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Insights into the deep-tissue photothermal therapy In
near-infrared Il region based on tumor-targeted MoO,

nanoaggregates

Yanxian Guo', Yang Li', Wolun Zhang Hongru Zu Haihong Yu', Donghng Li', Honglian Xiong’,

Tristan T. Hormel Chaofan Hu’

ABSTRACT Research on deep-tissue photothermal therapy
(PTT) in the near-infrared II (NIR-II, 1000-1350 nm) region
has bloomed in recent years, owing to higher maximum per-
missible exposure and deeper tissue penetration over that in
the near-infrared I (NIR-I, 650-950 nm) region. However,
more details need to be uncovered to facilitate a fundamental
understanding of NIR-II PTT. Herein, a tumor-targeted
therapeutic nanosystem based on NIR-responsive molybde-
num oxide (MoO,) nanoaggregates was fabricated. The pho-
tothermal conversion capabilities of MoO, in the NIR-I and IT
regions were investigated step by step, from a simple tissue
phantom to a three-dimensional cellular system, and further
to a tumor-bearing animal model. NIR-II laser exhibited a
(0.541 at
1064 nm) in a tissue phantom compared with its counterpart
(0.959 at 808 nm), which allows it to be more capable of deep-

lower photothermal attenuation coefficient

tissue PTT in vitro and in vivo. Depth profile analysis eluci-
dated a negative correlation between the microstructural col-
lapse of tumor tissue and the penetration depth. Moreover, the
depth-related tumor ablation was also studied by Raman fin-
gerprint analysis, which demonstrated the major biochemical
compositional disturbances in photothermal ablated tumor
tissues, providing fundamental knowledge to NIR-II deep-
tissue photothermal therapy.

Keywords: second near-infrared window, photothermal therapy,
molybdenum oxide, depth profile analysis, Raman biochemical
assay
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INTRODUCTION
Novel therapeutic strategies to deal with deep-seated tu-
mors have attracted extensive interest recently [1-3].
Photothermal tumor therapy using the excitation source at
the near-infrared II (NIR-II) region with a wavelength of
1000-1350 nm, which exhibits deeper tissue penetration,
lower background noise and higher maximum permissible
exposure (MPE), has been considered as more appealing
for deep-tissue tumors relative to traditional NIR-I pho-
tothermal therapy (PTT). According to the America Na-
tional Standards for Safe Use of Lasers, MPE for skin
exposure to NIR-I laser (808 nm) is 0.33 W cm >, while
that to NIR-II laser (1064 nm) is 1 W cm * (ANSI Z136.1-
2007), allowing a wider applicability of NIR-II-responsive
photothermal agents [4]. Nowadays, several materials in-
cluding inorganic nanomaterials [5-10], small organic
molecule-based nanoparticles [11-13] and semiconduct-
ing polymer nanoparticles [14-20] have been explored as
therapeutic agents for efficient NIR-II photothermal tu-
mor ablation in vitro and in vivo. Though an excellent
antitumor effect has been achieved, the tumor depth
profiles after NIR-II PTT are rarely systematically studied.
Transition metal oxide (TMO) semiconductor nano-
materials have been attracting great attention in recent
years owing to superior biocompatibility, easy prepara-
tion and flexibly tailored localized surface plasmon re-
sonance (LSPR) effect [21,22]. Especially, more interest
has been focused on the broadband absorbing TMOs and
their derivatives for NIR-II PTT [23-25]. However, most
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of the reported TMOs suffer from relatively low photo-
thermal conversion efficiencies (PTCEs) in NIR-II region.
As an emerging type of NIR plasmonic semiconductor,
oxygen-deficient molybdenum oxides (MoO,, 2 < x < 3)
have seen a remarkable burst of interest due to the low-
cost synthesis, tunable band gap and pH-dependent oxi-
dative degradation [26-28]. For example, Yin et al. [29]
synthesized small-sized MoO, nanoparticles with a wide
light absorption from 600 to 1200 nm using the facile
hydrothermal method. An appropriate PTCE of MoO,
nanoparticles was calculated to be 37.4% at 1064 nm,
while that at 808 nm was 27.3%, which allowed a superior
tumor inhibition in the NIR-II region. The hydrothermal
strategy also allows MoO, nanostructures with various
morphologies which exhibit controlled LSPR absorption
for effective NIR photothermal ablation of cancer cells
[30]. In addition, MoO, is also a pH-dependent biode-
gradable nanomaterial that can be readily degraded in
normal organs but is relatively stable in tumors, in-
dicating the selective tumor-killing capacity of MoO,-
based therapeutic nanosystems [31]. However, in the is-
sue of deep-seated tumors, only spare details after MoO,-
based PTT can be ferreted out in these literature studies.

Herein, we developed a facile and green method to
fabricate MoO, nanoaggregates as a novel photothermal
agent for highly efficient in-vivo photothermal ablation of
mouse tumor xenografts at both NIR-I and NIR-II win-
dows (Scheme 1). The nanoaggregates were further
functionalized with polyethylene glycol (PEG) and hya-
luronic acid (HA) to allow better physiological stability
and tumor-targeted capability. The obtained MoO,@
PEG@HA (MPH) exhibited an excellent photothermal
performance across NIR-I and NIR-II regions. The com-
parative antitumor PTT experiments between the two NIR
regions were then carried out in vitro and in vivo. We also
investigated the deep-tissue profiles of the tumors after

808 nm

‘ 1064 nm I

MoO, nanoaggregates

NIR-I PTT

NIR I PTT

PTT in order to understand the fundamental features of
NIR-II PTT based on MoO,-related nanomaterials.

EXPERIMENTAL SECTION

Materials

Ammonium molybdate tetrahydrate ((NH,)sMo,0,,
-4H,0, AMT) and polyvinyl pyrrolidone (PVP, molecular
weight = 10,000) were obtained from Aladdin Industrial
Corporation (Shanghai, China). Eight arm amino poly-
ethylene glycol (8 arm-PEG-NH,) was purchased from
Xi’an ruixi Biological Technology Co. HA, sulforhoda-
mine B (SRB), trichloroacetic acid (TCA), tris-hydro-
xymethyl-aminomethane (Tris) were provided by
Aladdin (Shanghai, China). Dulbecco’s modified Eagle’s
medium (DMEM, high glucose) and fetal bovine serum
(FBS) were obtained from GIBCO (Grand Island, NY,
United States). Gelatin from porcine skin, Calcien AM,
and propidium iodide (PI) were obtained from Sigma-
Aldrich. All reagents were used without further pur-
ification. Deionized water (Milli-Q System, Millipore,
USA) was used in all experiments.

Preparation of MoQ, nanoaggregates

MoO, nanoaggregates can be synthesized via a one-pot
hydrothermal method. In detail, 0.1mol of
(NH,)¢Mo,0,,-4H,0 was dissolved in 26 mL of water by
ultrasonication. After that, 2.5 mL of 3 mol L™' HCI and
3.76 g of PVP, the reducing agent, were added into the
solution and kept at room temperature for 30 min. The
mixture was transferred to a 50-mL Teflon-lined stainless
steel autoclave and heated to 240°C for 12 h. Once cooled
down to room temperature, the solution was centrifuged
at 1500 rpm for 8 min to remove the over-size MoO,. The
resulting suspension of molybdenum oxide nanomaterials
was then dialyzed against deionized water for 48 h by

808 nm (MPE)

1064 nm (MPE)

Brown: dead Blue: alive

Scheme 1 Schematic illustration of the NIR-responsive MoO, nanoaggregates and their photothermal therapeutic applications. (a) Surface mod-
ification of MoO, nanoaggregates. (b) Photographs of MPH aqueous suspensions at varying concentrations (0, 50, 100, 200, 300, 500 ug mL ). (c)
Tllustration of the deep-tissue PTT under MPE of NIR-I and NIR-II irradiation.
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using a 3500-Da dialysis bag. Subsequently, the collected
suspension was freeze-dried, and the prepared MoO,
powder was finally resuspended in deionized water for
further use.

Preparation of MoO,@PEG@HA

8 arm PEG-NH, and HA were grafted to MoO, na-
noaggregates by electrostatic bonding and amide reaction,
respectively. 40 mg of 8 arm PEG-NH, and 20 mg of
MoO, were dissolved in water and kept mixing for 4 h,
then centrifuged at 3500 rpm for 20 min (performed
three times) to collect the pure PEG-MoO,. 100 mg HA,
310 mg NHS and 188 mg N-ethyl-N'-(3-dimethylamino-
propyl)carbodiimide were mixed for 2 h to activate car-
boxyl. PEG-MoO, was added to HA solution and stirred
overnight. The solution was centrifuged and freeze-dried
to get the MPH powder.

Characterization

The ultraviolet visible NIR (UV-Vis-NIR) spectra of the
nanocomposites were taken by an absorption spectro-
meter (UV-6100S, MAPADA, China). Transmission
electron microscopy (TEM) analysis was performed by a
JEM-2010HR transmission electron microscope (JEOL,
Japan) at an accelerating voltage of 200 kV, equipped with
an energy-dispersive X-ray (EDX) spectrometer. Scanning
electron microscopy (SEM) analysis was carried out by
using a Verios 460 field-emission scanning electron mi-
croscope (Thermo Fisher, USA). X-ray diffraction (XRD)
spectra were recorded with a Bruker D8 focus X-ray dif-
fractometer by CuKa radiation (A = 1.54051 A). Raman
spectra were collected by using Renishaw inVia micro-
spectrometer (Derbyshire, England) under a 785-nm
diode laser excitation and coupled to a Leica DM-2500M
microscope (Leica Microsystems GmbH, Wetzlar, Ger-
many). The Nicolet 6700 Fourier transformed infrared
(FT-IR) Spectrometer was used to obtain the FT-IR
spectrum. X-ray photoelectron spectroscopy (XPS) spectra
were measured by Thermo Scientific Escalab 250 Xi
photoelectron spectroscopy. The zeta potential and hy-
drodynamic diameter of nanomaterials were measured on
Malvern Zetasizer Nano ZS analyzer.

Photothermal effect of MPH
The MPH suspension was diluted to different con-
centration for further analysis.

Calculation of the extinction coefficient

The NIR absorption capability of MPH was tested by an
absorption spectrometer. The extinction coefficients (¢) at
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808 and 1064 nm were determined according to the
Lambert-Beer law:

A4, =¢€LC,

where A; means the absorbance at a wavelength of A, L is
pathlength (cm), C is the concentration of MPH solution
(in g L"), and ¢ is calculated by plotting the slope of each
linear fit against wavelength.

Calculation of the photothermal conversion efficiency
MPH (200 uygmL ') was irradiated with the re-
presentative NIR-I and NIR-II laser for 6 min, followed
by the natural cooling procedure. The temperature of the
solutions was measured every 30 s by using an infrared
thermal camera (Fluke Ti200, Fluke Corp, USA). The
PTCEs (#) at 1064 and 808 nm were calculated by using
the following equation:
— hS(Tnax — Tourr) — Qs
I(1-104%y  ~°
mpCp
BTThS
where h is the heat transfer coefficient, S is the surface
area of the container, I expresses the NIR laser power
(1Wem'?), A, means the absorbance at A of the nanos-
tructures (optical density: ODgyg = 1.54, OD g4 = 1.72),
Tomax is the equilibrium temperature, Ty, is the ambient
temperature of the surroundings, and Qg is the heat
associated with the light absorbance by the solvent. 7
represents the sample system time constant, mp and Cp
mean the mass (1.2g was used) and heat capacity
427 gfl), when pure water is used as the solvent. Pure
water in a test tube was applied to measure the Qg

Hemolysis assay

Human blood obtained from healthy volunteers was
centrifuged at 3000 rpm for 5 min and washed several
times with normal saline to obtain pure erythrocytes.
Then, 4% of erythrocytes (v/v) was mixed with the same
volume of water (positive control), normal saline (nega-
tive control) or MPH solution at various concentrations.
The mixture was incubated at 37°C for 3 h. After cen-
trifugation, the supernatants were collected, and the ab-
sorbance at 541 nm was recorded by using a UV-Vis-NIR
spectrophotometer. The percentage of hemolysis was
calculated by using the following equation:

(A"m le _Ane ative cont 01)
Sal p g \Y T x 100%-

Hemolysis(%) =

(A positive control -4 negativecontrol)

Cytotoxicity assay
Human lung cancer A549 cells line (noted as A549 cells)
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and human lung LO2 normal cell (noted as LO2 cells)
were maintained at 37°C under 5% CO, in DMEM and
supplemented with 1% penicillin/streptomycin and 10%
FBS in a humidified incubator. To avoid the interference
of reducibility of nanocomposites, the cytotoxicity of
MPH in different concentrations was tested by using SRB
(a dye binding to cellular proteins) assay. A549 cells and
LO2 cells were plated in 96-well plates (Corning), allowed
to adhere overnight, and then culture medium above was
changed with fresh culture medium containing MPH at
different concentrations (0, 25, 50, 75, 100, 200, 300 and
500 ug mL ). After 24 h of incubation, cells were fixed by
10% trichloroacetic acid for 1h at 4°C. After fixation,
cells were washed twice with water and incubated with
SRB (0.4% w/v in 1% acetic acid) for 30 min at room
temperature, followed by four washes with 1% acetic acid.
The bound dye was solubilized in 1 mL of 10 mmol L'
Tris base solution and the absorbance was measured at
565 nm. Cell viability results were expressed as percen-
tage of viable cells in treated samples with respect to
controls (n = 6). All the experiments were performed in
triplicate and repeated three times.

In vitro PTT in NIR-I and NIR window

Briefly, A549 cells were seeded on 96-well plate with a
concentration of 100,000 cells/well. After overnight in-
cubation, 100 uL. MPH (100 ug mL ') was incubated with
A549 cells for 24 h and irradiated by 808 or 1064 nm at
their respective MPE density for 10 min under varying
thickness (0, 3, 5, 10, 15, 20 mm). After incubation for
another 24 h, the photothermal cytotoxicity was evaluated
by the SRB assay as described above.

Three-dimension HA-Gel scaffolds were prepared by a
previously reported method [32]. Approximately 1 x 10°
cells were seeded on the HA-Gel scaffold. After an 8-day
incubation at 37°C in an atmosphere of 5% CO, and 95%
air incubator, MPH (100 uyg mL ') was incubated with
cells for 24 h. Laser irradiation at 1 W cm * was applied
on the top of the HA-Gel scaffold for 2 min and the
scaffold was further incubated for 24 h. As for the ob-
servation of cell apoptosis along with depth by fluores-
cence imaging, HA-Gel scaffolds were stained with
Calcein-AM and PI solution for 20 min, and frozen at
—20°C for 12 h. Freezing microtome sectioning was per-
formed by a cryostat (Leica) for 15 pum slides and then
imaged with fluorescence microscope with an extinction
wavelength of 495 nm for Calcein-AM and 530 nm for PI.

Mouse tumor model
Female BALB/c nude mice (4 weeks old) were purchased
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from the Laboratory Animal Center of Sun Yat-sen
University and performed with protocols approved by
South China Normal University Animal Care and Use
Committee. For deep tissue PTT, A549 cells (5 x 107
suspended in 50 uL phosphate buffer saline (PBS) were
implanted into the bilateral dorsal subcutis of nude mice.
For PTT in NIR-II window, the tumors were established
on nude mice by injection of A549 cells (5 x 10”) sus-
pended in 50 pL PBS into the left leg of the mice. Tumors
were grown until the volume was about 200 mm’, or a
single aspect reached ~10 mm before being used for
photothermal treatment.

In vivo PTT in NIR-I and NIR window

Nude mice bearing A549 xenograft tumors were in-
tratumorally injected with MPH solution (1 mg kg ') and
randomly divided into five groups: (1) Control, (2) MPH,
(3) 1064 nm; (4) MPH+1064 nm, 1Wem 5 (5) MPH+
808 nm, 0.33 W cm . All laser irradiation was conducted
with 3 mm tissue covered for 10 min. All mice were an-
esthetized by pentobarbital sodium before NIR irradia-
tion. The measurement of tumor volume was conducted
by vernier calipers every 2 days for 16 days after treat-
ments. The tumor volume was measured by using the
following equation: tumor volume = 0.5 x (tumor length)
x (tumor width)>. Relative tumor volume was quantified
as V/V,, where V, was the initial tumor volume. The
tumors and organs of mice were collected for H&E
(Hematoxylin and Eosin) staining.

Nude mice bearing A549 xenograft tumors reaching
10 mm were intratumorally injected with MPH solution
(1 mgkg ). Tumors were irradiated by 808 and 1064 nm
at 1 W cm ~ for 2 min on the longitudinal side. The tu-
mors of 10 mm were longitudinal sliced at maximum
cross section for TUNEL staining and transverse sliced
every 1 mm for H&E and Ki-67 staining according to
standard protocols, then examined under the microscope.
For surface-enhanced Raman scattering (SERS) analysis,
the transverse sliced tumors were immersed into the
SERS substrate solution, after which the slices were rinsed
with ultrapure water three times. Raman spectroscopic
measurements of tumor sections were performed along
the depth. The 63x water immersion objective lens (NA =
0.9) and 50x objective were chosen for tissue detection.
Raman spectral mapping was performed in the streamline

mode at wavenumber center 1200 cm .

In vivo NIR-II PTT

Nude mice bearing xenograft A549 tumors were in-
travenously injected with MPH solution (1 mgkg ') and

June 2020 | Vol.63 No.6
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randomly divided into two groups: (1) 1064 nm; (2) MPH
+1064 nm. All mice were anesthetized by trichloracetic
aldehyde before NIR irradiation. The measurements of
tumors’ volume were conducted by vernier calipers every
2 days during 16 days after the corresponding treatments.
The tumor volume was measured, and the relative tumor
volume was quantified as described above. The tumors
and organs of mice were collected for H&E staining.

In vivo toxicity

Six mice were divided into two groups: (1) control group,
(2) mice intravenously administered with MPH
(5mgmL ). The histological, hematological, and blood
biochemical indices were collected at varied time intervals
of 1, 7 and 16 days after intravenous administration. At
Day 16 after treatment, the organs were separated for
H&E staining for observation.

RESULTS AND DISCUSSION

MoO, nanoaggregates with deep-dark-blue color were
synthesized successfully by a simple hydrothermal pro-
cess using PVP as the reductant and stabilizer (Fig. Sla).
The XRD pattern (Fig. S1b) of MoO, nanoaggregates
shows a typical monoclinic phase of molybdenum oxide
(JCPDS No. 32-0671) with standard lattice parameters of
a=56068 A, b =4.8595 A, c = 55373 A. No diffraction
peaks for MoO; or other crystalline phases are found,
suggesting that the synthetic powder is phase-pure MoO,.
Then, the morphologies of MoO, nanoaggregates were
examined by TEM, which displayed the flower-like na-
nostructures around 100 nm consisted of a few small
quasi-circular particles (~20 nm, Fig. Slc). The high re-
solution TEM (HRTEM) image and the corresponding
selected-area electron diffraction (SAED) pattern clearly
show a high degree of crystallinity of MoO, nanoag-
gregates (Fig. S1d and inset). The spacing of the lattice
fringe of 0.24 and 0.48 nm can be severally indexed to the
(111) and (101) planes of monoclinic MoO, [33]. EDX
spectroscopy coupled with TEM suggests the existence of
Mo and O elements in the nanostructures (Fig. Sle).
Strong intraparticle plasmonic coupling among nanoag-
gregates in close proximity leads to uniform broadband
absorption spanning in the 650-1350 nm range (Fig. S1f)
[13]. The Raman spectrum of MoO, nanoaggregates (Fig.
S1g) shows some typical peaks at 993, 820 and 660 cm ',
which can be attributed to the stretching vibrations of
terminal oxygen (Mo=0), double coordinated bringing
oxygen (Mo,~O) and triple coordinated bringing oxygen
(Mo;—0) groups, respectively [34,35]. The vibration
modes in MoO, nanostructures can also be confirmed by
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the FT-IR spectrum (Fig. S2). Then the valance state of
Mo element was investigated by XPS. As exhibited in Fig.
S1h, five obvious peaks are detected in the XPS spectra of
MoO, samples, including Mo 3d (231.8eV), Cls
(285 eV), Mo 3ps;, (401.1 eV), Mo 3p,,, (415.1 eV) and
O Is (531.1 eV). In particular, the typical four bands in
high resolution XPS spectrum (Fig. S1i) can be ascribed
to three spit-orbit doublets, corresponding to Mo4+, Mo™*
and Mo, respectively. The strong peaks at 229.6 and
232.8 eV can be attributed to Mo4+, while the weak peaks
at 230.8 and 234.5 eV are traits of M06+, and the weak
peaks at 231.6 and 235.7 eV are characteristic of Mo’
[28,32]. The content is determined as 63.2%, 14.3% and
22.5% for Mo"", Mo™" and Mo, respectively. The sum-
med contents of Mo"* and Mo®" are much higher than
that of Mo®', demonstrating that a large proportion of
Mo element exists in reduction state.

For tumor-targeted biomedical application, MoO, na-
noaggregates were functionalized with PEG and HA
(MPH). As shown in Fig. la, a core-shell morphology of
MPH is observed in the TEM image, where MoO, na-
noaggregates are clearly wrapped by thin film in roughly
2 nm. We can also observe some cross-linked filaments in
the SEM images (Fig. 1b and Fig. S3), indicating the
successful attachment of polymers. The mean hydro-
dynamic diameters of MoO,, MoO,-PEG and MPH de-
termined by dynamic light scattering are 178, 271 and
293 nm, respectively (Fig. 1c). The surface functionali-
zation can alter the zeta potentials of MoO,-based na-
noparticles that are displayed in Fig. lc. The typical
absorbance peaks of PEG and HA in the UV-Vis-NIR
spectrum of MPH also verify the successful grafting of the
polymers (Fig. 1d). A concentration-dependent trans-
mittance of MPH is observed in the range of
400-1100 nm; almost all the light is absorbed by the MPH
solution at a concentration of ~0.033% (w/w) in Fig. le.
Following the Lambert-Beer law, the extinction coeffi-
cients of MPH at 808 and 1064 nm are calculated as 10.1
and 7.8 L g ' cm |, respectively (Fig. $4), which elucidate
the wide and strong NIR laser absorption capability of
MPH. The FT-IR spectrum of MPH is shown in Fig. 1f,
where the vibrational modes of the modifiers can be easily
noticed [36]. Moreover, the obtained MPH nano-
aggregates exhibit significantly improved stability in
various physiological solutions, such as PBS, DMEM and
FBS, benefiting further applications in the biomedical
field (Fig. S5). To investigate the tumor-targeting cap-
ability of MPH in vitro, CD44 (HA receptor)-positive
human non-small cell lung cancer (A549) cells and
CD44-negative mouse NIH-3T3 fibroblasts were in-
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Figure 1 Characterization of MPH. (a) TEM and (b) SEM images of MPH. (c) Zeta potentials and hydrodynamic diameters of the nanomaterials. (d)
UV-Vis-NIR absorbance spectra of MoO, nanoaggregates after surface modification. (e) Vis-NIR transmittance spectra of MPH at different con-

centrations. (f) FT-IR spectra of surface-modified MoO, nanoaggregates.

cubated with rhodamine B (RhB)-labelled MPH for
fluorescence imaging. As shown in Fig. S6, only faint
fluorescence is observed in the CD44-negative NIH-3T3
cells, while intense and time-dependent red fluorescence
signals are clearly detected in the A549 cells, indicating
the massive accumulation of MPH in CD44-positive
cancer cells. The specific recognition of CD44 by MPH
can be blocked by pre-incubating A549 cells with HA
molecules.

The photothermal performance of MPH was then ex-
amined in both NIR-I and NIR-II regions by using re-
presentative laser wavelengths of 808 and 1064 nm,
respectively. Fig. 2a shows the laser power-dependent
temperature changes of MPH solutions under laser irra-
diation. The temperature increase in MPH solution under
1064 nm exposure is similar to that under 808 nm at the
same conditions, which can be well demonstrated by the
similar heat power density motivated by two wavelengths
using three-dimensional finite-difference time-domain
(3D FDTD) simulation (inset in Fig. 2a). But at the MPE
dose, the ascent rate of temperature under NIR-II laser
(1 W cm ) is significantly higher than that under NIR-I
laser (0.33 W cm ). To accurately describe the photo-
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thermal features, # values were calculated based on the
previous work [37]. As shown in Fig. 2b, the values are
high as 52.9% and 55.6% at 808 and 1064 nm, respec-
tively, showing the advantage of MPH using the NIR-II
laser versus the NIR-I laser. In addition, the # values of
recently reported inorganic PTAs mediated in NIR-II
region have been summarized in Table S1, which exhibits
that the # of MPH surpasses all TMOs and most of the
inorganic PTAs in the literature. A clinical scenario was
emulated by utilizing chicken breast as a model tissue to
explore the deep tissue photothermal activity. In the
presence of chicken tissue (10 mm), more efficient heat-
ing is mediated by a 1064 nm laser than by an 808 nm
laser (Fig. 2c), which can be attributed to stronger
transmittance of the NIR-II laser relative to the NIR-I
laser as measured in Fig. 2d. As shown in Fig. 2e, at-
tenuation coefficients («) of 808 and 1064 nm lasers after
passing through the tissue are calculated to be 0.539 and
0.383, respectively, suggesting the deeper tissue penetra-
tion of light in NIR-II window. When compared at their
respective  MPE limits, the temperature changes at
1064 nm are 2.1-, 2.6-, 4.9-, 7.2- and 7.7-fold higher than
those at 808 nm at the tissue depths of 3, 5, 10, 15 and

June 2020 | Vol.63 No.6
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Figure 2 Photothermal performance of MPH. (a) Photothermal heating and cooling curves of MPH (200 ug mL ") under NIR laser irradiation. Inset:
3D FDTD simulation demonstrates the heat power density Q distribution of the monomer in MPH illuminated by 808 and 1064 nm lasers,
respectively. (b) Measuring the time constant for heat transfer from the system by using a linear regression of the cooling profile. (c) Photothermal
heating curves of MPH (100 pg mL ') insulated by 10 mm thick chicken breast tissue. Inset: infrared thermal images and photo of MPH solutions. (d)
Transmitted power densities of 808 and 1064 nm under the varied thickness of chicken breast tissue. (¢) Normalized penetrated NIR energy through
tissues of different depths. a: the attenuation coefficient of NIR laser. (f) Fitted exponential decay of temperature change of MPH (100 ug mL ') at

different thicknesses of chicken breast tissue under two laser conditions.

20 mm, respectively (Fig. 2f). The superior deep tissue
photothermal ability at 1064 over 808 nm can be ex-
plained as the outcome of intrinsically deeper penetration
depth in cooperation with the higher MPH limit in NIR-
IT range than that in NIR-I range.

The standard SRB assay and hemolysis test were carried
out to study the biocompatibility of MPH [38]. MPH
shows a negligible effect on A549 cancer cells, LO2 nor-
mal liver cells and red blood cells even at a concentration
up to 500 ug mL ', with the cell viabilities more than 85%
and hemolysis rate as 2%, respectively (Fig. 3a and Fig.
S7). Then in vitro deep-tissue cancer ablation was carried
out using MPH as the photothermal agent under laser
irradiation at MPE doses (1 W cm > for 1064 nm and
0.33 W cm ~ for 808 nm). Chicken breast tissues of var-
ious thicknesses were placed between the laser sources
and culture plates to simulate different tissue depths. As
shown in Fig. 3b, increasing tissue thickness leads to
fewer cells being killed owing to weaker energy residuals.
Moreover, the NIR-II laser (1064 nm) shows more re-
markable photothermal tumor killing performance than
the NIR-I laser (808 nm), especially at the tissue thickness
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of 3 mm. To further verify the superiority of the NIR-II
bio-window over the NIR-I bio-window, in vivo photo-
thermal ablation experiments were performed on A549
xenograft nude mouse tumor model (Fig. 3c). Tumors
with sizes of around 200 mm’ were divided into five
groups: (1) control, (2) MPH, (3) 1064 nm, (4) MPH
+808 nm and (5) MPH+1064 nm. The temperature of the
tumor during NIR laser irradiation was recorded by in-
frared thermal imaging. As shown in Fig. 3d, e, the
temperatures of the mice tumors increased by 14.2°C
after 1064 nm exposure for 10 min, much higher than
that irradiated by 808 nm laser (AT= 9.8°C), showing a
better photothermal conversion effect from the NIR-II
laser in deep tissue. Furthermore, in vivo photothermal
therapeutic outcomes were recorded. Time-dependent
tumor growth curves measured with a vernier caliper
reveal the lowest growth rate in the MPH+1064 group,
which can be viewed as the NIR-II deep-tissue photo-
thermal effect (Fig. 3f). The superior in vivo antitumor
effect of MPH in NIR-II region can also be visualized in
the photographs of mice and the data of ex vivo tumors
captured 16 days after treatment (Fig. 3g-i). H&E stain-
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Figure 3 Deep-tissue photothermal tumor ablation in NIR-I and NIR-II windows. (a) Relative viabilities of A549 and LO2 cells after incubation with
MPH dispersions at varied concentrations. (b) Relative viability of A549 cells treated with MPH (100 ug mL ") and NIR lasers in the presence of
different thicknesses of chicken breast tissue. (c) Schematic diagram of photothermal cancer therapy on A549-tumor-bearing mice covered by chicken
tissue (3 mm). (d) Infrared thermal images of A549-tumor-bearing mice exposed to NIR lasers after intratumor injection with MPH (1 mg mL ") or
saline. (e) Mean temperature changes of tumors along with the irradiation time. (f) Tumor growth curves of mice after different treatments (n = 5).
Photographs of (g) tumor-bearing mice and (h) the tumors dissected from mice after different treatments, and (i) tumor weights of mice 16 days after
treatment, as well as (j) representative H&E stained images of tumor tissues (Scale bar: 50 um). * P<0.05, ** P<0.01, *** P<0.001.

ing of tumor slices performed after 24 h of laser treatment
shows highly significant cellular necrosis in the MPH
+1064 nm laser group (Fig. 3j), further demonstrating the
excellent therapeutic efficacy of MPH-based NIR-II PTT
in vivo.

For detailed investigation, the depth profiles of photo-
thermal-ablated tumors under 808 and 1064 nm lasers
were compared. First, a tissue phantom composed of 2%
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intralipid (IL) was established to mimic the scattering
properties of human tissue [39,40]. The concentrations of
MPH in IL were adjusted to reach the equal OD values at
808 and 1064 nm. Fig. 4a and Fig. S8 display the infrared
thermal images of MPH-contained tissue phantoms un-
der irradiation by the two lasers, where a significantly
deeper thermal distribution is observed in the tissue
phantom under NIR-II laser exposure. The temperature
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Figure 4 Evaluation of tissue-penetration capability of NIR-I and NIR-II lasers. (a) Photographs and corresponding infrared thermal images of MPH-
containing IL tissue phantoms under laser irradiation. (b) Scatter plots of temperature changes through tissue phantoms of different depths, with the
fitted attenuation coefficient. (c) Photographs of MCCSs after treatments with or without tissue covering (Scale bar: 500 pm). Mean volume changes of
MCCSs after PTT with (d) or without (e) tissue covering. * P<0.05. (f) Schematic diagram of tumor tissue section for staining. (g) TUNEL analysis of
longitudinal tumor tissue section at 24 h after treatment (Scale bar: 2 mm). Apoptotic cells are labeled with green fluorescence (FITC) and the living

cells are stained with blue fluorescence (DAPI).

decay profiles are then plotted in Fig. 4b, which quanti-
tatively depicts the thermal regression in the tissue
phantom. The attenuation coefficients («) are calculated
to be 0.959 and 0.541 for 808 and 1064 nm lasers, re-
spectively, showing obviously higher transmittance of
NIR-II laser than NIR-I laser. Next, 3D in vitro models
were established to further evaluate the photothermal
heating ability of NIR laser against deep tumor at cellular
levels. Multicellular cancer spheroids (MCCSs) were
fabricated and then underwent PTT treatment [41,42].
Fig. 4c—e show the photothermal effect on 3D A549 cell
spheroids under NIR-II or NIR-I irradiation with/without
a chicken breast tissue (3 mm) coating. It can be clearly
noticed that the proliferation of MCCSs is more effec-
tively inhibited by NIR-II irradiation than that by NIR-I
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exposure whatever the tissue cover, which can be attrib-
uted to the intrinsically deeper tissue penetration of NIR-
I laser. We also established a 3D gelatin-based scaffold to
support cancer cell adhesion and proliferation [32]. The
macroscopic photos and SEM microscopic images of the
scaffold show a porous 3D network with a mean pore size
of about 60 pm that is suitable for cell growth (Fig. S9).
Photothermal cancer therapy on 3D cultured A549 cells
was then conducted and the fluorescence images of can-
cer cells stained with Calcein AM (living cells) and PI
(dead cells) are exhibited in Fig. S10. A large number of
dead cells (red) are discerned in the NIR-II treated 3D
tumor model from top to bottom, while the PI-stained
cells mostly exist in the superficial zone of scaffold ex-
posed to NIR-I laser. We can also observe the network
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structure is severely damaged by 1064 nm laser, suggest-
ing an excellent destruction efficiency of NIR-II PTT on
the tumor microenvironment at a multicellular level. Fi-
nally, the depth-related photothermal tumor ablation was
studied at tissue level. After A549-tumor-bearing mice
underwent NIR-I or NIR-II PTT treatment, the tumor
tissues were longitudinally and transversely dissected for
TUNEL analysis for visual observation on the cell apop-
tosis along with depth in the tumor (Fig. 4f). Fig. 4g
reveals that the effective photothermal damage of sub-
cutaneous xenograft tumor can be obtained at the depth
of about 6 mm under a 1064 nm laser, much deeper than
the 4 mm observed in 808 nm irradiated tissue. In addi-
tion, H&E and Ki-67 immunochemical staining was also
executed to study the microstructure alteration and cell
proliferation in the tumor tissue at different depths after
photothermal treatment (Fig. S11). The results are in
accordance with the data above, showing the great pro-
mise of using MPH for deep tissue PTT in NIR-II bio-
window.

To demonstrate the tissues under PTT more clearly,
SERS, a molecular fingerprint analytical technique, was
adopted to detect the changes in biochemical components
of tumor tissue at different depths. About 400 SERS
spectra in each group were obtained from the long-
itudinal tumor sections. The mean Raman spectral lines
of different groups displayed in Fig. 5a possess similar
spectral pattern, indicating the fundamental biochemical
composition in tumor tissue. However, some SERS bands
in the fingerprint spectra change dramatically in response
to the laser exposure, such as 728 cm ' (adenine),
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760 cm (tryptophan), 805 cm ' (O-P-O stretching),
918 cm ' (proline), 1004 cm ! (phenylalanine), 1067 cm !
(C-N stretching in protein, chain C-C stretching in li-
pid), 1145 cm ! (ribose-phosphate), 1170 cm ' (C-C/
C-N stretching in protein), 1376 cm ' (thymine, adenine,
guanine), 1586 cm ' (amide II, phenylalanine, tyrosine,
adenine, guanine), and 1620 cm ' (C=C olefinic stretch-
ing in protein, nucleotide, lipid) [43-46], which may be
ascribed to the thermal denaturation induced by the NIR
laser. Among them, we can notice that most of these
peaks assigned to proteins and nucleotides are attenuated
significantly; the vibrational mode of collagen (proline,
918 cm ') also declines obviously, suggesting both the
intracellular and extracellular microstructures of tumor
tissues are severely destroyed after laser irradiation. In
comparison with MPH+808 nm group, the mean SERS
spectrum of tumors that underwent MPH+1064 nm PTT
shows more intense fluctuations. The Raman bands at
1145, 1170 and 1376 cm ' decrease 6.1%, 21.0% and
20.1% in the MPH+808 nm group, respectively, while
they diminish 27.4%, 35.7% and 62.4% in the MPH
+1064 nm group, respectively. The SERS peak at
1620 cm ' that reflects the olefinic bond in the biomole-
cules endures the most reduction (34.1% and 50.7% de-
crease in the MPH+808 nm and MPH+1064 nm groups,
respectively), which can be ascribed to the thermal in-
stability of C=C band under laser exposure. To elucidate
these results clearly, we used a multivariate curve re-
solution-alternating least square (MCR-ALS) algorithm
with 4 components to obtain a loading matrix containing
the “pure component” basis spectra (collagen, glycogen,
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Figure 5 (a) Mean SERS spectra acquired from lung tumors with different treatments. Al: Control; A2: MPH+808 nm; A3: MPH+1064 nm; A4:
differences between Al and A2 or A3 (red: A2—Al; green: A3—Al). (b) MCR-ALS score maps of dissected tumor tissues based on Raman
spectroscopic mapping at 24 h after treatment. (c) Mean MCR-ALS scores of the components in tumor after treatment. * P<0.05.
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lipid and DNA, Fig. S12) and a score matrix containing
the weights of each of 4 components for all the spectra in
the dataset [47,48]. As shown in Fig. 5b, MCR-ALS score
maps of the dissected tumor tissue in a control group
display a relatively discrete distribution of the four
components. However, the degree of dispersion declines
and a continuous distribution of some components oc-
curs after PTT, which may reflect the thermal ablation
process of tumor tissues. MCR-ALS score of the com-
ponents in the tumors after different treatments was
collected for comparison in Fig. 5c¢, clearly showing the
statistically significant up-regulation of glycogen and lipid
as well as down-regulation of collagen and DNA in MPH
+808 nm and MPH+1064 nm groups.

To investigate the photothermal property of MPH
along with depth, we monitored the photothermal effect
on longitudinal tumor tissue sections at interval of 1 mm.
The mean SERS spectra of the tumors at different depths
before and after treatment are shown in Fig. S13a—c. The
difference spectra in Fig. S13d exhibit significant mole-
cular fingerprint changes with depth. The most obvious
differences at every depth can be observed in the spectral
lines of the MPH+1064 nm group. Next, to quantitatively
study the differences across the laser direction, we com-
pared the normalized MCR-ALS scores of lipid-rich,
collagen-rich, and glycogen-rich loadings by respective
percentages (Fig. S13e). We observe a seriously un-
balanced composition of biomolecules at superficial tu-
mor layers after MPH+1064 nm treatment. As the depth
increases, the balance gradually returns to the control
level. The depth-dependent biochemical composition of
tumor tissue after 1064 nm laser irradiation, by the aid of
SERS technique, supplies molecule-related knowledge to
NIR-II deep-tissue photothermal cancer therapy.

Encouraged by the remarkable deep-tissue photo-
thermal performance, NIR-II PTT on tumor-bearing
mice was carried out using MPH as the tumor-targeting
photo-responsive nanoagent. Fig. S14 shows the out-
standing and stable photothermal capability of MPH
under 1064 nm laser at 1 W cm ~. The in vitro photo-
thermal cancer-cell ablation capacities of MPH under
laser irradiation were then assessed. As shown in Fig. 6a,
the relative viability of A549 cells after photothermal
ablation illustrates dose-dependent anti-proliferative ef-
fects. In comparison with NIR-I therapeutic treatment,
NIR-II PTT based on MPH exhibits excellent tumor cell
inhibition efficiency at every concentration. Additionally,
excellent cell apoptosis after anticancer treatment was
further detected by flow cytometer and fluorescence mi-
croscope. The cells in control, lasers and MPH groups are
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negligibly affected, while the tumor cells are partially
killed (22.31%) in MPH+808 nm group (Fig. 6b). The
maximum apoptotic cell number (37.61%) was noticed
after A549 cells were treated with MPH under 1064 nm
laser, implying remarkable photothermal therapeutic ef-
fects. The efficacy of MPH for in vivo NIR-II PTT was
studied after targeted systemic administration of MPH
via tail-vein injection (1 mgkg ). Under the irradiation
by 1064 nm laser (1 W cm °), the temperature of the tu-
mor region for MPH-treated mice increased rapidly by
25.3°C over 2 min, which was ~3-fold of that in the
control group (Fig. 6¢, d). To quantitatively assess the
antitumor outcome of NIR-II PTT, tumor sizes were re-
corded continuously for 16 days (Fig. 6e). In contrast to
the fast tumor growth in the 1064 nm group, the growth
of tumor in MPH+1064 nm group is significantly in-
hibited, which can be also discerned in the photographs
of mice and corresponding tumor dissections, and tumor
weights taken at Day 16 after treatment (Fig. 6f-h). H&E
staining of tumor tissue displays that no noticeable
damage can be observed in tumors from the 1064 nm
group, while typical cell nucleus dissociation can be ob-
served in tumors from the MPH+1064 nm group (Fig. 6i),
suggesting the apoptosis of cancer cells is triggered by
NIR-II PTT. In addition, no evident body weight loss and
organ lesions are noticed (Fig. S15), showing the negli-
gible in vivo toxic side effects of MPH after NIR-II PTT.

A detailed investigation of the in vivo biocompatibility
of MPH was further systematically performed. Healthy
female BALB/c mice (4-5 weeks old) were intravenously
injected with MPH (5 mg kg '), and then haematological,
blood biochemical and histological analyses were carried
out at 1, 7 and 16 days post-injection. As shown in
Fig. S16a, obvious differences in the standard haematol-
ogy markers including white blood cells (WBC), red
blood cells (RBC), haemoglobin (HGB), mean corpus-
cular volume (MCV), mean corpuscular haemoglobin
(MCH), mean corpuscular haemoglobin concentration
(MCHC), platelets (PLT) and haematocrit (HCT) are
observed between MPH and control groups at every time
point. Similar results are also observed by blood bio-
chemical analysis (blood urea nitrogen (BUN), alanine
transaminase (ALT), aspartate transaminase (AST), al-
kaline phosphatase (ALP), Fig. S16b). These data indicate
that MPH does not cause obvious infection and in-
flammation, or hepatic and kidney toxicity in mice. Fi-
nally, the corresponding histological changes in control
and MPH groups at 16 days post-injection were checked
by H&E staining analysis. No noticeable organ damage
can be observed in either group (Fig. S16¢), suggesting no
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Figure 6 Photothermal cancer therapy in NIR-II window. (a) Relative viability of A549 cells after PTT mediated by MPH at varied concentrations. (b)
Cell apoptosis and necrosis analysis of A549 cells with different treatments. Inset: Calcein AM/PI fluorescence imaging of A549 cells after treatment
(scale bar: 100 um). (c) Infrared thermal images of A549-tumor-bearing mice exposed to NIR-II laser after intravenous injection with MPH
(1 mg kgfl) or saline. (d) Mean temperature changes of tumors with the treatment time (n = 6). (e) Tumor growth curves in mice after anticancer
treatment (n = 5). Photographs of (f) A549-tumor-bearing mice and (g) tumors dissected from mice after treatment, and (h) tumor weights of mice 16
days after treatment (n = 5), along with (i) corresponding H&E staining images in tumor tissue (scale bar: 50 pm). *** P<0.001.

apparent histological abnormalities or lesions in the
MPH-treated mice and indicating good in vivo bio-
compatibility of MPH.

CONCLUSIONS

In summary, we have explored a TMO photothermal
nanoagent that exhibits wide and strong absorption
covering 650-1350 nm as an efficient PTA for NIR-I and
NIR-II laser-excited photothermal ablation against tu-
mors. The tumor-targeted MPH exhibits superior PTT
efficacy under NIR-II laser irradiation at MPE dose
compared with its low wavelength counterpart, suggest-
ing a better alternative for cancer treatment. Finally, the
depth profile analysis after PTT reveals the depth-de-
pendent biochemical changes of tumor tissues owing to
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the ever-attenuating photon energy in deep tissue. We
speculate that these efforts to quantify the photothermal-
depth correlation during PTT will help broaden more
exploration of NIR-II-responsive nanosystems for deep-
tumor phototherapy.
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