-dispersive X-ray (EDX) from TEM. UV—vis—NIR
absorption spectra were recorded on a Varian Cary 50. The hydro-
dynamic diameter and zeta potential of the samples were mea-
sured on a DelsaNanoC dynamic light scattering particle analyzer.
Fluorescence spectra were acquired on a Hitachi F-4600.

Cell Culture. MDA-MB-231 cells was maintained at 37 °C
(5% CO,) in DMEM supplemented with 10% (v/v) fetal bovine
serum, 2 mM L-glutamine, 20 mM HEPES, 100 U/mL penicillin
and 1 mg/mL streptomycin.

Confocal Microscopy. Cells were seeded onto a 35 mm borosi-
licate, chambered cover glass (Nunc, USA) at a density of T x 10°
cells/mL, and incubated with Au@SiO,—ICG, Au@SiO, or free
ICG in the dark at 37 °C for 24 h. Confocal fluorescence micros-
copy images of cellular ICG were acquired with a Nikon Ti-e
microscope equipped with an UltraVIEW Vox confocal attach-
ment (PerkinElmer) with an excitation wavelength of 633 nm. Two-
photo luminescence images of Au@SiO, and Au@SiO,—ICG
within cells were obtained using a confocal microscope
(Olympus FV 1000) equipped with a femto-second Ti:sapphire
laser (Spectra-physics Mai Tai DeepSee) with excitation at
800 nm and emission at 520—560 nm.

ICP-MS. Cells exposed for 24 h to Au@SiO, or Au@SiO,—ICG
at 37 °C were washed and counted. For each sample, 1 x 107
cells were collected for ICP-MS analysis (NexION 300X, Perkinelmer).
Prior to elemental analysis, the samples were predigested
overnight in a mixture of HNO3 and HCl (3 mL, 3:1, w/w) and
then coincubated with H,0, (2 mL 30%, w/w) at 150 °C for 3 h.'®
After the solution volume was adjusted to 3 mL using the HNOs
and HCl mixture, the Au content was analyzed using ICP-MS.
Bismuth (10 ng/mL) was chosen as an internal standard.

Cell Viability. Cells were seeded into 96-well plates at a
density of 5 x 10* cells/mL in the presence of free ICG, Au@SiO,
or Au@SiO,—ICG (Au@SiOy, 1 nM; ICG, 30 uM) at 37 °C. After
treatment for 24 h in the dark, the cells were irradiated with an
808 nm continuous-wave diode laser (Daheng Science & Tech-
nology, China) at a power density of 8 W/cm? (power, 1 W;
diameter of the laser spots, 4 mm) for various times. After
irradiation, the medium was replaced with fresh medium and
the cells cultured for a further 24 h. The proportion of viable cells
was evaluated using a CCK-8 assay.”®

Photothermal Effects In Vitro. The aqueous solutions (200 uL) of
free ICG (9 uM or 4.5 uM), Au@SiO;, (0.3 nM) and Au@SiO,—ICG
(0.3 nM Au@SiO, containing 9 uM ICG or 0.15 nM Au@SiO,
containing 4.5 uM ICG) were irradiated with an 808 nm con-
tinuous laser at a power density of 8 W/cm? for 10 min. The
temperature was monitored every minute by a thermocouple.
Each test was repeated 3 times.

EPR. Solutions of free ICG, Au@SiO, and Au@SiO,—ICG
(Au@SiO,, 1 nM; ICG, 30 uM) were irradiated with an 808 nm
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continuous laser at a power density of 8 W/cm? for 3 min. Singlet
oxygen levels were detected by the EPR trapping technique
using 2,2,6,6-tetramethyl-4-piperidone (TEMP) as a spin trap.‘r’1
The EPR spectra were recorded on a Bruker ESP300E spectro-
meter operating at the X-band.

FDTD Simulation. FDTD simulations were performed using
FDTD Solutions 8.6, which was developed by Lumerical Solu-
tions, Inc. During the simulations, an electromagnetic pulse in
the wavelength range 600—900 nm was launched into a box
containing the target nanostructure. A mesh size of 0.5 nm was
used to calculate the LSPR peak and electric field enhancements
of the Au nanorod and the Au@SiO, core—shell structure.
The refractive index of the surrounding medium was set to be
1.33, which is the index of water. The dielectric functions of Au
and SiO, were obtained from Johnson, and Christy and Palik,
respectively.>? The sizes of the nanostructures were set accord-
ing to the average sizes measured from the TEM images. The Au
nanorods were modeled as a cylinder with two hemispheres at
each end. To better mimic the mesoporous structure of the SiO,
shell, we added some channels inside the shell, which also
connected to the surrounding. The diameter and total length of
the Au nanorod were 14.4 and 49 nm, respectively. The shell
thickness was set at 17.6 nm. The channels were represented by
flat discs with a thickness of 3 nm. There were 19 flat discs
parallel to the transverse axis of the Au nanorod and 6 flat discs
parallel to the longitudinal axis. The porous density was con-
trolled at 87.8%.

TEM Imaging of Cells. Cells were seeded into 100 mm plates at
a density of 1 x 10° cells/mL and were incubated with free ICG,
Au@SiO, or Au@SiO,—ICG (Au@SiO,, 1 nM; ICG, 30 uM) in the
dark at 37 °C for 24 h. Then the cells were washed and exposed
to an 808 nm continuous laser at a power density of 8 W/cm? for
various times. After irradiation, the medium was replaced and
culture continued for a further 24 h. The cells were collected by
centrifugation, then immediately fixed overnightat4 °Cin 2.5%
(w/w) glutaraldehyde. Samples were prepared for TEM accord-
ing to standard procedures then viewed using a JEOL JEM-1400
electron microscope (Japan).

In Vitro Drug Release. Au@SiO,—Rh6G in PBS (pH 7.4) was
irradiated with an 808 nm continuous laser at a power density
of 8 W/cm? for 3 min and then agitated at 37 °C for 56 h.
Au@SiO,—Rh6G without irradiation was used as negative con-
trol. At 1 hinterval, aliquots were withdrawn and centrifuged to
pellet the nanoparticles. The amount of released Rh6G in the
supernatant was measured by a UV—vis spectrophotometer
at 525 nm.

Tumor Xenografts and Antitumor Therapy. Orthotopic breast
tumor xenografts were implanted into female BALB/c nude
mice by injecting 5 x 10° MDA-MB-231 cells into the mammary
fat pad (5 mice/group). When tumor diameters reached
5—6 mm, free ICG, Au@SiO, or Au@SiO,—ICG (Au@SiO,,
10 mg/kg; ICG, 1.15 mg/kg) was injected through the tail vein
on days 1, 8, and 15. The tumor region was irradiated with an
808 nm laser 24 h after each injection. To avoid possible tissue
damage by hyperthermia, the laser treatment was carried out
for 12 min at a power density of 1.4 W/cm? (power, 0.7 W;
the diameter of the laser spot, 8 mm) with 1 min interval after
every 3 min of the exposure. Mice were conscious and the
epidermis was not burnt during the laser process. Tumor
size was measured using digital vernier calipers every day.
The tumor volumes were determined by the following formula:
Volume = (tumor length) x (tumor width)?/2. On day 30, the
mice were sacrificed and the tumors were excised and weighed.
Tumor sections were further investigated after H&E staining.

In Vivo Imaging. Nu/nu mice with orthotopic MDA-MB-231
tumors were injected by a lateral tail vein with saline, free ICG,
Au@SiO, or Au@SiO,—ICG (Au@SiO,, 10 mg/kg; ICG, 1.15 mg/kg).
Real-time NIR fluorescent images of ICG in mice were recorded
at various time points after the injection with a Maestro in vivo
spectrum imaging system (Cri, Woburn, MA, USA) at an excita-
tion wavelength of 735 nm and an emission wavelength of
780—950 nm. The mice were sacrificed 24 and 48 h after the
injection and the tumors, hearts, livers, kidneys, lungs and
spleens were analyzed for ex vivo fluorescence. Infrared thermal
images of tumors were obtained using an infrared thermal

imaging camera (FLIR S60, USA) under irradiation with an
808 nm laser at a power density of 1.4 W/cm? 24 h post
intravenous injection.

MSOT. A real-time MSOT scanner was utilized in this study
(MSOT inVision 128, iThera medical, Germany). Tumor-bearing
mice were anesthetized with isoflurane, and placed in supine
position in an animal holder. Cross-sectional multispectral
optoacoustic image data sets were acquired through the tumor
at different wavelengths in the NIR window (from 680 to
900 nm, at 10 nm intervals). Reconstruction of single wave-
length optoacoustic images was carried out using the inter-
polated matrix model inversion method.>

Statistical Analysis. All experiments were performed in tripli-
cate unless otherwise indicated. Results were expressed as
means =+ standard deviation. ANOVA was used for statistical
analysis. A probability level of 95% (p < 0.05) was considered to
be significantly different.
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