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ABSTRACT: Semiconductor nanocrystals with extraordinary s A 1009 ©™ e 20mm
physicochemical and biosafety properties with unique nanostruc- | | ‘= S " 635nm

tures have shown tremendous potential as photothermal therapy = ~f - 8 780nm
(PTT) nanosensitizers. Herein, we successfully synthesized chiral % 60-

molybdenum (Cys-MoO;_,) nanoparticles (NPs) for overcoming g

the general limitation on electron energy bands and biotoxicity. 3 40

The obtained Cys-MoOj;_, NPs are selected as an ideal design for 20 808 nm
the treatment of oral squamous cell carcinoma (OSCC) cells .

through the decoration of cysteine molecules due to excellent
initial photothermal spectral analysis of conductivity and light
absorbance. Notably, NPs possess the ability to act as visible light (VL) and near-infrared (NIR) double-reactive agents to ablate
cancer cells. By combining photoconductive PTT with hypotoxicity biochemotherapy, the treatment validity of OSCC cancer cells
can be improved in vitro by up to 89% (808 nm) and get potential PTT effect under VL irradiation, which intuitively proved that the
nontoxic NPs were lethally effective for cancer cells under laser irradiation. Hence, this work highlights a powerful and safe NP
platform for NIR light-triggered PTT for use in head and neck cancer (HNC) cells, showing promising application prospects in oral
tumor treatment.

B INTRODUCTION

Head and neck cancer (HNC) is one of the most catastrophic
malignant tumors affecting patients’ quality of life due to its
frequent lymphatic metastasis, relatively low response to
treatment, and severe drug resistance.' ™ Oral squamous cell

by high-penetration laser and reducing the damage to adjacent
normal tissues by low radiation due to the use of materials for
near-infrared absorption. Besides, many nanomaterials have
crucial defects with biodegradation and excretion in the
physiological environment due to their crystallinity with few

carcinoma (OSCC) accounts for the vast majority of HNC
cases, and there are a few noninvasive, biosafety, and effective
treatments.*"® Photothermal therapy (PTT), as a strategy for
treating these cancers in combination with a noninvasive
method has the advantage of being safe and efficient and is
poised to be used as an adjuvant therapy to traditional-simplex
surgical excision procedures where patients who do survive
would be left with severe facial and visceral defects.”” '’ PTT is
the local heating of tumor cells using light radiation and
systemic local spot hyperthermia, causing irreversible damage
of tumor cells through protein denaturation and cell membrane
1’upture.u’12

Research on PTT is still growing and has achieved good
results in many fields."”™"® In tumor oncology, PTT is an
artificial photosensitizer that is used to increase the local-tissue
temperature of the intolerance target cells to achieve tumor cell
apoptosis or necrosis.'">° The excitation source of a PTT
reagent (metal nanoparticles (NPs) and carbon-based nano-
materials) is usually near-infrared (NIR) light, which possesses
high penetration efficiency to the human body and often needs
complicated synthetic processes.”' > Despite the remarkable
development of PTT technology, it is still difficult to achieve a
balance between the effective stimulation of tumor cell death
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defects that limit their in vivo application.”’ ~>* Meta-analysis
studies on a large scale of NP delivery point out that over 99%
of the applied dose of the nanomedicine cannot eventually
accumulate in the tumor and some even remain in the body for
over 2 years.”** In addition to the medical effectiveness of
PTT, the long-term safety of photothermic agents (PTAs)
must also be considered.** >’ Therefore, molybdenum
(MoO;_,) NPs have attracted extensive attention in recent
years due to their large optical adsorption coefficient and
biocompatibility and their tunable adsorption performance in
the extreme NIR range. Despite the excellent photothermal
transductant, its insolubility is the limit of semplice MoO;_,
PTT usage.*™*

We improve the uptake of NPs into tumor cells through
linking up with well-soluble cysteine, without compromising its
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Figure 1. (A) Synthesis of MoO5_, NPs with different contents of cysteine (S, 20, 60, and 80 mg). Final solutions (upper portion) and the material
powder (lower portion) appear in different colors due to different valences of Mo (Mo molality: 10 X 10™* M). (B) VL—NIR region absorption

spectra of the four different valence Cys-MoO;_, states.
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Figure 2. (A, B) TEM morphology characterizations of Cys-MoO;_, NPs. TEM images of the prepared Cys-MoO;_, NPs with different colors;
scale bar: 50 nm. (C, D) Typical X-ray photoelectron spectroscopy (XPS) measurements of the prepared NPs with different valence states related

to (A) and (B) above.

optical performance.”” Hence, we successfully prepared
MoO;_, NPs, which have the advantages of nontoxicity and
biodegradation ability. After studying the optical properties, we
further optimized the selected “Cys-MoO;_,” NPs to be
applied in the typical HNC culprit OSCC cells for biosafety
purposes and achieved multicertification to prove their lethal
action from 405 to 808 nm laser. We verified and synthesized
their biosafety and therapeutic effects in in vivo experiments,
including their optical performance, photothermal conductiv-
ity, and biosafety analysis. Finally, we applied them to OSCC
cells and found that they had a visible light (VL) to NIR dual
PTT effect, with tumor cell fatality rates up to 89%. The
derivative application of MoO,_, NPs will further promote the
treatment of PTT against HNC.

B RESULTS AND DISCUSSION

Cys-MoO;_, NPs can target tumor cells by enhanced
permeability, retention, active endocytosis, and exploit the
PTT process with both VL and NIR radiation, while the excess
nanomedicine is eliminated in a quick and safe way by renal
excretion. Then, we investigated the light absorption of
different masses of cysteine on the synthesis of MoO;_, NPs
by gradually adding S, 20, 60, and 80 mg of cysteine into the
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Mo solution with a same molal concentration (10 X 107> M).
The resulting solution is shown in blue, dark green, light green,
and dark yellow in Figure 1A. The color difference is that the
Mo valence of the sample is different due to the addition of
different contents of cysteine.*® Figure 1B shows the very
different transition of the absorption bands of these samples. It
is obvious that the blue group has the highest light absorption
in the NIR region and the yellow group matches the VL region.
But no comparative advantage of the other two green samples
was seen. So, the initial screening of further experiments goes
to S and 80 mg groups.

The transmission electron microscopy (TEM) morphology
characterization of MoO;_, NPs with S and 80 mg of cysteine
is shown in Figure 2A,B. The particles of MoO;_, NP samples
prepared are approximately spherical. The diameter of the blue
sample is nearly S nm (Figure 2A), while the yellow sample
reaches over 30 nm (Figure 2B). Actually, the diameters of
MoO;_, NP particles increase with the change in the color and
their corresponding Mo valences (Figures S1 and S2).

X-ray surface photoelectron spectroscopy (XPS) is carried
out to analyze the actual molybdenum valence states of these
NPs. As shown in Figure 2C,D, by analyzing the peak area
ratio, we calculate the proportion of the NP component of the
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Figure 3. Optoelectronic property of Cys-MoO;_, NPs. (A, D) L

oh curves of Cys-MoO, g NP and Cys-MoO, NP devices under light irradiation

with different wavebands (405—980 nm at V;;,, = 1 V with an 1rrad1at10n power intensity of 1.7 mW cm™2. (B, E) I oh curves of Cys-MoO, 3 NP and
Cys-MoO, NP devices at different Vi, values with a laser power intensity of 1.7 mW cm™ (C, F) I oh curves of Cys -MoO, ¢ NP and Cys-MoO, NP

devices under different laser power densities, when Vy,i = 1 V.

mixing valence between Mo and Mo"'by determining the
mixed valence state of the blue sample (S mg) under a slightest
reduction that turned to be MoO,4 The dark yellow one
under the strongest reduction (80 mg) was MoO,. Two other
green samples under moderate reduction were MoO,,; and
MoO, ; (Figures 3 and S4). The above XPS results indicated
that the successful switching band between the valence states
of Mo and MLCT depended on the concentration of cysteine,
which provided a platform for further VL—NIR thermal
activity experiments.47

We tested the dynamic light scattering (DLS) of the four
nanoparticle solutions and also the semifinished product,
MoO; (Figures SS and S6); it turned out that as MoO;_, was
wrapped and reduced by more amount of cysteine,*” the
hydrodynamic diameter increased gradually from 293.1 to
449.6 nm with uniform distribution. MoOj; in the absence of
cysteine has a DLS size of 269.9 nm.

To analyze the structural information of the samples, we also
performed X-ray diffraction (XRD) study and thermogravi-
metric analysis (TGA). As shown in Figure S7A, XRD tests
revealed the structure of our samples with MoO;_, content.
With the increase of the concentration of cysteine, the
reduction degree of the molybdenum oxide increases and the
XRD pattern shows more image composition of cysteine.48’49
According to Figure S7B, we estimated that the weight loss of
cysteine content occurred in the second and third curves, that
is, for MoO, g, M0O, ;;, M0O, 3, and MoO, NPs; the amino
acid contents were calculated to be 10.38, 10.89, 11.78, and
17.95%, respectively.

Next, we focus our attention on Cys-MoO, ¢ and Cys-MoO,
that have highest absorptions at wavelengths of 808 and 405
nm, respectively. We prepared Cys-MoO,, and Cys-MoO,
NPs by drip-coating on Si/SiO, with a Au electrode and tested
them (Figure S8); we then studied their photoelectric
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transduction properties. Under illumination with different
wavelengths, I;)’s of Cys-MoO, ¢ and Cys-MoO, NPs show a
broad-band response from the VL to NIR region and an
outstanding photoresponse. Broad-band wavelength pulse
lasers served as the photoelectric properties of the Cys-
MoO,3 NP and Cys-MoO, NP devices, displaying switching
performance between on and off conduction states (Figure
3AD). I, is linearly dependent on the bias voltage (Vi) at
both ends of the device (Figure 3B,E) and the laser power
density (Figure 3C,F). With V,;,, increasing from 0.05 to 2V,
L, of the Cys-MoO, s NP device (@808 nm) increases from
216 nA to 7.1 yA with an irradiation power density of 1.7 mW
cm™. Meanwhile, Iy, of the Cys-MoO, NP device (@405 nm)
increases from 651 nA to 9 pA under the same conditions.
When laser irradiation power increases from 0.27 to 6.07 mW
em™?, Ly, of the Cys-MoO, 3 NP device (@808 nm) and the
Cys-MoO, NP device (@405 nm) linearly increases by 34 and
31 times at V};,; = 1 V, respectively. So, the Cys-MoO, g NP
and Cys-MoO, NP devices have distinguished stabilities and
linear photoelectric detection capabilities. For Cys-MoO,g
NPs@808 nm and Cys-MoO, NPs@40S, I, generation is
the maximum, indicating the basis for the subsequent
application of PTT. It also indicates the potential of the
Cys-MoO, ¢ NPs and Cys-MoO,NPs prepared in the experi-
ment to be applied in the VL to NIR region. The optical
detection method complies with the temperature change
described in Figure S9A and the photostability test of Cys-
MoO,; in Figure S9B.

NIR (780—1100 nm) photons are known to have a greater
biotissue-transparency capacity when compared with shorter
wavelength light.”°~>* With the cross section of optimized
photoelectric properties at around 800 nm, Cys-MoO,g can
serve as an ideal PTA for clinical treatment. The MoO;_,
surface modified by the zwitterionic cysteine vastly improved
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Figure 4. (A/B) Bio-TEM images of the OSCC cell morphology 24 h after adding Cys-MoO, ¢ NPs. Scale bar: (A) 500 nm and (B) 200 nm. (C—
F) Live/dead cells, scale bar: 50 um, (C) blank control, (D) cell cultured with only laser but no NPs, (E) cell cultured with Cys-MoO, ¢ NPs, (F)
cells cultured with Cys-MoO, s NPs and 808 laser, and (G) cell viability of OSCC cells + Cys-MoO, s NPs with/without 808 laser was analyzed by

the CCK-8 assay.

the solubility and optical ability. A recent metabolism
experiment of MoO;_, NPs detected very high concentrations
of Mo ions in the urine sample collected and confirmed that u
to 50% of Mo elements were eliminated in the urine quickly.>
Based on PTT optimization, we used Cys-MoO,z in the in
vitro OSCC experiment.

As shown in Figure 4A,B, the bio-TEM image confirms the
typical uptake of Cys-MoO, g NPs by cell endocytosis with no
significant cellular damage. The membrane structure remains
intact and the cytoplasm is uniform with no morphological
changes. A magnified image in Figure 4B clearly shows that the
cell membrane is wrapping off the NPs followed by cellular
uptake on its own initiative. The Cys-MoO;_, NPs may
aggregate into small clusters through membrane curvature-
mediated attraction in the cytoplasm, and therefore be able to
be internalize together.54 After crossing the cellular membrane,
the NP clusters were still clearly visible.

After validating the cell morphology and intake of the
targeting NPs, we begin irradiating the 24 h “Cys-MoO,3”
cultured cells with a 808 nm laser. The CCK-8 cell viability
assay counts are shown in Figure 4G. Cell groups with either
laser exposure or Cys-MoO, g absorption showed, respectively,
96 and 91% of the cells to be viable. The latter may due to the
small amount of NP sediment obstructing bits of cell
attachment. The group with Cys-MoO,3 NPs exposed to a
808 nm laser reached the lowest survival cell rate of 11%.
Further confirmation of specific cell death was proved by
calcein-acetoxymethyl (AM)/propidium iodide (PI) cell
staining. The virtually cell-permeant and nonfluorescent
neutral dye can be converted by living cell esterases into its
negative analogue with an impermeant green fluorescence.

This intense green fluorescence dye is well retained in viable
OSCC cells, while propidium iodide PI enters cells featured
with membrane degradation or deficiency, a character of late
apoptosis or necrosis, and react with nucleic acid that
significantly amplifies the red fluorescence. Figure 4C—F
shows the test groups in Figure 4G. Neither Figure 4D,E for
cell cultured with a single component of a 808 nm laser and
Cys-MoO, ¢ shows difference with the control group (Figure
4C), which are not only sparsely but evenly distributed dead
signals; all of these facts are conformable to the calculated
CCK-8 results. Meanwhile, in the local irradiation area, as the
temperature increased rapidly in Cys-MoO,g NPs with a 808
nm laser group (Figure 4F), massive cell death occurs. The
adherent cells were charred and dyed red at the dish bottom
because of the rapid increase in the temperature, which proved
to be ocular proof of the PTT effect of selected Cys-MoO;_,
NPs and optimum light wavelength on OSCC cells.

We change the laser wavelengths while other conditions
remain the same to test the VL—NIR photodetection of Cys-
MoO;_,. The results are shown in Figure 5G. Cell viability
under 780 nm laser irradiation remains 71 and 86% for the 603
nm group but the photothermal effect at 520 and 405 nm has
no statistical positivity with the control group. Figure SA—F
shows the live/dead staining of cell groups in Figure 4G,
focusing on the irradiation area. It can be seen clearly that from
405 to 808 nm, with the increase in the laser wavelength, the
cell dying ratio due to PTT therapy increases.

For a positive control, we immerse OSCC cells in different
temperature environments and directly measure the propor-
tions of viable cells. When exposed to temperatures above 45
°C for 20 min, cell viability statistically decreased and when
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Figure S. (A—F) Live/dead staining images of NP cultured cells after irradiation by different wavelengths of laser are, in turn, (A) blank control,
(B) for 405 nm, (C) for 520 nm, (D) for 630 nm, (E) for 780 nm, and (F) for 808 nm. Scale bar: 50 ym. (G) Cell viability after laser irradiation at

different wavelengths.

gradually warmed up to 60 °C, rare cells were alive. The PTT
lethal effect on OSCC cells under different wavelengths of the
laser matches perfectly with our optical observation on Cys-
MoO, . This also reflects that our cysteine-wrapping MoO;_,
maintains the original outstanding optical properties after
increasing its solubility. We recommend a 808 nm laser in
future in vivo study.

The well-advised 808 nm light maximizes light—nanoma-
terial interactions of Cys-MoO,g. It guarantees effective and
selective hyperthermia, which causes lethal damages to OSCC
cells by cell necrosis. OSCC usually occurs on the dorsal,
ventral of the tongue, and mouth floor, or secondary to oral
mucosal carcinoma in situ and mucosal precancerous lesions.
The specially developed anatomic sites made it possible and
meaningful for local treatment Cys-MoOj;_, application. The
exposition of multipoint 808 nm laser and application of
irradiation of different wavelengths may enhance and precisely
control the penetrating depth and targeting section.

Bl CONCLUSIONS

The Cys-MoO;_, NPs with remarkable photoelectric proper-
ties could reshape the PTA detection mode and provide a
platform for further application of more PTT cancer therapy.
The cytotoxicity of Cys-MoO;_, NPs is evaluated in vitro
study by cytoactive assay and bio-TEM cellular examination.
We investigated the therapeutic efficiency of NPs on OSCC
cells under linear light irradiation. Both NIR (808 nm) and VL
(405 nm) photothermal efficiency and the fatality rate
increases in PTT performance, which could prove Cys-
MoO;_, NPs to be a sensitive PTT for OSCC tumor cell
ablation. Furthermore, the VL and NIR response for the dual-
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responsive PTT agent not only provides an integrated efficient
photodetection method but also reaches the balance of drug-
efficient deposition and surgical precision photothermal
therapy (Figure S10). Actually, we had primarily verified
Cys-MoO;_, NPs in vivo safety in the further animal
experiment and went on the effectiveness research studies in
order (L). Hence, restoring MoO;_, to its anoxic state
provides versatile possibilities for MoO; NP surface
modification, giving them preferable biocompatible and
physical properties in typical single-pot synthesis.

B EXPERIMENTAL SECTION

Materials. Molybdenum sulfide and L-cysteine were
obtained from Sigma-Aldrich (St. Louis, MO) and H,0, was
obtained from JinShan Chemical Test (China). All other
chemicals were available from J&K Chemicals (Beijing,
China). OSCC cells were obtained from the JCRB Cell Bank
(NIBIOHN, Japan).” Eighty milligrams of the pristine MoS,
powder was dissolved in a mixture of 46.25 mL of deionized
(DI) water and 3.75 mL of 30 wt % H,0,. The mixture was
stirred well till it became black and the MoS, powder
completely dissolved and the overall solution turned trans-
parent yellow. Then, it was heated up to 80 °C for 1 h to
remove excess H,0,. Next, 5, 20, 60, and 80 mg of L-cysteine
were added as four experimental groups into 1.5 mL of the as-
prepared solution to obtain Cys-MoO;_, NPs with increasingly
reductant Mo valence states,. The products were sonicated,
dissolved, and kept in the dark before use.

Characterization. The morphologies of varying degrees of
reduced Cys-MoO;_, were examined using transmission
electron microscopy (TEM, JEOL-1200). The UV-—vis
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absorption spectra of the experimental Cys-MoO;, groups
were recorded using a spectrophotometer (Thermo Variskan
LUX). Then, the different Mo valence states in compounds
determined by XPS spectra point out the specific value in
further calculation. A Bruker AXS D8 Advance was used for
XRD analysis. The photoelectric performances (I, of Cys-
MoO,;_, NPs) were tested using a sourcemeter (Keithley
2636B) at normal temperatures and pressures. Dynamic light
scattering was analyzed using a (Malvern) Zetasizer Nano $90.
A (DSC/DTA-TGSTA) 449 F3 Jupiter was used for
thermogravimetric analysis (TGA).

Bio-TEM. To observe the cell uptake path of Cys-MoO,_,
NPs, 10° cells were seeded per 10 cm plates 24 h before the
experiment. Cys-MoO;_, NPs were then added into the
cultured medium with OSCC cells. After 24 h of incubation,
the cell samples were imaged using a JEOL-1200 (Japan).

PTT Effect on OSCC Cells. Cells were cultured in a
Dulbecco’s modified Eagle medium (DMEM) medium
(HyClone SH30022.01B) containing 10% fetal bovine serum
(FBS) (Gibco) and 1% penicillin—streptomycin (Sigma). We
optimized the concentration of Cys-MoQ,z in the culture of
tumor cells to 107 M for the Mo element. Cells were seeded
in 96-well plates at 10* cells each 1 day in advance. Then, we
refreshed the medium with 107> M Cys-MoO, 5 and cultured
for another 24 h. Then, it was irradiated with 405—808 nm
laser at 1 W cm™ to Cys-MoO, ¢ for 20 min each well.

Cell Viability Assay. The cell counting kit-8 (Dojindo
CKO04, Japan) was used to calculate the cell surviving rate after
PTT. Briefly, after PTT, the medium was changed with a 90
mL mixture of a fresh medium and 10 mL of the cell counting
kit solution. After 1 h of incubation at 37°C, we read the plate
at 450 nm using a microplate reader (Thermo Variskan LUX).
The cell surviving rate was determined by the OD experiment/
OD blank medium ratio.

Live/Dead Assay. To clearly visualize the live and dead
cells, we used the calcein-rAM/PI Double Staining Kit
(Dojindo C542, Japan) according to the manufacturer’s
instructions, and cell images were imaged using the Olympus
IX71 (Tokyo, Japan) microscope.

Statistical Analysis. Presented research data were
replicated three times. One-way analysis of variance
(ANOVA) or two-tailed independent test was used for
statistical analysis. All results were processed as the mean
standard deviation.
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