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Abstract

Owing to strong and tunable surface plasmon resonance (SPR) effect and good biocompatibility, gold nanoparticles
have been suggested to be a versatile platform for a broad range of biomedical applications. In this study, a new
nanoplatform of thermo-responsive polymer encapsulated gold nanorods incorporating indocyanine green (ICG)
was designed to couple the photothermal properties of gold nanorods (AuNRs) and the photodynamic properties
of ICG to enhance the photodynamic/photothermal combination therapy (PDT/PTT). In addition to the significantly
increased payload and enhancing photostability of ICG, the polymer shell in the nanoplatform also has thermo-
responsive characteristics that can control the release of drugs at tumour sites upon the laser irradiation. On the basis
of these improvements, the nanoplatform strongly increased drug aggregation at the tumour site and improved the
photothermal/photodynamic therapeutic efficacy. These results suggest that this nanoplatform would be a great
potential system for tumour imaging and antitumour therapy.
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Background

Photodynamic therapy (PDT) is a photobased thera-
peutic modality with three essential components (light,
photosensitizer and oxygen) for the killing of malignant
cells by producing highly reactive oxygen species, espe-
cially singlet oxygen ('0,), when exposed to light of a
suitable wavelength. [1-4] The efficacy of PDT depends
almost entirely on the generation of 'O, created by
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photosensitizers after light absorption and the subse-
quent transfer of the excited state energy to oxygen mol-
ecules. However, most photosensitizers have intrinsic
drawbacks, such as easy photodegradation, rapid blood
clearance and thermal instability in aqueous solutions [5,
6]. To overcome these intrinsic drawbacks of photosen-
sitizers, various gold nanoplatform-based nanoparticles
have been developed to enhance the tumour targeting
and therapeutic efficiency of the photosensitizer [7, 8].
Over the past decade, many different types of gold
nanoparticles have been reported, such as gold nanorods,
gold nanostars and gold nanotriangles [9, 10]. Gold nano-
particles are able to generate sufficient heat to raise the
local temperature and kill cancer cells when exposed
to NIR light [11, 12]. The good biocompatibility of gold
nanoparticles has been demonstrated in a number of
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cytotoxicity studies; clinical biocompatibility stud-
ies in vivo have also shown favourable results [13—-15].
Recently, Photodynamic/Photothermal therapy (PDT/
PTT) combination therapy has been developed as a
hopeful joint therapeutic strategy to obtain a high thera-
peutic index [16—18]. Photosensitizers have been inten-
sively studied for in vitro/in vivo fluorescence imaging
and have shown great potential in PDT/PTT combina-
tion therapy when incorporated into gold nanoparticles
[19-21]. Therefore, combination therapy has been con-
sidered a promising strategy to improve the therapeutic
efficiency and minimize side effects. However, it should
be noted that previous works tended to load photosensi-
tizers directly onto the gold nanoparticles by either phys-
ical absorption or chemical bonding between the two
elements [22, 23]. Therefore, a portion of the drug can-
not reach the required treatment site, which reduces the
therapeutic effect. Additionally, the fluorescent photosta-
bility is markedly quenched when the drug is bound to
the surface of the nanoparticle due to fluorescence reso-
nance energy transfer (FRET) [24, 25]. Drug release from
nanoparticles is induced only when stimuli are applied,
including temperature, pH, light and ultrasound, thus
preserving the bioactivity of the loaded drug and mini-
mizing cytotoxic effects [26—29]. Therefore, it is promis-
ing for research workers to design a nanoprobe with high
drug loading that can release the drug to the targeted
tumours.

In this study, we fabricated a nanocomposite (Nano-
com), which is composed of mesoporous silica coated
gold nanorods with a thermo- and pH-responsive poly-
mer shell, poly (N-isopropylacrylamide-co-acrylic acid).
Then, we explored its combination efficacy based on
the PTT effects of AuNRs and the PDT effects of ICG.
Because of the external chemical properties, the drug
loading of Nanocom can reach 15 wt%. In addition, the
external chemical layer can cause a thermal degradation
reaction and thus quickly release the loaded drug after
providing 808 nm laser irradiation. In the experiment,
the wavelength from the loaded photosensitive drug is
the same as the surface plasmon resonance of the as-
prepared AuNRs, which apparently improves the singlet
oxygen production of the photosensitive drug and leads
to an ideal therapeutic effect in vitro. Due to the protec-
tion of the loaded drug from the nanocomplex and the
thermo-responsive targeted release of the loaded drug
into the tumour location, when single wavelength irra-
diation was applied, we obtained satisfying antitumour
treatment in vivo based on photodynamic and photo-
thermal therapy (PDT/PTT). The experimental results
have shown that combination therapy is a quite effective
strategy for antitumour treatment.
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Materials and methods

Chemicals and materials

Chloroauric acid (HAuCl,-3H,0), sodium borohy-
dride (NaBH,), cetyltrimethyl ammonium bromide
(CTAB), silver nitrate (AgNO;), tetraethylorthsilicate
(TEOS), 3-(Methacryloxy) propyl triethoxysilane (MPS),
N-isopropylacrylamide (NIPAM), N,N’-Methylenebis
(acrylamide) (MBA), sodium dodecyl sulfate (SDS),
potassium persulfate (KPS), poly(vinylpyrrolidone) (PVP,
24,000) were purchased from Sigma-Aldrich. Chlorine
E6 (ICG) was purchased from MedKoo Biosciences.
The Cell Counting Kit-8 (CCK-8) was purchased from
Dojindo Laboratories. Deionized water (Millipore Milli-
Q grade) with resistivity of 18.2MQ was used in all the
experiments.

Preparation of mesoporous silica coated gold nanorods
(AuNRs)

In this experiment, gold nanorods (AuNRs) were synthe-
sized according to the seed-mediated template-assisted-
protocol [30]. Mesoporous silica coating on AuNRs was
carried out according to the method of Gorelikov and
Matsuurra with some medications [31, 32]. First, 4mL of
a 25mg/mL PVP aqueous solution was added to 20mL
of the AuNR solution under gentle stirring for 15h. The
mixture was centrifuged once at 8500rpm for 6min,
and the precipitate was dispersed in 10 mL of deionized
water. Then, 100 uL of 0.1 M NaOH solution was added
under stirring. Following this step, three 15 pL injections
of 20% TEOS in methanol were added under gentle stir-
ring at 30 min intervals. Finally, the mixture reacted for
3days at 28°C.

Preparation of the nanocomposite

First, 200 pL of methanol containing MPS (2.5 pL) is
added to 20mL Au@SiO,, the mixture was stirred for
12h and resuspend by centrifugation in 10 mL of water.
Then, 10mL of the as-prepared solution of MPS-modi-
fied Au@SiO, was centrifuged at 5000 rpm for 5min and
washed twice with water and ethanol. The precipitate was
dispersed in 2.5mL of deionized water. In a typical proce-
dure, an aqueous solution of 4.5mL of 100mM NIPAM,
0.5mL of 100mM acrylic acid, 0.8 mL of 50mM MBA,
0.1mL of 100mM SDS and the MPS-modified Au@SiO,
solution was added to a flask. The mixture was heated to
70°C and bubbled with nitrogen for 30 min to remove
residual oxygen. Then, 1mL of 10mM KPS solution
was rapidly added; the polymerization was allowed to
proceed for an additional 4h at 70°C. Finally, the nano-
composites were centrifuged at 5000 rpm for 5min and
washed twice with water and ethanol to remove the unre-
acted monomers.
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Characterization of Nanocom

The morphology of the Nanocom was characterized by
using transmission electron microscopy, operating at
an accelerating voltage of 120 KV (JEOL, Japan). UV-vis
spectra were measured with a Shimadzu UV-2450 UV-
visible spectrophotometer. The dynamic light scattering
(DLS) and zeta potential of nanoparticles was measured
with Zeta potential measurements in DI water (PSS
Nicomp, Santa Barbara, CA, USA).

Drug loading and in vitro release

ICG was loaded onto the nanocomposite by mixing
0.02mL of a 1mg/mL ICG solution in PBS buffer with
1mL of a 1 mg/mL nanocomposite aqueous solution for
12h at room temperature. Then, the mixture was cen-
trifuged at 10,000rpm for 10min, and the precipitate
(ICG-loaded nanocomposite) was collected. The ICG
concentration in the supernatant was determined by a
UV-vis spectrophotometer at 785nm to calculate the
drug loading content and entrapment efficiency (load-
ing content =weight of drug in Nanocom-ICG/weight of
Nanocom-ICG; Entrapment efficiency =weight of drug
in Nanocom-ICG/initial weight of drug). One millilitre of
Nanocom-ICG solution was gently agitated at a series of
temperatures (20°C, 30°C, 40°C, 50°C, 60°C) for 5min;
then, the solution was centrifuged, and the supernatant
was collected. The amount of released drug was imaged
to compare at different temperatures using an in vivo
imaging system (710nm/790nm as the excitation/emis-
sion wavelengths, respectively). Finally, the amount of
released drug in the supernatant was determined by UV-
vis spectroscopy.

Cellular cytotoxicity assessment

The phototoxicity of Nanocom-ICG was determined in
A549 cells by the CCK-8 assay. A549 cells were plated
in triplicate at a density of 2000 cells per well on 96-well
microplates. After 24h of incubation, the medium was
replaced with fresh medium. ICG (0-40pg/mL), Nano-
com or Nanocom-ICG (0-40pg/mL ICG equivalents)
were added to the medium and incubated overnight at
37°C for 24, 48 and 72h, respectively. And then, the pro-
portion of viable cells was evaluated by a standard CCK-8
method (Dojindo).

Cellular uptake

A549 cells were plated in triplicate at a density of 5000
cells per well on 12-well microplates. After 24h of incu-
bation, the medium was changed, and the cells were
incubated with complete medium containing ICG (20 ug/
mL ICG) or Nanocom-ICG (20 ug/mL ICG equivalent).
Twelve hours later, the medium was discarded and the
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cells were washed three times with PBS to remove the
unloaded nanoparticles, followed by the replacement of
complete culture medium. Finally, fluorescence images of
the cellular ICG were acquired with a confocal fluores-
cence microscope (Leica SP8 STED 3X, Germany) with
an excitation wavelength of 633nm. Additionally, flow
cytometry (FCM) experiments were conducted to quali-
tatively measure cellular drug uptake. For TEM imaging
of cells, the A549 cells were incubated with Nanocom-
ICG (20 pug/mL ICG equivalent) at 37°C for 24 h, and the
cells were collected by centrifugation (5min, 1200 x g),
then immediately at 4°C in 2.5% glutaraldehyde for 24 h.
finally, the cell sample were prepared for TEM accord-
ing to standard procedures and then observed under the
TEM.

In vitro photothermal therapy effects

To study the effects of NIR light-assisted drug release
on cell death and viability, A549 cells were plated in
triplicate at a density of 2 x 10® cells per well on 96-well
microplates. After 24h of incubation, the medium was
changed, and the cells were incubated with complete
medium containing ICG (20ug/mL ICG), Nanocom-
ICG (20 pg/mL ICG equivalent) or nanocomposite at an
equivalent Au elemental concentration. Twelve hours
later, the medium was discarded, and the cells were gen-
tly washed with PBS. Then, complete medium was added
and the cells were irradiated with an fs-laser at 808 nm
ata power of 0.8 W/cm? for 6min. Then, all cells were
stained with calcein AM and PI staining solution and
observed by fluorescence microscopy.

In vivo imaging

Nu/nu mice (4weeks of age) were purchased from Anhui
Slac Laboratoty Animal Co., Ltd (Anhui, China). All ani-
mals received care in compliance with the Institutional
Animal Care and Use Committee of Bengbu Medical
College. 1 x 10° A549 cells in saline (100 pL) were sub-
cutaneously implanted into the hind limb of nude mice.
When the tumours reached a volume of approximately
100mm? (it takes about 2weeks), the tumour-bearing
mice were used in the next experiment. The nude mice
with A549 tumour were injected by a lateral tail vein with
saline, ICG (2mg/kg) or Nanocom-ICG (2mg/kg ICG
equivalent), respectively. Fluorescent images were taken
at 0, 1, 6, and 12h after injection by a Maestro in vivo
spectrum imaging system (Cri, Wobuen, MA, USA)
(excitation: 710 nm; emission: 790nm; integration time:
60s). For photoacoustic (PA) imaging, the tumour-bear-
ing mice were injected with Nanocom-ICG (2 mg/kg ICG
equivalent) through the tail vein. The PA images of the
tumour were acquired by using a Fujifilm Visual/VEVO
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LAZR-X (USA) Sonics imaging system at different time-
points (0, 1, 6, and 12 h).

Synergistic photothermal/photodynamic therapy

of Nanocom-ICG with laser irradiation

1x10° A549 cells in saline (100 pL) were subcutane-
ously implanted into the hind limb of nude mice. When
the tumours reached a volume of approximately 100 mm?
(It takes about 2weeks), the tumor-bearing mice were
anaesthetized and given a systemic injection of 200 uLof
PBS, ICG (20 pug/mL), Nanocomposite or Nanocom-ICG
(20pg/mL ICG equivalent), respectively. 12 hours after
tail vein injection, the PBS, Nanocomposite and Nano-
com-ICG treated groups were irradiated by an 808 nm
continuous wave laser for 3min (repeat irradiation after 2
minutes). The laser treatment was carried out at a power
density of 0.8 W/cm? The tumours of mice were not
burnt during the laser irradiation process. Additionally,
the temperatures in all groups quickly declined to the
normal body temperature within 2 min after completion
of laser irradiation, suggesting that the treatment is likely
to be safe. The temperature change in the tumour region
under laser irradiation was monitored by an IR camera.
Tumour growth was monitored for the following 30days,
and the tumour volumes were measured with a digi-
tal Vernier calliper. Total proteins were harvested from
the tumour tissues of saline and Nanocom-ICG-treated
mice after laser irradiation, and HSP70 and HSP90 were
analysed by Western blot. Finally, the treated mice were
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sacrificed, and the corresponding tumour slices were col-
lected for TUNEL and H&E staining according to the
manufacturer’s instructions.

Statistical analysis

All data were presented as mean=+standard deviation
(SD), Statistical significance was determined by using a
two-tailed student’s t-test. *P<0.05 was regarded as sta-
tistically significant.

Results and discussion

Synthesis, characterization and properties

of the Nanocom-ICG

In a typical experiment, AuNRs were synthesized accord-
ing to the seed-mediated template-assisted protocol with
some modifications. As Fig. 1a and Additional file 1: Fig.
Sla show, AuNRs exhibit good uniformity with a length
of 59+3.6nm and a width of 9.3+ 1.2nm. For the coat
of silicon dioxide, the thickness of the silica layer can be
tuned by adjusting the amount of TEOS in the reaction.
In our study, the thickness of the coated silica layer was
15nm (Fig. 1b and Additional file 1: Fig. S1b). A polymer
layer consisting mainly of poly (N-isopropylacrylamide,
PNIPAM) was coated onto the surface of the AuNR@
SiO, according to the seeded precipitation polymeriza-
tion method with some modifications. The PNIPAM
layer undergoes a reversible phase transition in aque-
ous solution from an extended hydrophilic chain to a
condensed hydrophobic globule when the temperature
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is raised above 32°C. As shown in Fig. 1c, d, the thick-
ness of the PNIPAM layer was optimized to be ~65nm
for efficient drug loading and tumour targeting, and it is
also seen from the TEM image that the prepared nano-
probe has excellent uniformity. Dynamic light scatter-
ing (DLS) further revealed that Nanocom-ICG has a
narrow size distribution with an average diameter of
200.9nm (Fig. 1e). The AuNR has two adsorption bands:
a weak transverse surface plasmon resonance wavelength
(TSPRW) at approximately 520nm and a strong longitu-
dinal surface plasmon resonance wavelength (LSPRW) at
approximately 790 nm (Fig. 1f). After being coated with a
silica layer, the LSPRW of the AuNRs exhibits a redshift
of approximately 15nm. After PNIPAM layer growth, the
longitudinal band of gold nanorods showed a blueshift
of approximately 20nm. Obviously, the LSPRW after
polymer coating and ICG loading remained in the NIR
region, which permits the photos to penetrate biological
tissues with relatively high transmissivity.

Drug loading and controlled release

In this work, ICG was loaded into the nanocomplex
through electrostatic interactions, preparing Nanocom-
ICG. The amount of ICG loaded into nanoplatform was
determined by a UV/vis spectrophotometer at 780 nm,
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and the loading content of ICG was estimated to be 15
wt %. In aqueous solution, ICG tends to form more stable
aggregates at high concentrations (>2 pg/mL), and this is
associated with a decrease in fluorescence due to the for-
mation of fluorescence quenching centres. A decrease in
peak fluorescence intensity due to the quenching effects
was observed (Additional file 1: Fig. S2), which suggests
that ICG forms aggregates upon adsorption into the
nanocomplex. In addition to this PNIPAM layer with a
surprising amount of drug loading, Nanocom-ICG has
a thermal response characteristic that shrinks after the
temperature increases, so that controlled release of the
drug can be achieved. As shown in Fig. 2a, after Nano-
com-ICG was irradiated with an 808 nm laser for 5min,
the PNIPAM layer of Nanocom-ICG was significantly
shrank, and this property would be beneficial for the
thermo responsive release of the drug. In aqueous solu-
tion, ICG tends to form aggregates at high concentra-
tions, and this is associated with a decline in monomer
fluorescence. When these aggregated drugs are released
from Nanocom-ICG, the fluorescence can be observed
due to the formation of the monomer. As expected, as the
temperature of the solution increased, the fluorescence
signal of ICG gradually increased (Fig. 2b). The release
profile of the drug at different temperatures is shown in
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Fig. 2c. Nanocom-ICG shows rapid drug release when the
solution temperature reaches 60°C, and the release rate
is significantly higher than in the 20°C and 40°C incu-
bation groups.The drug release rate can be significantly
enhanced by laser irradiation due to the heat generated
by the photothermal effect of the gold nanorods, which
induces shrinkage of the PNIPAM layer. These drug
release results indicated that Nanocom-ICG possesses
excellent temperature-triggered drug release behaviour.
Furthermore, the Nanocom-ICG was suspended in saline
or DMEM with 10% FBS for 2weeks (Additional file 1:
Fig. S3), and no observable agglomeration as well as the
color change occurred under two different pH environ-
ments, indicating that Nanocom-ICG excellent colloidal
stability.

The photothermal and photodynamic properties

of Nanocom-ICG

Gold nanoparticles have excellent photothermal con-
version efficiency, which can generate very high tem-
peratures with a short laser irradiation time. [33] In this
experiment, we used infrared thermography to detect
the heat-producing ability of the Nanocom-ICG under
808 nm laser irradiation. As shown in Fig. 2d, e, the tem-
perature of Nanocom-ICG increases the fastest during
the irradiation process, reaching 63.6°C degrees in the
6th minute after irradiation, while the ICG and AuNRs
groups reached temperatures of 43.9 and 57.1°C, respec-
tively. The results demonstrate that Nanocom-ICG ben-
efits from the two heat sources (ICG and AuNRs) and
therefore has excellent heat production capacity. Addi-
tional file 1: Fig. S4 showed that a rapid temperature
increase can be observed as Nanocom-ICG with the
concentrations and irradiation time rise. In additon, the
temperature changes remained invariant under three
irradiation/cooling cycles within 360 S demonstrating the
ideal photostability of Nanocom-ICG (Additional file 1:
Fig. S5). Simultaneously, the singlet oxygen (‘O,) genera-
tion capacity of Nanocom-ICG was quantitatively deter-
mined by measuring the fluorescence intensity changes
of a specific singlet oxygen trapper (singlet oxygen sen-
sor green, SOSG). The fluorescence spectra are shown in
Fig. 2f, and a significant increase in singlet oxygen pro-
duction was observed with increasing irradiation time,
indicating that Nanocom-ICG has the ability to undergo
photodynamic therapy. These results demonstrate that
Nanocom-ICG possessed prospective photodynamic and
photothermal qualities for further combination therapy.
It is also worth noting that the absorption peak of this
probe overlaps with the absorption peak of ICG, and
such overlap greatly increases the singlet oxygen yield of
the loaded ICG by maximizing the local field enhance-
ment and protecting the drug against photo-degradation
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with the help of the high absorption cross-section of the
AuNRs. As expected, after 5min of laser irradiation, the
amount of 'O, produced by Nanocom-ICG was signifi-
cantly higher than that of the free ICG at the same ICG
concentration (Additional file 1: Figs. S6 and S7).

Cell viability

To demonstrate the utility of the Nanocom-ICG for
in vitro/in vivo applications, in the next experiment,
the cytotoxicity of Nanocom-ICG was examined by the
CCK-8 assay inA549 cells. As Fig. 3a shows, the CCK-8
data indicated no cytotoxicity of free ICG, AuNRs, nano-
com or Nanocom-ICG in the concentration range of
0-24pg/mL (ICG equivalent), and slight cytotoxicity
occurred at a concentration of 48 ug/mL, even after the
co-incubation time increased to 48h or 72h (Additional
file 1: Fig. S8). Additionally, the cell index experiment
results showed that nanocom and Nanocom-ICG did not
affect the proliferation of cells. In addition, we used the
growth index of the cells to evaluate the effect of the nan-
oprobe on the cells. As shown in Fig. 3b, after A549 cells
were incubated with PBS, nanocom and Nanocom-ICG
for 72h, there was no significant difference in the cell
proliferation curves between the three groups. Moreo-
ver, the flow analysis further proves that the nanoprobe
has excellent biosafety. As shown in Fig. 3c, after A549
cells were incubated with a series of Nanocom-ICG in
different concentrations (0—48 ug), there were no obvious
apoptosis and necrosis in the concentration range. These
results indicated that Nanocom-ICG possessed excellent
biocompatibility in A549 cells. The excellent biocompat-
ibility of the probe facilitated the next in vivo and in vitro
therapeutic applications.

Cellular uptake and localization

In the next experiment, the fluorescence of ICG was
used to assess the cellular uptake of Nanocom-ICG. The
confocal fluorescence microscope showed obvious fluo-
rescence in the cytoplasm after treatment with ICG and
Nanocom-ICG, suggesting efficient cellular uptake and
intracellular distribution of Nanocom-ICG (Fig. 4a).
Additionally, the fluorescence intensity in Nanocom-
ICG-treated cells were higher than that in ICG-treated
cells, which demonstrates the prominent delivery and
protection of ICG from Nanocom-ICG. In addition, we
measured the cellular uptake of ICG and Nanocom-ICG
by flow cytometry. The flow cytometry results show
that Nanocom-ICG exhibits more efficient drug deliv-
ery capabilities after incubation with A549 cells for 2h
or 8h than those of ICG (Fig. 4b). To more precisely
observe the intracellular localization of Nanocom-ICG,
the ultrastructure of the A549 cells was observed by
TEM after A549 cell treatment with Nanocom-ICG for
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24h. As shown in Fig. 4c, Nanocom-ICG is clearly vis-
ible and distinct in the cell due to its high electron den-
sity, and most of the Nanocom-ICG is located in cellular
vesicles, mainly endosomes and lysosomes. These obser-
vations are consistent with the results of the flow cytom-
etry assay, and these results suggest the efficient cellular
uptake of Nanocom-ICG, which is the basis for the opti-
mal in vitro therapeutic effect.

In vitro PTT/PDT therapeutic effects

In this study, the PTT/PDT combination therapy effects
of Nanocom-ICG was first examined by a double-stain
assay in A549 cells. A549 cells were incubated with
free ICG (20 pg/mL), nanoplatform and Nanocom-ICG
(20pg/mL ICG equivalent) for 24h and then irradiated
with an 808 nm laser at a power density of 0.8 W/cm? for
6min. Finally, these cells were stained with calcein AM
and PI staining solution. A series of fluorescence images
are shown in Fig. 5a, and it can clearly be observed that
Nanocom-ICG kills more cells than either free ICG or

the nanocomplex alone after laser irradiation treatment.
For the free ICG- or nanocomplex-treated groups, most
of the cells were still alive after 6 min of laser irradiation.
Additionally, the results of the flow cytometry apoptosis
analysis were consistent with the double staining results,
and as shown by the flow analysis files (Fig. 5b and Addi-
tional file 1: Fig. S9), as Nanocom-ICG induced the most
cancer cell apoptosis among all treatment groups. More-
over, the cells in the PBS-treated group caused very little
significant apoptosis and death of cells after irradiation,
which also proved that the laser power and irradiation
time we selected were safe for normal tissues. Combined
with the results of cellular uptake, these results suggested
that the PTT/PDT combination effect and enhanced cel-
lular uptake are responsible for the improved therapeutic
efficiency of Nanocom-ICG.

Biodistribution of Nanocom-ICG in vivo
To achieve targeted delivery and release of the loaded
drug, the AuNRs were encapsulated by a PNIPAM layer.
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Fig. 4 Cellular uptake. a Fluorescence images of ICG in A549 cells treated with saline, ICG and Nanocom-ICG (excitation =633 nm). b Cellular
uptake of saline, ICG and Nanocom-ICG after2 h and 8 h measured by flow cytometry. ¢ TEM images of Nanocom-ICG distributed in A549 cells

Overlay

We expected that the heat generated by the photother-
mal effect of the gold nanorods would induce shrinkage
of the PNIPAM layer. It has been shown that PNIPAM
can trigger loaded drug release through photothermal
effects upon irradiation with an NIR laser. In this study,
Nanocom-ICG was intravenously injected into mice, and
then we observed the fluorescence of ICG in the tumour-
bearing mice by using a Maestro in vivo optical imaging
system. As expected, a series of fluorescence images are
shown in Fig. 6a. The Nanocom-ICG was mainly distrib-
uted in the liver 30 min post-injection. Over time, the
fluorescence signal gradually appeared in the tumour
site and reached a peak at 4h post-injection. To further
observe the distribution of photosensitive drugs in the
main organs and tumour sites of experimental animals,
we performed an in vivo imaging experiment. As shown
in Fig. 6b, ¢, we can clearly observe that the fluorescence
signals of the tumour site were the strongest, and these
results fully indicated the ability of the nanoprobes to tar-
get the drug delivery towards the tumour site. In the fol-
lowing experiment, according to the photoacoustic signal
of gold nanorods, we further observed aggregates of

Nanocom-ICG at the tumour site by using a photoacous-
tic imaging system. The photoacoustic imaging images
are shown in Fig. 6d. After the nanoprobe was injected
intravenously into the experimental mice, the PA signals
of the tumour site gradually increased and reached a
peak at 12h post-injection. These imaging results clearly
demonstrated the prominent tumour-targeted aggregate
and heat-induced release ability of Nanocom-ICG, which
will facilitate subsequent in vivo antitumour therapy.

Antitumour efficacy of Nanocom-ICG in vivo

To interpret the synergistic efficacy of PTT and PDT
mediated by Nanocom-ICG, A549 tumour-bearing
mice were randomly divided into 4 groups and injected
with saline, ICG, Nanocom or Nanocom-ICG into a
tail vein. At 4h post-injection, the photothermal/pho-
todynamic combination antitumour therapy was per-
formed with 808 nm laser irradiation. In the whole
process of laser treatment, the photothermal effect of
Nanocom-ICG was monitored through an infrared
thermal imaging camera. As shown in Fig. 7a, once
the Nanocom-ICG-treated mice were exposed to the
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Fig. 5 In vitro combined PTT/PDT therapy. a Fluorescence images of Calcein AM/PI stained A549 cells incubated with PBS, free ICG, AuNRs and
Nanocom-ICG for 24 h after irradiation with an 808 nm laser (6 min, 0.8W/cm?). b Cell viability of A 549 cells cultured with PBS, free ICG, AuNRs and
Nanocom-ICG with or without 808 nm laser irradiation
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A549 tumour-bearing mice before and after i.v. injection of Nanocom-ICG

Fig. 6 The distribution of Nanocom-ICG. a Real-time fluorescence imaging of A549 tumour-bearing mice before and after i.v. injection of
Nanocom-ICG. The red arrows indicate the region of the tumour. b Ex vivo fluorescence images of mouse organs and tissue from tumor-bearing
mice 12 h after injection of Nanocom-ICG. ¢ Quantitative analysis of the fluorescence signals from the main organs and tumours. d PA images of
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laser at a power density of 0.8 W/cm? the tempera-
ture of the tumour region increased rapidly to 41.3°C
after 3min of irradiation, and the surrounding healthy
tissue showed a moderate increase in temperature.
However, in the ICG- and AuNR-treated groups, the
temperature of the tumour region reached 35.6°C or
38.6°C, respectively, after irradiation. We think that the
reasons why the tumour region in the Nanocom-ICG

treatment group reached the highest temperature are
due to the high number of Nanocom-ICG aggregates
at the tumour site and the dual heat production from
the AuNRs and ICG. In addition, one minute after laser
irradiation, the temperature of the tumour region in
each group quickly declined back to body temperature
(Additional file 1: Fig. S10), suggesting that the power
density and irradiation time are likely to be safe.
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Fourteen days after laser irradiation, as shown in Fig. 7b,
in the free ICG and nanoplatform treatment groups, the
tumour growth was relatively rapid. Moreover, the tumour
volumes of the free ICG and nanoplatform groups were
significantly larger than those of the Nanocom-ICG group,
indicating that single thermal therapy or photodynamic
therapy with mild laser treatment alone is ineffective in
inhibiting tumour growth (Fig. 7d). In addition, consist-
ent with the tumour growth results, the Nanocom-ICG
group had the highest survival rate among all experimen-
tal groups (Fig. 7c). In addition, Western blot analysis of
two main HSP members: HSP90 and HSP70, which are
overexpressed in the cells under heat stress. As shown in

the Fig. 7d, in the tumour tissues revealed significantly
increased expression after treatment with Nanocom-ICG
and laser irradiation, proving the enhanced thermal ther-
apy effects of Nanocom-ICG. Subsequently, we performed
TUNEL and H&E experiment to observe the therapeu-
tic effects in the tumour tissue in all experimental groups.
The results are shown in Fig. 8a and further confirmed
that Nanocom-ICG achieved the best treatment effect.
Compared with other treatment groups, many dead cells
were clearly observed at the tumour site of the Nanocom-
ICG treated group. The excellent antitumour therapeutic
benefits from the efficient aggregates of Nanocom-ICG
in the tumour region and controlled drug release resulted
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Fig. 8 a TUNEL and H&E staining images of the tumours after combination therapy for 21 days; all scale bars are 100 um. b Histopathological
microsection of main organs from each groups collected 21 day after i.v injection of saline and Nanocom-ICG
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in photodynamic/photothermal combination therapy. In
addition, there were no obvious damage or inflammatory
lesions observed in the main organs (liver, lung, heart,
spleen, kidney) of the Nanocom-ICG treatment group
21days after iv. injection (Fig. 8b), demonstrating that
Nanocom-ICG does not cause obvious side effects and
shows excellent biocompatibility.

Conclusions

In summary, we have successfully designed and vali-
dated a new PTT/PDT combination therapeutic strat-
egy for tumours by fabricating a nanoprobe composed

of thermo-responsive polymer encapsulated AuNRs
incorporating ICG. The thermo-responsive polymer
layer strongly increased the drug loading capacity
with the additional benefit of improving ICG stability
by facilitating the formation of ICG J-aggregates and
promoting the selective accumulation of ICG in the
tumour region. Additionally, Nanocom-ICG showed
minimal cytotoxicity and high biocompatibility in cellu-
lar experiments. In this study, Nanocom-ICG exhibited
excellent antitumour effects both in vitro and in vivo.
These results suggest that coordinated photodynamic/
photothermal therapy after single NIR laser irradiation
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Scheme 1 Schematic illustration of the design of Nanocom-ICG in combined PTT/PDT therapy

is responsible for the improved therapeutic efficiency
of Nanocom-ICG. Therefore, we can conclude that fur-
ther development of this combination therapy strategy
opens new windows for cancer therapy (Scheme 1).

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-020-00754-8.

[ Additional file 1. Additional figures. }

Abbreviations

ICG: Indocyanine green; AuNRs: Gold nanorods; PDT: Photodynamic therapy;
PTT: Photothermal therapy; SPR: Surface plasmon resonance; FRET: Fluores-
cence resonance energy transfer; CCK-8: Cell Counting Kit-8; DLS: Dynamic
light scattering; ICG: Indocyanine green.

Acknowledgements
Not applicable.

Authors’ contributions

WL and JW provided the conceptual framework for the study. BG, YS, HL and
XL designed experiments and discussed the results. XH, JZ and YC helped
with data analysis. BG, YS, HL and WL co-wrote the paper. All authors read and
approved the final manuscript.

Funding

This work was funded by Academic Subsidy Project for Top Talents

in Disciplines of Colleges of Provincial Education Department (gxb-

jZD16), Key Research and Development Projects in Anhui Province for B
(202004J07020010),Key Research and Development Projects in Anhui Province

for A (201904a07020079), the National Natural Science Foundation of Tibet
(XZ2017ZR-ZY033).

Availability of data and materials
All data generated or analysed during this study are included in this publised
article.

Ethics approval and consent to participate
No applicable.

Consent for publication
All authors agree to be published.

Competing interests
The authors declare no competing financial interest.

Author details

! Department of Respiratory Disease, The First Affiliated Hospital of Bengbu
Medical College, Bengbu 233004, China. > Center for Clinical Medicine

of Respiratory Disease (tumor) in Anhui, Bengbu 233004, China. 3 Depart-
ment of Medical Microbiology, MOE/NHC/CAMS Key Laboratory of Medi-
cal Molecular Virology, School of Basic Medical Sciences, Fudan University,
Shanghai 200032, China. * Department of Thoracic Surgery, the First Affiliated
Hospital of Bengbu Medical College, 233004 Bengbu, China. ° Department
of Respiratory Disease, People’s Hospital of Shannan, Shannan 856000, Tibet,
China. ® Anhui Province Key Laboratory of Translational Cancer Research,
Bengbu 233003, Anhui, China. ” Dept. of Gastroenterology & Hepatology,
Zhongshan Hospital of Fudan University, Shanghai 200032, China.

Received: 14 October 2020 Accepted: 10 December 2020
Published online: 08 February 2021


https://doi.org/10.1186/s12951-020-00754-8
https://doi.org/10.1186/s12951-020-00754-8

Gong et al. J Nanobiotechnol

(2021) 19:41

References

1.

Agostinis P, Berg K, Cengel KA, Foster TH, Girotti AW, Gollnick SO,

et al. Photodynamic therapy of cancer: an update. Ca Cancer J Clin.
2011,;61:250-81.

Banerjee SM, Malhotra A, El-Sheikh S, Tsukagoshi D, Tran-Dang MA, Mosse
A, etal. Abstract OT2-02-01: photodynamic therapy for the treatment

of primary breast cancer: Preliminary results of a phase I/lla clinical trial.
Cancer Res. 2017;77:2.

Garcia CP, Chambrier |, Cook MJ, Haines AH, Field RA, Russell DA. Targeted
photodynamic therapy of breast cancer cells using lactose-phthalo-
cyanine functionalized gold nanoparticles. Journal of Colloid Interface
Science. 2017;512:249.

Liu CP,Wu TH, Liu CY, Chen KC, Chen YX, Chen GS, et al. Self-Supplying O2
through the Catalase-Like Activity of Gold Nanoclusters for Photody-
namic Therapy against Hypoxic Cancer Cells. Small. 2017;13:1700278.
Shenglin L, Erlong Z, Yongping S, Tianmin C, Chunmeng S. A review of
NIR dyes in cancer targeting and imaging. Biomaterials. 2011,32:7127-38.
Peng Z, Wim S, Manoj K, Matthew S. Versatile photosensitizers for photo-
dynamic therapy at infrared excitation. J Am Chem Soc. 2007;129:4526~7.
LiuY, Zhi X, Yang M, Zhang J, Lin L, Zhao X, et al. Tumor-triggered drug
release from calcium carbonate-encapsulated gold nanostars for near-
infrared photodynamic/photothermal combination antitumor therapy.
Theranostics. 2017,7:1650-62.

LiY,WenT, Zhao R, Liu X, Ji T, Wang H, et al. Localized electric field of
plasmonic nanoplatform enhanced photodynamic tumor therapy. Acs
Nano. 2014;8:11529-42.

Haiyan C, Xin Z, Shuhang D, Yuxiang M, Sisi C, Samuel A, et al. Multi-
functional gold nanostar conjugates for tumor imaging and combined
photothermal and chemo-therapy. Theranostics. 2013;3:633-49.

Wang X, Gao S, Qin Z, Tian R, Wang G, Zhang X, et al. Evans blue deriva-
tive functionalized gold nanorods for photothermal therapy enhanced
tumor chemotherapy. Acs Appl Mater Interfaces. 2018;10:02195.

. Huang X, Jain PK, El-Sayed IH, El-Sayed MA. Plasmonic photothermal

therapy (PPTT) using gold nanoparticles. Lasers Med Sci. 2008;23:217.
Zharov VP, Mercer KE, Galitovskaya EN, Smeltzer MS. Photothermal
Nanotherapeutics and Nanodiagnostics for Selective Killing of Bacteria
Targeted with Gold Nanoparticles. Biophys J. 2006;90:619-27.

Ravi S, Vipul B, Minakshi C, Atanu B, Bhonde RR, Murali S. Biocompat-
ibility of gold nanoparticles and their endocytotic fate inside the cellular
compartment: a microscopic overview. Langmuir. 2005,;21:10644-54.
Xin W, Shao M, Song Z, Liu X. Biomedical applications of gold nanorod-
based multifunctional nano-carriers. J Nanopart Res. 2013;15:1-16.

Ni Q,Teng Z, Dang M, Tian Y, Zhang Y, Huang P, et al. Gold nanorod
embedded large-pore mesoporous organosilica nanospheres for gene
and photothermal cooperative therapy of triple negative breast cancer.
Nanoscale. 2016,9:1466.

Xuan W, Chen H, Tham HP, Nan Z, Zhao Y. Combined photodynamic and
photothermal therapy using cross-linked polyphosphazene nano-
spheres decorated with gold nanoparticles. ACS Appl Nano Materials.
2018;1:3663-72.

Muddineti OS, Ghosh B, Biswas S. Current trends in using polymer coated
gold nanoparticles for cancer therapy. Int J Pharm. 2015;484:252-67.

Da Z, Ming W, Yongyi Z, Lingjie W, Qingtang W, Xiao H, et al. Chlorin e6
conjugated poly(dopamine) nanospheres as PDT/PTT dual-modal thera-
peutic agents for enhanced cancer therapy. Acs Appl Materials Interfaces.
2015;7:8176-87.

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

Page 14 of 14

Jing L, Shouju W, Peng H, Zhe W, Shouhui C, Gang N, et al. Photosen-
sitizer-loaded gold vesicles with strong plasmonic coupling effect for
imaging-guided photothermal/photodynamic therapy. Acs Nano.
2013;7:5320-9.

Rajkumar S, Prabaharan M. Theranostics based on iron oxide and gold
nanoparticles for imaging-guided photothermal and photodynamic
therapy of cancer. Curr Top Med Chem. 2016;17:1.

Demberelnyamba D, Ariunaa M, Shim YK. Newly synthesized water solu-
ble cholinium-purpurin photosensitizers and their stabilized gold nano-
particles as promising anticancer agents. Int J Mol Sci. 2008;9:864-71.
Brown SD, Paola N, Jo-Ann S, David S, Edwards PR, Balaji V, et al. Gold
nanoparticles for the improved anticancer drug delivery of the active
component of oxaliplatin. J Am Chem Soc. 2010;132:4678-84.

Feng W, Yu-Cai W, Shuang D, Meng-Hua X, Tian-Meng S, Jun W. Doxoru-
bicin-tethered responsive gold nanoparticles facilitate intracellular drug
delivery for overcoming multidrug resistance in cancer cells. Acs Nano.
2011;5:3679-92.

Jia C, Yong H, Shulin Z, Xin L, Jianniao T. Gold nanoparticles-based
fluorescence resonance energy transfer for competitive immunoassay of
biomolecules. Analyst. 2012;137:5885-90.

Duan N, Wu S, Ma X, Chen X, Huang Y, Wang Z. Gold nanoparticle-based
fluorescence resonance energy transfer aptasensor for ochratoxin A
detection. Anal Lett. 2012;45:714-23.

Jutaek N, Wan-Geun L, Sekyu H, Yeong Su H, Nokyoung P, Nayoun W,

et al. pH-responsive assembly of gold nanoparticles and “spatiotempo-
rally concerted”drug release for synergistic cancer therapy. Acs Nano.
2013;7:3388-402.

Beltram F, Luin S, Ricci F, Nifosi R, Signore G, Voliani V. Smart delivery and
controlled drug release with gold nanoparticles: new frontiers in nano-
medicine. Recent Patents Nanomed. 2012;2:1-8.

Amoli-Diva M, Sadighi-Bonabi R, Pourghazi K. Switchable on/off drug
release from gold nanoparticles-grafted dual light- and temperature-
responsive hydrogel for controlled drug delivery. Materials Sci Eng C.
2017;76:242-8.

Yu C, Doane TL, Chi-Hung C, Assem Z, Clemens B. Near infrared light-
triggered drug generation and release from gold nanoparticle carriers for
photodynamic therapy. Small. 2014;10:1799-804.

Xiaohua H, Svetlana N, El-Sayed MA. Gold nanorods: from synthesis

and properties to biological and biomedical applications. Adv Mater.
2010;21:4880-910.

Gorelikov I, Matsuura N. Single-step coating of mesoporous silica on
cetyltrimethyl ammonium bromide-capped nanoparticles. Nano Lett.
2008;8:369-73.

Zhenjiang Z, Liming W, Jing W, Xiumei J, Xiaohui L, Zhijian H, et al.
Mesoporous silica-coated gold nanorods as a light-mediated mul-
tifunctional theranostic platform for cancer treatment. Adv Mater.
2012;24:1418-23.

Ke J, David A, Anatoliy P. Size-dependent photothermal conversion
efficiencies of plasmonically heated gold nanoparticles. J Phys Chem C.
2013;117:27073-80.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Thermo-responsive polymer encapsulated gold nanorods for single continuous wave laser-induced photodynamicphotothermal tumour therapy
	Abstract 
	Background
	Materials and methods
	Chemicals and materials
	Preparation of mesoporous silica coated gold nanorods (AuNRs)
	Preparation of the nanocomposite
	Characterization of Nanocom
	Drug loading and in vitro release
	Cellular cytotoxicity assessment
	Cellular uptake
	In vitro photothermal therapy effects
	In vivo imaging
	Synergistic photothermalphotodynamic therapy of Nanocom-ICG with laser irradiation
	Statistical analysis

	Results and discussion
	Synthesis, characterization and properties of the Nanocom-ICG
	Drug loading and controlled release
	The photothermal and photodynamic properties of Nanocom-ICG
	Cell viability
	Cellular uptake and localization
	In vitro PTTPDT therapeutic effects
	Biodistribution of Nanocom-ICG in vivo
	Antitumour efficacy of Nanocom-ICG in vivo

	Conclusions
	Acknowledgements
	References




