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Biodegradable MoO, nanoparticles with efficient
near-infrared photothermal and photodynamic

synergetic cancer therapy at the second biological

window
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Near-infrared (NIR) laser induced phototherapy has been considered as a noninvasive option for cancer

therapy. Herein, we report plasmonic PEGylated molybdenum oxide nanoparticles (PEG-MoO, NPs) that

were synthesized by using a facile hydrothermal method. The PEG-MoO, NPs exhibit broad absorption at

the NIR biological window and remarkable photothermal conversion ability in the first (808 nm) and the

second (1064 nm) windows. Moreover, the biocompatible PEG-MoO, NPs exhibit effective cellular uptake

and could be eliminated gradually from the liver and spleen in mice. Studies on the therapeutic effects of

these NPs under 808 and 1064 nm exposures with mild hyperthermia are conducted. According to the

result, exposure to 1064 nm irradiation can not only effectively convert light into heat but also sensitize
the formation of reactive oxygen species (ROS), which exert dramatic cancer cell death and suppression
in vivo due to the synergic effect of photothermal therapy (PTT) and photodynamic therapy (PDT). In
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1. Introduction

Cancer is one of the most life-threatening diseases." Several
therapeutic approaches such as chemotherapy, radiotherapy,
operative treatment, and so on have been developed for cancer
treatment. Among these approaches, near-infrared (NIR) laser
induced photothermal therapy (PTT) and photodynamic
therapy (PDT) are two major phototherapeutic approaches for
cancer treatment.” PTT can ablate cancer cells by transforming
light into heat energy, while PDT mainly induces cell apoptosis
due to the reactive oxygen species (ROS) generated by photo-
sensitizers.>* Both these approaches possess unique advan-
tages including remote controllability, minimal invasiveness to
normal tissues as well as low systemic toxicity. In addition,
biological tissues have a minimal NIR light absorbance in
the first (650-950 nm, NIR-I) window and the second
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marked contrast, 808 nm irradiation can only execute limited PTT to cancer cells, showing a relatively low
inhibition rate in vitro and in vivo. This biodegradable MoO, nanoplatform with synergetic PTT and PDT
functionalities upon 1064 nm irradiation provided emerging opportunities for the phototherapy of cancer

(1000-1350 nm, NIR-II) window.”® Water is the most signifi-
cant component and the major absorber of NIR light in bio-
logical tissue. The lower water absorption of 808 nm and
1064 nm laser irradiation in the NIR-I/NIR-II window not only
results in a deeper penetration depth, but also minimizes
tissue overheating.” In particular, the NIR-II laser has deeper
penetration depth and maximum permissible exposure to skin
when compared to the NIR-I laser.® The penetration depth is
deemed to be maximal for 1000-1100 nm light, and the
maximum permissible exposure for skin is 1.0 W em ™2 in this
spectral region.” With the rapid development of nanotechno-
logy, numerous PTT nanoagents with an intrinsic NIR photo-
thermal conversion effect in the NIR-I and NIR-II windows
were reported.'®'> Meanwhile, it has been reported that metal
nanomaterials (Au and Pt) can act as NIR light activatable
nanoagents without additional organic photosensitizers in the
NIR-I window for the PDT of cancer due to their ability to form
singlet oxygen (0,)."**® Recently, Vankayala et al. reported Au
nanorods as a nanoagent for synergetic PTT and PDT under
the NIR-II window irradiation for the complete destruction of
solid tumors."® However, a Au nanoagent often requires the
use of expensive femto-second lasers to achieve PTT and PDT
efficacy. In particular, NIR-II light activatable nanoagents,
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which have the function of synergetic PTT and PDT for cancer
therapy, are very rare. Besides this, most of the nanoagents
with synergetic PTT and PDT function were always obtained by
introducing organic photosensitizers to the surface of photoa-
gents, and the process is complicated, which may cause
unwanted fluorescence quenching of the photosensitizer.>°
Organic photosensitizers also possess low molar extinction
coefficients, and can undergo photobleaching. Therefore, it is
highly desired to develop a novel NIR-II activatable nanoagent
with a simple synthesis process, while it possesses both high
photothermal conversion efficiency and direct ROS production
ability in the NIR-II window to effectively treat tumors by syner-
getic PTT and PDT.

Transition metal oxide semiconductor nanomaterials are of
particular interest due to their tunable localized surface
plasmon resonance (LSPR).>'>* Considerable efforts have
been undertaken using plasmonic semiconductor nano-
materials (Cu,_,S, W;30,9) for synergetic PTT and PDT, which
were mainly focused on the NIR-I window irradiation.”®>>®
Until now, the investigation of NIR-II based phototherapy
using semiconductor nanomaterials is still rare. As an emer-
ging type of NIR plasmonic semiconductor, oxygen-deficient
molybdenum oxide nanoparticles (MoO, NPs) are easy to be
synthesized at a low cost in comparison with noble metal
nanomaterials. For instance, it was demonstrated that the
band gap of sub-stoichiometric MoO, is shape-dependent.>®
Blue-shifting and red-shifting phenomena have been observed
in nanoparticles and nanoflakes, respectively.>® Moreover, the
LSPR of MoO, can be tuned in the NIR region through chan-
ging its chemical composition, which allows the modulation
of its optical properties.’>*' Our group recently reported that
hollow structured MoO, NPs possess strong NIR-I (808 nm)
absorption and good NIR-I triggered photothermal/chemo-
therapy synergistic effects on tumors.** All these findings have
indicated that MoO, NPs are a promising candidate as meritor-
ious NIR phototherapeutic nanoagents.’® In addition, the
long-term toxicity of nanomaterials could be a serious concern
which hampers their further clinical application.*' Therefore,
it would be better to develop a kind of MoO, NP which can be
excreted from normal tissues to avoid the potential long-term
toxicity of the NPs while being accumulated in tumors efficien-
tly via the enhanced permeability and retention (EPR) effect.
However, PEG-MoO, NPs as a biodegradable, single-phase,
dual-functional nanoagent that presents a combined PTT and
PDT effect in the NIR-II window have not been reported to
date.

Herein, we develop PEGylated MoO, nanoparticles
(PEG-Mo0O,, NPs) with a diameter of 15-25 nm that were syn-
thesized through a facile, green, one-pot hydrothermal
method. The low cost, plasmonic PEG-MoO, NPs present
remarkable NIR absorption in the range from 800 to 1200 nm.
Meanwhile, the PEG-MoO, NPs containing essential trace
elements of the human body (O and Mo) exhibit good biocom-
patibility. The biocompatible PEG-MoO, NPs exhibit consider-
able photothermal conversion efficiency, effective cellular
uptake and a gradual elimination from the liver and spleen of
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mice. The PEG-MoO, NPs as a photo-responsive agent for the
destruction of cancer cells in the NIR-I (808 nm) and NIR-II
(1064 nm) windows under mild hyperthermia (~43 °C), which
can avoid high temperature induced damage to normal
tissues, were investigated. We firstly found that the 1064 nm
irradiation can not only effectively convert laser irradiation
into heat but also sensitize PEG-MoO, NPs to generate 10,,
achieving effective suppression of tumors in mice due to the
synergistic PTT and PDT effect. Consequently, the PEG-MoO,
NPs as a simple but promising nanoplatform provided an
emerging opportunity for the phototherapy of cancer in the
field of nanomedicine.

2. Experimental section

2.1 Materials and reagents

Ammonium molybdate tetrahydrate [(NH,)sMo0,0,,-4H,0] and
polyethylene glycol (PEG, M,, = 4000) were purchased from
Aladdin Co. Ltd. Ethanol was purchased from Beijing
Chemical Corporation. All the chemicals were of research
grade and used without further purification. Distilled water
was used throughout.

2.2 Synthesis of PEG-M0O,, NPs

Firstly, 0.07 mmol of (NH,)sM0,0,,-4H,0 was dissolved into
20 mL of distilled water under stirring. Afterwards, 10 mL of
PEG-4000 (0.10 g) was added into an ethanol solution (volume
ratio of water to ethanol = 2:1). The pH of the solution was
adjusted to 1.2 by using hydrochloric acid (HCI). After mixing
evenly, the hydrothermal process was performed at 160 °C for
12 h and a blue precipitate was observed. The precipitate was
collected by centrifugation and washed with distilled water
three times. Finally, the products were obtained by freeze-

drying.
2.3 Photothermal effect of PEG-M0O, NP aqueous solution

To determine the photothermal effect, we measured the
temperature increment (AT) when the continuous laser of
808 nm and 1064 nm laser wavelengths respectively
irradiated the PEG-MoO, NPs. PEG-MoO, NP aqueous solu-
tions with different concentrations were put into a quartz
cuvette and irradiated (808 nm and 1064 nm laser) at a
power density of 1.0 W cm™> for 10 min. To test the photo-
stability of the PEG-MoO, NPs (reproducibility of the
heating process) via 808 nm and 1064 nm laser irradiation,
five cycles of NIR laser irradiation were performed for the
PEG-MoO, NPs solution with concentrations of 1.0 mg mL™".
Each cycle consisted of 3 min irradiation followed by a 3 min
cooling phase.

2.4 Invitro cell viability assay of PEG-MoO,. NPs

HeLa cells (a human cervical carcinoma cell line), HepG2 cells
(a human liver hepatocellular cell line), and PANC-1 cells (a
human pancreatic cancer cell line) were purchased from
Cancer Hospital, Chinese Academy of Medical Sciences. Then,
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the HeLa cells, HepG2 cells, and PANC-1 cells were cultured
with Dulbecco’s modified Eagle’s medium (DMEM), Iscove’s
modified Dulbecco’s medium (IMDM), and RPMI
1640 medium, respectively, which were supplemented with
10% fetal bovine serum (FBS), at 37 °C under a humidified
atmosphere with 5% CO,. The cell viabilities were evaluated
using the standard Cell Counting Kit-8 (CCK-8) assay. The
three types of cells were seeded into 96-well culture plates
(about 8 x 10° cells per well). After adding PEG-MoO, NPs with
different concentrations (3.125, 6.25, 12.5, 25, 50, 100, and
200 pg mL™"), these cells were subsequently incubated for 24 h
at 37 °C under 5% CO,. Then, 10% of the CCK-8 medium solu-
tions was added to each well and incubated for another 2 h.
Finally, the absorbance was measured at 490 nm using
SpectraMax M2 (MDC, USA). Six replicates were taken for each
treatment group.

2.5 Extracellular ROS detection

1,3-Diphenylisobenzofuran (DPBF) was used as a singlet 'O,
trapping reagent in acetonitrile solution. The generation of
extracellular ROS was measured with the DPBF probe. In a
typical experiment, 3 mL of acetonitrile solution containing
0.08 mM DPBF and 100 pg mL~' PEG-MoO, NPs were placed
in a quartz cuvette. 808 nm and 1064 nm lasers (power density
for 808 nm: 1.2 W cm™2, power density for 1064 nm: 1.0
W cm™?) were used as the laser source. The absorbance of the
solution at 410 nm was measured for a 30 min period using a
UV-vis spectrophotometer. The decrease of the absorbance
caused by the photobleaching of DPBF was measured and cor-
rected in all the experiments.

2.6 Measurement of intracellular ROS production

A typical ROS-sensitive probe, dichlorofluorescein diacetate
(DCFH-DA) solution, which could be oxidized into highly fluo-
rescent DCF by ROS, was chosen to detect the intracellular
ROS generation. Firstly, HeLa cells with a density of 1 x 10°
cells per well were plated in 6-well plates for 12 h. The cells
were incubated with PEG-MoO, NPs (100 pg mL™") for 2 h and
irradiated with 808 nm (power density: 1.2 W em™?, with the
maximum temperature control at 43 °C) or 1064 nm laser
(power density: 1.0 W em ™2, with the maximum temperature
control at 43 °C) for 10 min. The cell medium was then
replaced with DCFH-DA solution, followed by co-incubation
for 30 min at 37 °C in the dark. The group treated with the
standard ROS inducing reagent ROSup (100 pM) without
PEG-MoO, NPs was defined as the positive control, while the
group without any treatment was defined as the negative
control. In addition, the group with PEG-MoO, NPs and
250 pM ROS quenchers (histidine and mannitol), under
1064 nm irradiation, was also used as the control group.
Fluorescence microscopy images were obtained with an
inverted fluorescence microscope (OLYMPUS X-73, Japan) to
evaluate the visualized ROS generation. For DCF detection, the
excitation wavelength was 485 nm and the emission wave-
length was 525 nm.
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2.7 Quantification of the cellular uptake of PEG-M0O, NPs

To quantify the cellular uptake of PEG-MoO, NPs, HeLa cells
were seeded into 6-well plates with complete DMEM at a
density of 2 x 10° cells per well for 24 h; then the medium was
removed and replaced with DMEM containing 6.25, 25, and
100 pg mL~" PEG-MoO, NPs. Meanwhile, the cells were incu-
bated with the PEG-MoO, NPs at different time interval of 2, 6,
and 24 h with four wells at each time point. The HeLa cells
were lightly washed three times with PBS, digested with 0.25%
trypsin containing 0.02% EDTA, centrifuged for 15 min at
1200 rpm, and collected. Then, an inductively coupled plasma
mass spectrometry (ICP-MS) experiment was conducted to
quantify the cellular uptake of the PEG-MoO, NPs. Typically,
the above samples were added into 5 mL of HNO3;, transferred
to flasks, and sealed for pre-digestion overnight. The next day,
3 mL of 30% H,O, was added to each flask. The flasks were
placed on a hot plate and maintained at 150 °C for 3 h until
the digestion was complete and then cooled to room tempera-
ture. The solution in each flask was diluted to 3 g with 2%
HNO;. A series of Mo standard solutions (0, 0.5, 1, 5, 10, 50,
and 100 ppb) were prepared with 2% HNO; solution. Both the
standard and test solutions were measured by using an
ICP-MS system (Thermal Elemental X7, Thermal Fisher
Scientific Inc., USA). The amount of PEG-MoO, NPs was finally
normalized to the cell number per gram.

2.8 Combined PTT and PDT efficiency at the cellular level

HeLa, HepG2, and PANC-1 cells were cultured in a 96-well
culture plate at a density of 1 x 10 cells per well for 12 h to
allow cell attachment. Solutions containing PEG-MoO, NPs
with different concentrations were added to the culture
medium. After 4 h of co-incubation, the three types of cells
were irradiated with 808 nm (1.2 W cm™>) and 1064 nm lasers
(1.0 W cm™?) for 10 min at the surrounding temperatures of
37 °C and 4 °C. Then, these cells were incubated for another
24 h and the cell viabilities were evaluated via the CCK-8 assay.

Furthermore, HeLa cells were chosen for investigating cell
viabilities by using live/dead staining based on calcein AM/pro-
pidium iodide (CA/PI). The HeLa cells were seeded in culture
dishes (about 1 x 10° cells per well) overnight at 37 °C under
5% CO,. Then, the cells were incubated with 50 and 100
pg mL™" concentrations of PEG-MoO, NPs. After 24 h, the
HeLa cells were washed with PBS. The cells incubated with
100 pg mL™' of PEG-MoO, NPs were irradiated with 808 nm
(1.2 W em ™) and 1064 nm (1.0 W ¢m™?) lasers for 10 min.
After 2 h, the cells were slightly washed with PBS and stained
with CA/PI for 15 min. The images were visualized with an
inverted fluorescence microscope (OLYMPUS X-73, Japan).

For flow cytometry (FACS), HeLa cells were seeded in 6-well
culture plates and divided into six groups: (I) Control, (II)
Control + 808 nm, (III) Control + 1064 nm, (IV) PEG-MoO,. NPs
(100 pg mL™"), (V) PEG-MoO, NPs + 808 nm, and (VI)
PEG-Mo0O, NPs + 1064 nm. After NIR laser irradiation (power
density of 808 nm: 1.2 W cm™2, power density of 1064 nm: 1.0
W cem™?) for 10 min, the HeLa cells were incubated for a
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further 4 h at 37 °C in the dark. Cells incubated with PBS with
or without NIR irradiation served as the control groups. A cell
suspension was prepared consecutively by trypsinization, and
washing with cold PBS. Then, the cells were stained by using
an annexin V-FITC and PI staining kit. The induction of apop-
tosis in HeLa cells was examined with a FACS Calibur flow
cytometer (BD, Accuri C6).

2.9 Invitro hemolysis assay

To further evaluate the in vitro biocompatibility, ethylenedi-
amine tetraacetic acid (EDTA)-stabilized blood samples were
obtained from Kunming mice. All the animal experiments
were performed in compliance with the guidelines for the use
and care of laboratory animals of the Ministry of Science and
Technology of the People’s Republic of China. The Animal
Study Committee of the Ministry of Science and Technology of
the People’s Republic of China has approved the experiments.
First, 1 mL of blood sample was added to 2 mL of PBS, and
then red blood cells (RBCs) were separated from serum by cen-
trifugation at 2000 rpm for 10 min, washed several times with
PBS, and then diluted into 10 mL using PBS. Then, 0.2 mL of
diluted RBC suspension was taken out to mix with (I) 0.8 mL
of PBS as a negative control, (II) 0.8 mL of deionized water as a
positive control, and (IIT) 0.8 mL of PEG-MoO, NP dispersions
with concentrations ranging from 0 to 800 pg mL ™. Afterward,
all the mixtures were vortexed and kept at room temperature
for 4 h and centrifuged at 12 000 rpm for 5 min. The absor-
bance of the supernatants at 541 nm was measured by UV-vis
spectroscopy. The hemolysis percentage of RBCs was calculated
using the following equation: Hemolysis percentage (%) =
(Asample - Anegative)/(Apositive - Anegative) % 100%, where Asample;
Anegatives a0d Aposiive are the absorbance of the sample, the nega-
tive control, and the positive control, respectively.

2.10 In vivo toxicity assessment of PEG-MoO,, NPs

BALB/c mice (male, 5 weeks old) were randomly divided into
different groups (n = 3 for each group). The PEG-MoO, NPs
(20 mg kg™!, 2 mg mL™", 200 pL) in PBS were intravenously
(i.v.) injected into the tail vein of the mice. The mice injected
with PBS (200 pL) acted as the control group. To examine the
in vivo toxicity, the body weights within 30 days were moni-
tored after injection. The main organs including the heart,
liver, spleen, lung, and kidney were removed after the treat-
ment of different days and were fixed in formalin solutions.
Then, the organs were dehydrated using buffered formalin,
ethanol, and xylene. Finally, they were embedded in liquid
paraffin, sectioned, and stained with hematoxylin and eosin
(H&E) for histological examination. The pathology slices were
observed and photos were taken using an inverted fluo-
rescence microscope. In addition, on the 15th and 30th day,
blood chemistry analysis of mice after administration with
PEG-MoO, NPs was carried out. The main indicators for the
liver and kidney were investigated via routine clinical methods
and compared with the control group injected with PBS.
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2.11 In vivo biodistribution and biocompatibility of
PEG-MoO,, NPs

Healthy male BALB/c mice were i.v. treated with PEG-MoO,
NPs (20 mg kg™") by tail vein injection. The mice (n = 3 for
each group) were then euthanized at different time points (1 h,
12 h, 2 days, 7 days, 15 days, and 30 days). The mice injected
with PBS acted as the control group. Major organs including
the heart, liver, spleen, lung, and kidney were collected and
weighed. Then, all the tissues were treated with HNO; and
H,0, (v/v =1:1) at 100 °C to obtain clear solutions. The Mo
concentrations in the solutions were determined by ICP-MS
and the content in each tissue was calculated.

2.12  Tumor animal model and in vivo infrared thermal
imaging

BALB/c nude mice (male, 5-6 weeks old) were purchased from
Cancer Institute & Hospital, Chinese Academy of Medical
Sciences. For the pancreatic tumor (PANC-1) model, the nude
mice were inoculated subcutaneously with PANC-1 cells (2 x 10°)
in the right axilla. The tumor size was measured periodically
using a slide caliper. When tumor volumes approached
~240 mm?®, the mice were used. For infrared thermal imaging,
the tumor-bearing nude mice were anaesthetized using pento-
barbital (1%) at a dosage of 100 pL and then injected with PBS
(200 pL) and PEG-MoO, NPs (200 uL, 20 mg kg™") via i.v. injec-
tion. Afterwards, the mice were imaged under 808 nm and
1064 nm laser irradiation for 10 min.

2.13 In vivo antitumor activity of PEG-MoO, NPs

The tumor-bearing BALB/c nude mice were also prepared by
inoculating 2 x 10° PANC-1 cells through subcutaneous injec-
tion. After the tumor volumes reached 240 mm?, the mice were
randomized into six groups (n = 3 for each group): Group I
PBS, Group II: PBS + 808 nm laser, Group III: PBS + 1064 nm
laser, Group IV: PEG-MoO, NPs, Group V: PEG-MoO, NPs +
808 nm laser, Group VI: PEG-M0O, NPs + 1064 nm laser. All
the tumor-bearing mice were anaesthetized and treated with
i.v. injection. The injected dosage was chosen as follows: PBS
(200 pL) and PEG-MoO, NPs (200 pL). For the NIR laser
irradiation groups, the tumor sites were irradiated with
808 nm (0.75 W em™?) and 1064 nm (0.6 W cm™>) lasers for
10 min. The temperature of the irradiated tumor area was
recorded. The tumor sizes and the body weights were moni-
tored every two days. On the 15th day, the mice were eutha-
nized and the tumors were weighed. The statistical signifi-
cance was determined by using the analysis of variance of the
Pvalue (*P < 0.05, **P < 0.01).

2.14 H&E staining and caspase-3 staining

To further compare and characterize the difference of photo-
therapy efficiency under 808 and 1064 nm irradiation, the
tumors were removed after finishing the experiment. The
typical tumors of the mice in the six groups (I: PBS; II: PBS +
808 nm laser, III: PBS + 1064 nm laser, IV: PEG-MoO,, NPs, V:
PEG-Mo0O, NPs + 808 nm laser, VI: PEG-M0O, NPs + 1064 nm

This journal is © The Royal Society of Chemistry 2018
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laser) were harvested for haematoxylin and eosin (H&E) stain-
ing and histopathological analysis. Caspase-3 immunohisto-
chemical staining was also performed to measure the extent of
the apoptosis of the tumors. The slices of the tumors were
examined with an inverted fluorescence microscope.

2.15 Characterization

Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HR-TEM) of the samples
were performed using a FEI Tecnai G2 S-Twin system with a
field emission gun operating at 200 kV. The element analysis
of the samples was performed using an energy-dispersive X-ray
spectrum (EDX, HORIBA EMAX-250) attached on a field emis-
sion scanning electron microscope (FE-SEM) (S-4800, Hitachi,
Japan). X-ray powder diffraction (XRD) analysis was performed
using a Japan Rigaku D/max-2500 diffractometer with Cu Ko
radiation (1 = 1.5418 A). X-ray photoelectron spectroscopy
(XPS) was performed on a Kratos AXIS-165 surface analysis
system. Dynamic light scatting (DLS) data were provided by
using a Nicomp380 ZLS plus ZETADi system. The UV-vis-NIR
data were obtained by using a U-3900 spectrophotometer
(Hitachi). The Fourier transform infrared (FT-IR) spectrum was
recorded on an infrared microscope (iN10-1Z10, Thermo
Fisher). Infrared thermal imaging was acquired at different
irradiation times and recorded using a FLIR thermal camera
(FLIR ThermaCAM E40). Inductively coupled plasma-mass
spectrometry (ICP-MS) was conducted using an iCAP 6300
system (Thermo Scientific).

2.16 Statistical analysis

All data are expressed in this article as mean result + standard
deviation (SD). The statistical analysis was performed with
Origin 8.5 software.

3. Results and discussion

3.1. Physical and chemical characterization of PEG-MoO,
NPs

Scheme 1 demonstrates the synthetic process of PEGylated
MoO, nanoparticles (PEG-MoO, NPs) and their potential use
as phototherapeutic agents in the NIR-II window. First,
(NH4)§Mo0,0,4-4H,0 was hydrolyzed in a mixture of water-
ethanol solution, whose pH was adjusted to 1.2 with hydro-
chloric acid before a hydrothermal process at 160 °C for 12 h.
We find that the morphology of the MoO, is nanoparticles
with a diameter range from 15 to 30 nm in a transmission elec-
tron microscopy (TEM) image (Fig. 1a). The spacing between
the adjacent lattice planes corresponds to the d-spacing of
(010) planes and is 0.334 nm as provided by a high-resolution
TEM (HR-TEM) image (Fig. 1b). In addition, given that
dynamic light scattering (DLS) is an effective tool to determine
the hydrodynamic diameter and dispersity of NPs, we investi-
gated the hydrodynamic diameter of PEG-MoO, NPs in dis-
tilled water. According to the DLS measurement result
(Fig. 1c), the hydrodynamic diameter of PEG-MoO, NPs ranges
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Scheme 1 Schematic illustration for the (a) synthesis of PEG-MoO, NPs
and (b) NIR-11 1064 nm laser induced synergetic PTT and PDT of tumors
under mild hyperthermia conditions.

from 25 to 40 nm, suggesting a good dispersion of these
NPs in water. The X-ray diffraction (XRD) pattern was used
to characterize the crystal structure of the sample (Fig. 1d).
The XRD pattern reveals that the diffraction peaks can be
assigned to a mixture of orthorhombic M0,04; (JCPDS no. 65-
0397, marked with &) and monoclinic MoO, phases (JCPDS
no. 65-1273, marked with ¢).>* Energy dispersive X-ray spec-
trum (EDX) analysis detected the element distribution of mol-
ybdenum, oxygen, and carbon in the PEG-MoO, NPs
(Fig. S1af) and no other impurities were detected, revealing a
high phase purity of the product. X-ray photoelectron spec-
troscopy (XPS) measurement was further carried out to deter-
mine the valence state of Mo in the PEG-MoO, NPs (Fig. 1e
and f). In the high-resolution XPS spectrum of Mo 3d and
curve fitting data in Fig. 1f, the main peaks at 229.6 and 232.8
eV can be attributed to the binding energies of Mo 3ds,, and
Mo 3d3/, of Mo*".*>® The weak peaks located at 234.8 and 231.7
eV were assigned to the Mo 3d;, and Mo 3ds, of Mo™,
respectively.®® In addition, the binding energy values at 233.5
eV for the Mo 3dj), level and 236.8 eV for the Mo 3ds,, level
were observed, which correspond to the standard values of
Mo°®" reported in the literature.’” By calculating the area ratio
of Mo®*, Mo®", and Mo*" from the XPS spectra, we can con-
clude that PEG-MoO, NPs contain 22.0% Mo®", 42.6% Mo’",
and 35.4% Mo, respectively. This result indicated that
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Fig. 1 (a) TEM image, (b) HR-TEM image, and (c) DLS pattern of PEG-MoO, NPs (concentration: 50 pg mL™?). (d) XRD pattern of PEG-MoO, NPs. A
survey XPS spectrum (e) and a Mo 3d core level spectrum (f) of PEG-MoO, NPs. (g) FI-IR spectra of pure PEG and PEG-MoO, NPs. (h) UV-vis-NIR
absorbance spectrum of the PEG-MoO, NPs aqueous solution. The inset in (h) shows the photograph of the PEG-MoO, aqueous solution. The NIR
I and 1l biological windows are indicated by yellow and blue bars. (i) Five cycles of NIR laser irradiation were performed for concentrations of
1.0 mg mL™* of the PEG-MoO, NPs aqueous solution. Each cycle consisted of 3 min irradiation followed by a 3 min cooling phase (power density:

1.0 Wcm™3).

oxygen-deficient molybdenum oxides are formed, which is in
agreement with the XRD result. The Fourier transform infrared
(FT-IR) spectrum (Fig. 1g) reveals that peaks associated with
the asymmetric and symmetric stretching vibrations of methyl-
ene units (-CH,— groups) are at 2923 and 2855 em™, respect-
ively. Compared with the FT-IR spectrum of pure PEG in
Fig. 1g, the characteristic stretching vibration of the C-O-C
group at 1103 cm™' shifted to a lower wavenumber,*®>°
suggesting that the PEG has been successfully modified onto
the surface of MoO, NPs. It was reported that MoO, with a
mixed valence state of Mo*", Mo®*, and Mo®" could be oxidized
into Mo®" in the presence of oxygen.’® Therefore, we investi-
gated the stability of PEG-MoO, NPs in phosphate buffered
saline (PBS) (pH = 7.4) for a prolonged incubation time. TEM
images in Fig. S1b and cf indicate that the sizes of the
PEG-Mo0O, NPs decreased to ~5 nm within 48 h. And almost
no large NPs except for many ultrasmall particles (less than
5 nm) were observed after 72 h. At the same time, the blue NP
solution became almost colorless, further suggesting a gradual
degradation of the NPs in the PBS solution (Fig. S2af).
Moreover, we also found that there was no visible color change
of the PEG-MoO, NPs after being incubated with acidic PBS
buffer (pH = 5.0) within 72 h as shown in Fig. S2a.T Therefore,
it can be concluded that the PEG-Mo0O,. NPs are pH-responsive

1522 | Nanoscale, 2018, 10, 1517-1531

to the physiological environment. Furthermore, we performed
XPS to testify the product during the degradation process. As
shown in Fig. S2b and c, the XPS spectra revealed that Mo**
in the original sample (Fig. 1f) disappeared completely and
Mo°®" increased after being incubated in PBS buffer at pH 7.4
for 48 h, and then Mo®" decreased quickly and the concen-
tration of Mo®" increased from 20% to 80% when the incu-
bation time was prolonged to 72 h, indicating that most of the
Mo>* was oxidized to Mo®* for those NPs at the physiological
pH value. For the formula of Mo(vi), we propose as follows:
small H' ions in the reactant could partially react with the
MoO, (x = 4, 5, 6), forming H/(MoY)(Mo!! )0;.*° In our
experiment, H,(MoY)(Mo}! )Os; could be neutralized by the
weak alkali PBS buffer (pH 7.4) to form [Mo} (Mo}’ ,)0s]7,
which is then oxidized into [Mo"'04]*". However, H,(MoY)
(Mol )05 is very stable under acidic conditions and the oxi-
dation of Mo" was very slow.

The UV-Vis-NIR spectrum in Fig. 1h shows the extended
NIR absorption of PEG-MoO, NPs that covers the NIR-I and
NIR-II biological windows. The remarkable photo-absorption
of PEG-M0O, NPs motivated us to evaluate the photothermal
conversion effect. Two different lasers (808 nm, 1064 nm) were
used to irradiate PEG-MoO, NPs with different concentrations
at a power density of 1.0 W em™ for 600 s. The temperature
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change trends during the heating or cooling process of the
PEG-Mo0O, solutions were recorded with a FLIR thermal
camera (Fig. S51). Observably, the temperature of the aqueous
dispersion of PEG-MoO, NPs increased under the 808 and
1064 nm laser irradiation (Fig. S3a, b and S4a, bf}). For
example, at 200 pg mL™", the temperature of the PEG-MoO,
aqueous dispersion increased from 25.0 °C to 54.5 °C under
1064 nm NIR irradiation for 600 s, while, under the same con-
ditions, it increased to 43.1 °C under 808 nm laser irradiation.
Water was set as the control and the slight temperature change
induced by water can be ignored under 808 or 1064 nm
irradiation. The temperatures of all the PEG-MoO, NPs solu-
tions increased rapidly and showed a concentration-dependent
increase, indicating that the NPs could efficiently convert NIR
laser energy into heat. Moreover, the photothermal conversion
efficiency of the NPs was quantified to be 27.3% (808 nm
irradiation) and 37.4% (1064 nm irradiation) by the NIR laser
heating-cooling cycle (ESI, Fig. S3c, d and S4c, df). We also
tested the photo-stability of PEG-MoO,. NPs (reproducibility of
the heating process) via 808 nm and 1064 nm laser irradiation.
Five cycles of NIR laser irradiation were performed for concen-
trations of 1.0 mg mL™'. Each cycle consisted of 3 min
irradiation followed by a 3 min cooling phase (Fig. 1i). By
repeating the laser on-off cycles, the temperature at each step
increases slightly without compromising the photothermal
efficiency significantly. Thus, the as-prepared PEG-MoO, NPs
as a photothermal nanoagent can overcome the limitation of
the loss of NIR absorbance after irradiation and hence main-
tained their good photothermal conversion efficacy compared
with the Au nanoagent."!

3.2. Extracellular ROS detection

PDT requires an effective production of reactive oxygen species
(ROS) at the tumor site.*” In order to verify the capability of
PEG-MoO, NPs to produce ROS under NIR laser irradiation, an
experiment using a 1,3-diphenylisobenzofuran (DPBF) probe
as an acceptor of 'O, (a typical ROS) was carried out.*>** As
shown in Fig. 2a, there is no noticeable absorption change of
the DPBF + 1064 nm laser and DPBF + PEG-MoO, NPs without
1064 nm laser irradiation. However, 'O, was produced
immediately following the 1064 nm irradiation of PEG-MoO,
NPs by its reaction with DPBF, resulting in the decreased
absorption of DPBF at 410 nm. In addition, after the 1064 nm
irradiation of the NPs, the amount of the generated 'O,
increased depending on the irradiation time (Fig. 2b). In con-
trast, the 808 nm NIR irradiation did not cause a clear
decrease of DPBF’s absorption at 410 nm within the
irradiation time (Fig. 2¢ and d). Therefore, it can be concluded
that PEG-MoO, NPs under 1064 nm laser irradiation can result
in a clear decay of DPBF due to the continuous generation of
'0,. In general, the mechanisms of ROS production of plasmo-
nic nanomaterials under NIR irradiation are very compli-
cated.”® We speculated the 'O, production mechanism of the
photothermal PEG-MoO, nanoagent as follows: it has been
reported that one of the plasmon-activated pathways proceeds
mainly via an indirect photothermal process for plasmonic

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Investigation of the generation of reactive oxygen species (ROS).
UV-Vis absorption spectra of the DPBF solution incubated with
PEG-MoO, NPs under (a) 1064 nm and (c) 808 nm irradiation for
different times; UV-Vis absorption at 410 nm of DPBF incubated with
PEG-MoO, NPs as a function of (b) 1064 nm and (d) 808 nm laser
irradiation time (power density for 1064 nm: 1.0 W cm™2, power density
for 808 nm: 1.2 W cm™3).

nanomaterials under NIR laser irradiation that induces
extreme heat development leading to particle fragmentation
and increased thermionic electron emission.’®*® The remark-
able distinction in 'O, production under the two different
NIR-I and NIR-II windows could be justified on the grounds of
heat generation based on the different photothermal conver-
sion abilities. The photothermal conversion efficiency under
the 1064 nm irradiation is much higher than those at the wave-
length of 808 nm when the power density was set at 1.0
W cm™?, which has been proved in Fig. $3-S5.f The higher
temperature of the PEG-MoO, NPs solution under the
1064 nm irradiation could be the main reason for the clear 'O,
production compared with that under the 808 nm irradiation
during the photothermal therapy. However, at the same power
density, the relatively low temperature produced by the 808 nm
irradiation was not enough to increase the thermionic electron
emission. The detailed mechanism for such an excitation
wavelength dependent ROS production of MoO,-PEG still
requires further detailed study in the future.

3.3. Invitro cytotoxicity, phototherapy and intracellular ROS
detection

Efficient cell entry is a prerequisite for the PEG-MoO, NPs to
function as phototherapy agents. Therefore, cell uptake was
assessed with HeLa cells (a human cervical carcinoma cell
line) cultured in 24-well culture plates. The concentrations of
PEG-MoO, NPs were 6.25, 25, and 100 pg mL™". The intracellu-
lar Mo content was measured by inductively coupled plasma
mass spectrometry (ICP-MS) following incubation for different
times (2, 6, and 24 h). As can be seen in Fig. 3a, intracellular
Mo content shows increasing uptake with increasing concen-
tration and time. Next, the biocompatibility was investigated.
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Fig. 3 (a) Cellular uptake of PEG-MoO, NPs after incubation with Hela cells for 2, 6, and 24 h. (b) Cell viabilities of HeLa, PANC-1 and HepG2 cells

treated with PEG-MoO, NPs for 24 h.

The standard CCK-8 assay with the PEG-MoO, NPs was per-
formed on HeLa, HepG2, and PANC-1 cells. As illustrated in
Fig. 3b, the cell viabilities of the three different cell lines can
reach above 82% after incubation with these NPs up to a con-
centration of 200 pg mL ™.

In Fig. 4a and Fig. S5,f to demonstrate that PEG-MoO, NPs
can act as NIR activatable nanoagents at the cellular level, the
HeLa, PANC-1, and HepG2 cells were incubated with the
PEG-MoO,, NPs at 37 °C and irradiated with NIR 808 nm (1.2
W em™?, 10 min) and 1064 nm (1.0 W cm™> for 10 min) lasers
(the maximum temperature control was maintained at 43 °C
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under the two laser irradiation). Because the laser-caused
hyperthermia for cancer treatment is nonspecific, it is necess-
ary to choose appropriate laser parameters to obtain an
effective phototherapeutic response and simultaneously
ensure laser illumination safety to the surrounding normal
tissues.”” In our experiments, the cell viabilities of the control
groups are 89% and 87% after 10 min of NIR laser irradiation,
demonstrating that the used power densities (1.2 W em™> for
808 nm and 1.0 W cm ™ for 1064 nm) do not damage the HeLa
cells. Consequently, compared with the control group, a clear
drop in the percentage of cell viabilities in a dose-dependent
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Fig. 4 Comparison of the cell viability of HelLa cells incubated with PEG-MoO, NPs under 808 nm and 1064 nm laser irradiation at an environ-
mental temperature of (a) 37 °C and (b) 4 °C. (c) Fluorescence images of Hela cells after co-staining using CA/PI: (I) Control + 808 nm, (ll) Control +
1064 nm laser, () PEG-MoO, NPs (50 pg mL™). (IV) PEG-MoO, NPs (100 pg mL™), (V) PEG-MoO, NPs (100 pg mL™) + 808 nm laser (power
density: 1.2 W cm™2, the maximum temperature control at 43 °C), (VI) PEG-MoO, NPs (100 ug mL™) + 1064 nm laser (power density: 1.0 W cm~2,

the maximum temperature control at 43 °C) (scale bar: 50 pm).
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manner occurs in the two groups upon exposure to 808 nm those irradiated with the 808 nm laser (13% vs. 38% cell viabil-
and 1064 nm lasers. In particular, irradiation with the ities at the concentration of 100 pg mL™") as shown in Fig. 4a.
1064 nm laser resulted in much lower cell viabilities than To better elucidate the phototherapy effect, a systematic study
was carried out. As shown in Fig. 4b, when the medium temp-
erature was lowered from 37 °C to 4 °C to avoid the mild
hyperthermia induced by the two NIR lasers, high cell viability
was observed for the HeLa cells irradiated with the 808 nm
laser and then incubated with the NPs for 24 h. At the concen-
tration of 100 ug mL™" of the NPs, the viability of the 808 nm
laser irradiated cells can reach 83% while it clearly decreased
to 49% upon 1064 nm photoirradiation at 4 °C, implying that
1064 nm irradiation can lead to greater cytotoxicity. Moreover,
it is well understood that the photothermal effect can be sig-
nificantly suppressed by lowering the medium temperature
from 37 to 4 °C. Next, live/dead staining using calcein AM/PI
was conducted using HeLa cells to further investigate the cyto-
toxicity of PEG-MoO,. NPs with or without NIR laser exposure
Fig. 5 Comparison of the NIR laser irradiation of PEG-MoO, NPs treated  (Fig. 4c). It was noteworthy that the cell viability was not influ-
Hela cells that causes oxidative stress detected by the ROS probe epnced by PEG-MoO, NPs with concentrations up to 100
DCFH-DA, which emits green fluorescence when oxidized by ROS. The ng mL™, verifying that the NPs possess low cytotoxicity. In

Hela cells were incubated with PEG-MoO, NPs with/without 808 and dead cell d 1 d di
1064 nm laser irradiation. ROS was quenched by ROS quenchers (histidine contrast, many more dead cells (re co or) were detected 1n

and mannitol) after the incubation of the cells with PEG-MoO, NPs under ~ the group of PEG-MoO, NPs + 1064 nm compared with those
1064 nm laser irradiation. The irradiation time was set at 10 min. irradiated with the 808 nm laser, suggesting that PEG-MoO,
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Fig. 6 (a) Flow cytometric profiles of Hela cells were conducted to determine the percentages of early apoptosis and late apoptosis/necrosis cells
with different treatments. Control, Control + 808 nm, Control + 1064 nm, PEG-MoO, NPs (100 pg mL™), PEG-MoO, NPs + 808 nm, PEG-MoO, NPs
+ 1064 nm (power density of 808 nm laser: 1.2 W cm~2; power density of 1064 nm laser: 1.0 W cm~2; irradiation time: 10 min). (b, c) Statistical data

of the percentage of early apoptosis and late apoptosis cells under different treatments.
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NPs under 1064 nm irradiation can cause more effective
phototherapy on HeLa cells.

To further verify the difference in the photo-responsive pro-
perties and the capability of PEG-MoO, NPs upon 808 and
1064 nm irradiation, dichlorofluorescein diacetate (DCFH-DA)
is applied to assess the intracellular ROS levels. In the pres-
ence of ROS, DCFH-DA is oxidized into fluorescent dichloro-
fluorescein (DCF) in live cells, which emits bright green fluo-
rescence.*® The formation of ROS in HeLa cells after incu-
bation with PEG-MoO, NPs sensitized by NIR laser irradiation
was assessed by using the DCFH-DA probe. It can be found
that more intense green fluorescence could be detected in the
PEG-MoO, NPs + 1064 nm group than in the other groups
(Fig. 5) when all the fluorescent images were collected at the
same setting. A quantitative comparison of ROS generation
and quenching from the mean fluorescence intensity of DCF
in Fig. S61f demonstrates that the intensity of the PEG-MoO,
NPs + 1064 nm group was hearly 3 times higher than that of
the PEG-MoO, NPs + 808 nm group. The use of ROS quenchers
(histidine and mannitol) for the PEG-MoO, NPs upon
irradiation at 1064 nm further indicated that higher amounts
of ROS were quenched in the HeLa cells (Fig. 5 and Fig. S67).
On the basis of the above findings, we can conclude that cellu-
lar death of the HeLa cells upon 808 nm irradiation is most
probably due to the PTT effect, whereas the improved therapy
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effect upon 1064 nm irradiation could be attributed to the
great contribution of ROS-mediated PDT combined with PTT.

To further make sure the cell death mechanism after the
phototherapy in the NIR-II window, flow cytometry was per-
formed by using annexin-V-FITC/PI as the probe. Fig. 6 shows
the flow cytometry data of the HeLa cells treated with
PEG-MoO, NPs with and without laser irradiation. The
annexin-V-FITC emission signal was plotted on the x-axis, while
the PI emission signal was plotted on the y-axis. The quantities
of living cells, early apoptosis cells, and late apoptosis/necrosis
cells were determined. In Fig. 6, 87%-83.9% of cell viabilities
were observed in the NIR treated group and the PEG-MoO, NP
treated group. However, the early apoptosis rate of the cells can
reach 14.5%, and the late apoptosis/necrosis rate was 17.54%
after the 808 nm irradiation of PEG-MoO, NPs with the concen-
tration of 100 pg mL~". In contrast, after 1064 nm laser
irradiation, the early apoptosis rate of the cells reached 22.5%,
and the late apoptosis/necrosis rate was 48.9%. Quantitatively,
the amount of cellular apoptosis and necrosis (71.4% vs.
32.04%) induced by 1064 nm irradiation was approximately 2.2
times higher than those treated upon 808 nm irradiation of
100 pg mL™" of the PEG-MoO, NPs. Therefore, the flow cytome-
try further evidences the synergistic effect of the PDT and PTT
of PEG-MoO,. NPs under 1064 nm irradiation, which is in agree-
ment with the results shown in Fig. 4.

7 day

Fig. 7 (a) Hemolytic percentage of RBCs incubated with PEG-MoO, NPs at various concentrations, and deionized water (+) and PBS (-) as the posi-

tive and negative controls, respectively. Inset: Photographs for the direct observation of hemolysis, showing that PEG-MoO, NPs exhibit good bio-
compatibility. (b) Time evolution of the averaged weight (n = 3 for each group) within 30 days after the i.v. injection of PEG-MoO, NPs to mice via
the tail vein. (c) ICP-MS quantitative measurement of Mo concentrations in each organ of the mice after the i.v. injection of PEG-MoO, NPs (dosage:
20 mg kg™) at different times post-injection. (d) Photos of H&E stained tissue sections to monitor the histological changes in the heart, liver, spleen,
lung, and kidney of mice after the i.v. injection of PEG-MoO, NPs with different time treatments (scale bar: 20 pm).
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3.4. Invivo toxicity assessment and biodistribution

To further evaluate their biocompatibility, we investigated the
influence of PEG-MoO, NPs on the hemolytic behavior of red
blood cells (RBCs), where deionized water and PBS were used
as the positive and negative control, respectively (Fig. 7a).
These results showed that at a concentration below 200
pg mL™%, no clear hemolytic RBCs (<2.1%) were detected. Next,
the in vivo toxicity assessment and biodistribution investi-
gation were conducted by intravenously (i.v.) injecting
PEG-Mo0O, NPs at a dosage of 20 mg kg™ into the tail vein of
healthy male BALB/c mice. The body weights of the i.v.
injected mice were also measured. As shown in Fig. 7b, the
change of the body weight of the mice treated with PEG-MoO,
NPs (2 mg mL™", 200 pL per mice) was similar to that of the
control group, indicating that the PEG-MoO, NPs have no

View Article Online

Paper

evident toxic effect on mice within 30 days. In addition, no
infection and reduced food taking were observed in the mice.
Meanwhile, after the mice were injected through the tail vein,
all the major organs were surgically removed from the mice at
time intervals of 1 h, 12 h, 2 days, 7 days, 15 days, and 30 days.
The Mo concentrations in these organs were measured by
ICP-MS (Fig. 7c). As depicted in Fig. 7c, early accumulation
within 12 h predominantly in the liver, spleen, and lung is
expected and is related to the clearance of the NPs from the
blood by the cells of the mononuclear phagocytic system.*’
The accumulation in the kidney is also high within 12 h.
Then, after 2 days, the amount of Mo element in the liver,
spleen, and lung decreased quickly with prolonged time. Most
of the NPs were excreted from the liver and spleen post-injec-
tion and the Mo element level in all the examined organs
became very low. This result could be attributed to the gradual
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Fig. 8 (a—c) Serological analysis of BALB/c mice after the i.v. injection of PEG-MoO, within 30 days. (d—o) Haematological routine data of BALB/c
mice treated with PEG-MoO, after the i.v. injection within 30 days. Error bars represent the standard deviation calculated from three mice.
Untreated mice were used as the control. (d) White blood cells (WBC), (e) red blood cells (RBC), (f) red cell distribution width (RDW), (g) hemoglobin
(HGB), (h) platelet (PLT), (i) hematocrit (HCT), (j) mean corpuscular hemoglobin (MCH), (k) mean corpuscular volume (MCV), (I) mean corpuscular
hemoglobin concentration (MCHC), (m) lymphocytes (LYM), (n) minimum inhibitory dilution (MID), and (o) granulocytes (GRN).
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oxidation and degradation of the MoO, NPs into ultrasmall
NPs and [Mo"'0,]*" at the normal physiological pH of 7.4,
which were consequently filtered via the kidneys in vivo.

Next, the histological examination of the major organs
excised from the PEG-MoO, NP injected mice at different post-
injection time points was carried out using haematoxylin and
eosin (H&E) staining analysis. Notably, the structures of the
organs (heart, liver, spleen, lung, and kidney) from the
exposed mice were normal, hardly different from those of the
control group. No pathological abnormality such as necrosis
or inflammatory response to the examined organs was
observed within the tested time (Fig. 7d). The toxicity of
PEG-Mo0O, NPs was also assessed by the biochemical analysis
of the mice on the 7th day and 30th day post-intravenous
administration. The main liver function and kidney function
markers including the alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), creatine kinase (CK), creatinine
(CREA), and urea (UREA) indicators were all measured.
Encouragingly, these parameters fell within the normal refer-
ence ranges compared with the control group (Fig. 8a-c),
suggesting no clear hepatic and kidney toxicity of mice
injected with PEG-MoO, NPs. A routine blood examination was
performed including white blood cells (WBC), red blood cells
(RBC), red cell distribution width (RDW), hemoglobin (HGB),
platelet (PLT), hematocrit (HCT), mean corpuscular hemo-
globin (MCH), mean corpuscular volume (MCV), mean corpus-
cular hemoglobin concentration (MCHC), lymphocytes (LYM),
minimum inhibitory dilution (MID), and granulocytes (GRN)
(Fig. 8d-o0). These hematological analyses show that all these
parameters were also similar to the control groups within the
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test period. Therefore, we can predict that the PEG-MoO, NPs
have good biocompatibility in vivo.

3.5. In vivo phototherapy of tumor under 1064 nm
irradiation

It is reasonable to expect that the high photothermal conver-
sion efficiency, effective ROS generation under 1064 nm
irradiation, and good biocompatibility make the low cost plas-
monic PEG-MoO, NPs a powerful nanoplatform for tumor
therapy in vivo. For in vivo phototherapy, we chose a PANC-1
tumor-bearing mice model. As has been reported, controlled
localized temperature increments (within the range of
42-43 °C) have shown enhanced signs of apoptosis on tumor
cells in the PTT process, which is beneficial to kill tumor
cells.”® Therefore, we utilized mild hyperthermia to kill cancer
Firstly, PANC-1 tumor-bearing mice were randomly
divided into six groups. Then, Group I as the control received
PBS injections only, while Groups II and III received intravenous
PBS injection but were exposed to the 808 nm and 1064 nm
laser, respectively. PEG-MoO, NPs was i.v. injected to the mice
of Groups IV, V, and VI. We further investigated the photother-
apy efficacies of these i.v. injected PEG-MoO, NPs in the
PANC-1 tumor model (n = 3 per group). At 1 h post-injection,
the tumor of each mouse (Groups V and VI) was irradiated with
the 808 nm and 1064 nm NIR laser (808 nm laser, 0.75 W cm™>;
1064 nm laser, 0.6 W cm™?), respectively, for 10 min and the
temperature in both the groups was maintained near ~43 °C
(Fig. 9a and b). The images were analyzed using an FLIR
thermal camera to obtain the average temperature of the tumor.
As shown in Fig. 9a, for the PEG-MoO, NPs + NIR laser groups,

cells.
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Fig. 9 (a) Infrared thermal images of tumor-bearing mice after treatment with PBS + 808 nm, PBS + 1064 nm, PEG-MoO, + 808 nm, PEG-MoO, +

1064 nm (power density of the 808 nm laser: 0.75 W cm™2

; power density of the 1064 nm laser: 0.60 W cm™2). (b) Tumor temperatures of mice

monitored with an infrared thermal camera as a function of irradiation time. (c) Body weights of tumor-bearing mice in different groups. (d) Tumor

volume in different groups measured every two days.
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thermal images recorded at different time points indicated that
the temperature of the tumor region quickly increased and then
reached a plateau upon laser irradiation. The temperature could
easily reach a level of ~43.3 °C (AT = 13 °C) and is capable of
inducing a mild hyperthermia to kill cancer cells (Fig. 9b).
However, no noticeable temperature rise in the control group
injected with PBS was observed.

The body weights and tumor volumes were monitored every
two days (Fig. 9c and d). The body weights of all the six groups
appeared variable but showed an overall growth trend. Clear
differences occurred in the change of tumor volumes, as can
be seen in Fig. 9d, after 15 days; the tumor volumes of Groups
I, II, I1I, and IV showed extraordinary growth, while Group V
and VI showed tumor volumes about 700 mm?® and less than
190 mm?®, respectively (Fig. S87). On the 15th day, the mice
were euthanized and the tumors were weighed (Fig. 10a).
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Fig. 10 (a) Tumor weight for each group after the mice were sacrificed
and tumors were removed on the 15th day. (b) Tumor growth inhibition
ratio in different treatment groups. (The statistical significance was
determined by using the analysis of variance (P value). (*P < 0.05,
**P < 0.01.) (c) Photographs of mice in the different treatment groups on
the 15th day. Group I: Control (PBS), Group Il: PBS + 808 nm laser,
Group lll: PBS + 1064 nm laser, Group IV: PEG-MoO, NPs, Group
V: PEG-MoO, NPs + 808 nm laser, Group VI: PEG-MoO, NPs + 1064 nm
laser. (d) Caspase-3 stained images of tumors with different treatments.
(e) HE&E stained histological images of the tumors after different treat-
ments (scale bar: 40 pm; error bars were calculated based on triplicated
samples).
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Group VI has the minimal tumor weight of ~0.25 g compared
with the other groups. In addition, the mice treated with the
808 nm laser irradiated PEG-MoO, NPs show 59.31% of the
tumor growth inhibition ratio, while the mice treated with
1064 nm laser irradiation show 82.44% of the tumor growth
inhibition ratio (Fig. 10b). Remarkably, after 15 days of treat-
ment in Group VI, the skin of the mice at the irradiation site
was undamaged but tumor growth was effectively inhibited
under mild hyperthermia. The digital photos of the excised
tumors in Fig. 10c show that the tumor size for the mice
treated with PEG-MoO, NPs under 1064 nm laser irradiation is
the smallest, confirming an enhanced permeability and reten-
tion (EPR) effect as the main cause of the highly passive tumor
uptake of the NPs and an efficient tumor inhibition effect
attributed to the synergetic PTT and PDT. Moreover, the
change in the tumor volumes and weights of only the NIR
irradiation groups (Groups II and III) reveals little inhibitory
effects on the growth of tumors, demonstrating the negligible
thermal damage by the NIR laser. In brief, these results illus-
trate that the combination of PTT and PDT derived from
PEG-MoO, NPs achieved enhanced therapeutic efficacy under
1064 nm irradiation compared to PTT alone under 808 nm
irradiation in vivo.

3.6. Histology analysis of the mice injected with PEG-MoO,
NPs

As reported in some literature studies, mild hyperthermia
treatment can improve the partial oxygen pressure by enhan-
cing the blood flow in tumors, consequently improving the
PDT efficiency.”’ ™" In our experiments, after combining PTT
and PDT, in situ caspase-3 staining (Fig. 10d) was used on the
tissue sections of tumors to study the ability of NIR laser
mediated therapy to elicit the apoptosis of tumors. It was
found that high degrees of tumor cell necrosis and apoptosis
(dark brown nuclei) in the combination therapy group were
observed. H&E staining of the PANC-1 tumor slices was also
carried out for tumors collected immediately after laser
irradiation (Fig. 10e). As expected, significant damage of the
cancer cells was noticed in the group with PEG-MoO, NPs +
1064 nm laser irradiation compared with the PEG-MoO, NPs +
808 nm group, but not in the other groups. This synergistic
effect of PTT and PDT on a single nanoplatform mediated by
1064 nm irradiation indicated that PEG-MoO,. NPs could serve
as a safe and effective phototherapeutic candidate for cancer
treatment.

4. Conclusions

In summary, plasmonic PEG-MoO, NPs with diameters of
15-25 nm have been synthesized through a simple, green, one-
pot hydrothermal process and presented remarkable photo-
absorption in the NIR biological window from 700 to 1200 nm.
The PEG-MoO, NPs displayed good biocompatibility and time-
dependent cellular uptake. The in vivo biodistribution investi-
gation indicated that most of the PEG-MoO, NPs can be
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excreted and biodegraded from the liver and spleen of mice
after 30 days post-injection. Importantly, the phototherapy
effects of the PEG-MoO, nanoagent were investigated under
NIR-I (808 nm) and NIR-II (1064 nm) irradiation. We firstly
found that, upon 1064 nm irradiation at a low laser power
output (0.6 W cm™?), PEG-MoO, NPs can not only convert light
into heat with a mild hyperthermia (43 °C) but also generate
ROS, which causes a far better tumor therapy effect in mice
owing to the synergistic PTT and PDT effect than only inducing
PTT exposure to the 808 nm laser (0.75 W cm™?). The
PEG-MoO,-mediated PTT and PDT effect under 1064 nm laser
irradiation was also proven by the percentage of cell death
in vitro. The PDT effect of the exposure of PEG-MoO, NPs to
1064 nm irradiation was further evidenced by a high level of
ROS at the cellular level, extracellular ROS detection and ROS
quenching under mild hyperthermia. The combination of PTT
and PDT in the NIR-II window using the intelligent PEG-MoO,
nanoplatform provided new insight into cancer therapy in
nanomedicine.
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