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Abstract

Current surgical treatment for oral squamous cell carcinoma (OSCC) must be as precise as possible to fully
resect tumors and preserve functional tissues. Thus, it is urgent to develop efficient fluorescent probes to
clearly identify tumor delineation, as well as metastatic lymph nodes. Chemo-photothermal therapy
combination attracted a growing attention to increase anti-tumor effect in various types of cancer, including
OSCC. In the present study, we designed a multimodal NIR-Il probe that involves combining photothermal
therapy with chemotherapy, imaging OSCC tumors and detecting metastatic lymph nodes.

Methods: In this study, we synthesized a novel near infrared (NIR)-Il probe named TQTPA
[4,4'-((6,7-bis(4-(hexyloxy)phenyl)-[1,2,5]thiadiazolo
[3,4-g]quinoxaline-4,9-diyl)bis(thiophene-5,2-diyl))bis(N,N-diphenylaniline)] via the Suzuki reaction and
prepared multimodal nanoparticles (NPs) loading TQTPA and cis-dichlorodiammine platinum (CDDP)
(HT@CDDP) by hyaluronic acid. The characteristics of the NPs, including their photothermal and imaging
capabilities were investigated in vitro and in vivo. Their anti-tumor efficacy was evaluated using orthotopic,
tongue tumor-bearing, nude mice.

Results: The NPs possessed good stability and water solubility and were pH/hyaluronidase sensitive. The good
tissue penetration quality and active targeting ability enabled the NPs to draw the outline of orthotopic tongue
tumors and metastatic lymph nodes as small as 1 mm in nude mice by IR-808 under NIR exposure. In vitro and
in vivo experiments validated the biocompatibility and low systematic toxicity of the NPs. At the same time, the
NPs acted as multimodal therapy agents, combining photothermal therapy with chemotherapy.

Conclusion: With a good imaging capability and anti-tumor efficacy, our NPs successfully outlined orthotopic
tongue tumors and metastatic lymph nodes as well as enabled chemo-photothermal therapy combination. Our
study established a solid foundation for the application of new clinical diagnosis and treatment patterns in the
future.
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Introduction

Over the past decades, limited improvements
have been made in the 5-year survival rate of oral
squamous cell carcinoma (OSCC) patients in spite of
the availability of a multidisciplinary modality
treatment [1, 2]. The leading causes for treatment
failure might be related to incomplete resection of
tumor tissues and neglected metastatic lymph nodes,
especially the tiny ones, which in turn causes a
postoperative recurrence and locoregional metastasis
[3]. Surgery is the most effective treatment in OSCC,
but surgery trauma inevitably affects the functions
and aesthetics of the orofacial region [4]. Hence,
surgical treatments must be precise and, upon
complete removal of cancerous tissue, surgery should
preserve normal tissue and organs as much as
possible. Another feature of OSCC is the complicated
lymph node drainage. Identifying metastatic lymph
nodes intraoperatively is essential in determining the
scope of lymph node dissection. Furthermore, some
tiny metastatic lymph nodes are often neglected
during traditional neck dissection [5]. At present,
physicians obtain information about tumor location,
size, and metastatic lymph nodes mostly by palpation
and computed tomography (CT) examination, which
can miss the detection of residual tumor tissues and
metastatic lymph nodes [6]. Thus, clearly drawing the
outline of OSCC tumor and establishing a new
method to identify metastatic lymph nodes intraoper-
atively is extremely important to the survival rate of
OSCC patients [7]. Currently, research interests in
near-infrared (NIR), fluorescence-based imaging have
become popular as NIR can be utilized to observe
biological processes non-invasively in living subjects
with high sensitivity and biological safety and
without the use of ionizing radiation [8-16]. Many
materials have been used in NIR imaging and cancer
therapy in recent years, including antimonene,
quantum dots and borophene [17-23]. Zhang et al.
used black phosphorus as a biodegradable drug
delivery system, realizing NIR imaging of tumors and
smart NIR-light-controlled drug release for cancer
therapy, which showed an excellent anti-tumor effect
[24-25]. Most studies, however, have focused on
first-window materials, with wavelengths ranging
from 650 to 950 nm (NIR-I), such as the most
widely-applied, FDA-approved small molecule
indocyanine green (ICG) [26]. ICG has been used in
many clinical applications, such as tumor imaging
and the detection of draining lymph nodes [27].
However, ICG has shortcomings as a NIR-I probe due
to photon scattering in biological tissues and the
non-ignorable background signal of normal tissue,
which leads to poor image resolution and clinical
limitations [28]. Consequently, imaging in the NIR-II

region (1000 to 1700 nm) has attracted much attention.
Compared with NIR-I probes, NIR-II probes have less
interference by endogenous substances in living
organisms, thereby enabling deeper penetration
depths and lower tissue background signals [29-36].
Previous studies have used NIR-II probes to image
and observe tumors, vascular systems, and lymph
node drainage. Hong et al. reported a probe,
Ga-CHS;, for tumor delineation and NIR-II imaging
guided surgery to dissect xenograft tumors, but they
did not combine image-guided surgery with other
therapies [37]. Cheng et al. synthesized a novel NIR-II
molecule, CQS1000, for many uses, such as the
evaluation of circulatory system, assessment of tumor
angiogenesis and imaging of lymphatic drainage [8].
Although there are a lot of studies on NIR-II materials
at present, few reports combining the characteristics
of materials with cancer therapy in the field of OSCC.
Previous studies focused on the NIR-II imaging
capabilities, but did not investigate its multimodal
potential. Therefore, it is essential to explore a variety
of capabilities of NIR-II molecules, such as photother-
mal therapy (PTT). Moreover, the xenograft models
used in most studies hardly mimicked the true
condition of the tumor. Therefore, we have establi-
shed an OSCC orthotopic model using OSCC cell lines
in nude mice for our in vivo study, rather than the
common subaxillary tumor models, to simulate the
growth of OSCC in living subjects [38, 39].

In addition to surgery, chemotherapy is widely
regarded as one of the major treatments for OSCC [3].
CDDP [cis-dichlorodiammine platinum] is one of the
first-line chemotherapeutic drugs for OSCC patients.
However, as a solid tumor, OSCC exhibits a hypoxic
microenvironment which leads to chemoresistance,
especially the so-called cancer stem cells (CSCs)
[40-45]. Therefore, to account for this deficiency, other
therapies are often combined with chemotherapy.
PTT is considered to be a novel and effective method
to destroy tumor cells, converting light energy into
heat energy [46-47]. Currently, researchers are
focused on increasing chemo- and photothermal
therapeutic effect while simultaneously decreasing
side effects. Nano drug delivery systems have
received much attention in recent years. Through the
enhanced permeability and retention (EPR) effect,
nanoparticles (NPs) can accumulate in tumor sites,
reducing side effects to normal tissues [48-50].
Compared with conventional NPs, tumor-targeted
NPs can enter cells through receptor-mediated
endocytosis on the surface of cancer cells, thereby
increasing the concentration of NPs in tumor tissues.
Hyaluronic acid (HA) is an ideal, biocompatible
nano-carrier and it is one of the main components of
the extracellular matrix [51]. In addition, HA is one of
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the ligands of CD44, which is highly expressed at the
OSCC cellular membranes [52]. As one of the markers
of CSCs, CD44 participates in a variety of cell signal
transduction pathways and is closely related to tumor
growth, proliferation, and metastasis [53,54]. There-
fore, HA, as a nano-carrier, can achieve passive
enrichment in tumors via the EPR effect and can
actively target tumor cells with high CD44 expression.

This paper reports, for the first time, new
tumor-targeted NPs (HT@CDDP) for NIR-II imaging
and combined chemo-PTT, as schematically illustra-
ted in Figure 1. We synthesized HT@CDDP NPs with
the following considerations: (1) organic molecule,
TQTPA [4,4'-((6,7-bis(4-(hexyloxy)phenyl)-[1,2,5]thia-
diazolo [3,4-g]quinoxaline-4,9-diyl)bis(thiophene-5,2-
diyl))bis(N,N-diphenylaniline)], was synthesized as
the NIR-II-absorbing material and (2) HA was used to
encapsulate  CDDP and TQTPA, enhancing the
targeting ability and accumulation of NPs in tumors.
Through in vivo study, we demonstrated that the NPs
accumulated at tumor sites, delineating the tumor and
enabling sensitive imaging of metastatic lymph nodes
in the NIR-II range. In addition, the NPs produced an

NIR-Il Imaging of
Orthotopic Tumors

anti-tumor effect in OSCC orthotopic models. The
combination of HT@CDDP NPs with chemotherapy
and PTT improved the anti-tumor effect to a great
degree. Together, the in vivo and in vitro results
revealed that the NPs could not only play an
important role in tumor and metastatic lymph node
imaging but also enable enhanced anti-tumor effects
of chemotherapy and PTT. Thus, the NP-based NIR-II
probe shows a great potential for a possible clinical
use in the future.

Methods

Materials

Sodium HA (molecular weight 12-14 kDa) was
purchased from Freda Biochem Co. Ltd. (Shandong,
China). CDDP was purchased form Sigma-Aldrich
(St. Louis, MO, USA). All antibodies were purchased
from Abcam (Cambridge, UK). TQ and TPA were
obtained from SunaTech Inc(Suzhou Industrial Park,
Jiangsu, China). Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, America), phosphate buffer saline
(PBS, Gibco, America) and fetal bovine serum (FBS,
Gibco, America) were purchased from Gene Tech Co.

(Shanghai, China).

Synthesis of TQTPA

TQTPA was synthesized via the
Suzuki reaction between 4,9-bis-(5-
bromo-thiophen-2-yl)-6,7-bis-(4-hexy
loxy-phenyl)-2-thia-1,3,5,8- tetraaza
cyclopenta[b]naphthalene (TQ) and
diphenyl-[4-(4,4,5,5-tetramethyl-[1,3,
2] dioxaborolan-2-yl)-phenyl]-amine
(TPA). The TQTPA molecule has a
donor-acceptor-donor (D-A-D) stru-
cture, in which triphenylamine acts
as the electron donor, and TPA acts
as the electron acceptor. The
obtained TQTPA molecule was

Figure 1. The schematic illustration of the preparation and application of HT@CDDP NPs.
(A) A schematic illustration of the preparation of HT@CDDP NPs. (B) NIR-Il imaging/PTT applications
of HT@CDDP NPs in orthotopic OSCC tumors.

characterized by 'H NMR, high
resolution mass spectrometry, 13C
NMR and MALDI- TOEF.

Synthesis of HT@CDDP

We synthesized HT@CDDP
using ultra-sonication. Briefly, we
co-dissolved HA (20 mg) and CDDP
(2 mg) in deionized water (10 mL) to
obtain Solution A. Then, we
dissolved TQTPA (2 mg) in THF
[Tetrahydrofuran] (2 mL) to obtain
Solution B. Solution A was sonicated
via an ultrasound probe at a power
of 180 W. Solution B was added

dropwise at room temperature into
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Solution A with ultra-sonication for 5 min to prepare
HT@CDDP. We removed the unloaded TQTPA and
free CDDP using a 30-K ultrafiltration tube at 5000
rpm for 20 min and washed them with deionized
water three times. We collected the filtrate in the
lower portion of the tube to measure the amount of
unloaded TQTPA and free CDDP. We collected the
concentrated HT@CDDP solution in the upper part of
the tube for the following experiments.

Encapsulation efficiency (EE) of CDDP- and
TQTPA-loaded particles

We detected the concentration of CDDP using
AAS [Atomic Absorption Spectroscopy] and recorded
the concentration of TQTPA using a multifunctional
continuous spectrometer. We calculated the NP
encapsulation efficiency (EE) as follows:

Wo-Wt

EE(%) = “Wo

where Wy and W; are the weight of the initial CDDP

(TQTPA) and the total amount of CDDP (TQTPA)

detected in the filtrate solution after ultrafiltration,
respectively.

X 100%,

NP characterization

NMR spectra were recorded on a Bruker Ultra
Shield Plus [Bruker BioSpin Scandinavia AB
Vallgatan 5, SE-170 67 Solna, Sweden] 400 MHz
spectrometer ('H, 400 MHz) using tetramethylsilane
(TMS) as the internal reference. We used dynamic
light scattering (DLS) and transmission electron
microscopy (TEM) to characterize the particle size and
morphology. TEM images were performed on a
HT7700 transmission electron microscope operating
at an acceleration voltage of 100 kV. DLS studies were
conducted using a commercial laser light scattering
spectrometers (ALV-7004; ALV, Langen, Germany)
equipped with a multi-t digital time correlator and a
He-Ne laser (at A = 632.8 nm). A CONTIN analysis
was used to extract the (Rh) data from the scattering
intensity. All test samples were prepared and made
optically clean by filtration through 0.45-mm
Millipore filters before measurement and each sample
was tested three times. The scattering angle was 90°
and all measurements were carried out at room
temperature. For all the samples, the final
concentration of CPs was 0.1 mg mL-1. We conducted
spectrophotometry measurements on a Shimadzu
UV-3600 UV-vis-NIR spectrophotometer [Kanda-
nishiki-cho 1-chome Chiyoda-ku, Tokyo 101-8448,
Japan]. The NIR-II fluorescence spectrum of TQTPA
and NPs in the region of 900 - 1500 nm was measured
using a NIR-II spectroscopy (Fluorolog 3) with
InGaAs NIR detector under an 808-nm diode laser
(RMPC lasers) excitation. To examine the ability of the

NIR-II signal of the NPs to penetrate muscle, we used
chicken breast tissues with different thicknesses to
cover a tube filled with HT@CDDP NPs and
measured the decayed NIR-II signal.

Release rate of CDDP from NPs

NPs were dissolved in 1 mL of phosphate-
buffered saline (PBS) and placed in a sealed dialysis
tube (MW cut-off 8000-10,000 Da, Wako, Japan). The
dialysis bag was then submerged in 50-mL tubes
(Falcon, BDLabware, NJ) containing 40 mL sodium
phosphate buffer (50 mM) of different pH (7.4, 6.8 and
5.2), with or without hyaluronidase, and incubated in
a water bath at 37 °C with reciprocal shaking at 1 Hz.
The CDDP released from the dialysis bags was
collected at scheduled time intervals and its amount
was quantified by AAS.

Temperature increase curve in vitro

We used a NIR laser (808 nm, power density of
0.5, 1, and 1.5 W cm™) to irradiate the PBS solution
(pH 7.4) of HT@CDDP ([TQTPA] =0, 37.5, 75, 150, 300
pg mL7) for 5 min at an initial temperature of 25°C.
We recorded the temperature values of the
HT@CDDP solution at different time points using an
IR thermal imager. To obtain the heating and cooling
curve, the PBS solution of HT@CDDP ([TQTPA] = 300
pg mL1) was irradiated with a NIR laser (808 nm, 1.5
W cm?). Irradiation was ceased when a maximum
temperature was reached, and the solution was
subsequently cooled to room temperature. We
repeated this process three times.

NIR-Il fluorescence imaging setup

The NIR-II fluorescence imaging system was
designed and built for in vivo and in vitro fluorescence
imaging in the second near-infrared fluorescence
range (1000-1700 nm), with a 640-by -512 pixel,
two-dimensional InGaAs array (Princeton Instrum-
ents). The excitation source was an 808-nm diode laser
at a power density of 40 mW cm?, and the emission
light was collected through various long pass filters
(980 nm) as required and focused onto the detector by
a 50-mm lens.

In order to determine the detection depth of
HT@CDDP NPs, we placed the HT@CDDP NPs in a
tube covered by chicken breast tissues with different
thicknesses (1 mm, 3 mm, 6.5 mm, 9 mm, 12 mm, and
15mm), as shown in the Supplementary Material.

Cell culture

Human oral squamous cell carcinoma lines,
HSC3 and SCC4, were kindly provided by the Ninth
Hospital of Shanghai. They were cultured in DMEM
with 10% FBS, 100 U mL! penicillin and 100 mg mL!
streptomycin at 37 °C in a humidified atmosphere
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containing 5% CO2 and 95% air.

Cellular uptake efficiency

We seeded HSC3 and SCC4 cells in 6-well plates
at a density of 5.0 x 10* cells and cultured them for 24
h, followed by a treatment with HT@CDDP NPs
([TQTPA] = 0.1 mg mL) in a normal culture medium
and in a culture medium with anti-CD44 antibody,
respectively. After incubating for 1 h, 9 h, 13 h, and 20
h, the cells were digested with trypsin (EDTA) and
centrifuged at 1000 rpm for 5 min. The cells were then
washed three times with PBS to remove the remaining
culture medium, and they were reseeded in 96-well
plates in PBS (100 pL). The 96-well plates were
irradiated with the NIR-II fluorescence imaging
system to measure the NIR-II signal and analyze the
targeting efficiency of HT@CDDP NPs to
CD44-expressing cells.

Cytotoxicity assay

The toxicities of T@CDDP [referring to free
CDDP] and HT@CDDP NPs, with or without
irradiation, were tested using CCK-8 [Cell Counting
Kit-8]. Cells were plated in 96-well plates at densities
of 5,500-6,500 cells in a 100 pL complete culture
medium. Blank control wells containing the same
volume of complete culture medium were included in
each assay. The microplate was incubated at 37 °C
until cells adhered to the plates. The cells were then
washed with PBS and incubated with T@CDDP and
HT@CDDP, which were serially diluted in a complete
culture medium before use. The plate was further
incubated for 24-36 hours. For the HT@CDDP with
irradiation group, cells were exposed under an
808-nm laser at 1.0 W cm?2 for 10 min. CCK-8 (10 pL)
was added to each well. The optical density (OD) of
formazan at 450 nm was recorded every 30 minutes
until the OD was 1.0-2.0. Six wells corresponded to
each concentration of the aforementioned drugs. Cell
viability was calculated as follows: cell viability =
([OD]test - [OD]Control)/([OD]control - [OD]blank) xlOO%-

In vivo NIR-Il and ICG imaging

We administered HT@CDDP NPs in PBS
solution ([TQTPA] = 1mg mL?') and ICG in PBS
solution ([ICG] = 1mg mL') to mice bearing
orthotopic tongue squamous carcinoma via tail
injection at a volume of 100 pL per mouse. At 0, 4, 10,
20, 24, and 30 h postinjection, mice were anesthetized
and imaged via the in vivo NIR-II imaging system.
Typically, at 30 h postinjection, we carefully removed
major organs of mice, including heart, liver, spleen,
lung, kidney, tumor, and lymph nodes, and rinsed the
organs for visualization. We analyzed the NIR-II
signal intensity using the in vivo NIR-II imaging
system’s software.

OSCC model establishment

To establish an orthotopic xenograft model of
human OSCC, the human OSCC cells HSC3 (1x10¢
cells in 50 pL PBS) were submucosally inoculated into
the tongues of nude mice (4 mice per group). We
measured the tumor dimensions every other day by a
caliper and calculated the volume by the formula (V =
(LxW?2)/2, where L is tumor length and W is tumor
width). When the tumor volume was approximately
12 mm?, the mice were ready for in vivo anti-tumor
efficacy experiments.

In vivo chemo-photothermal therapy
combination

We randomly divided the tumor-bearing mice
into 8 groups (n = 4). Then, the mice were
administered the following: (1) saline, (2) saline with
irradiation, (3) HT, (4) HT with irradiation, (5)
HT@CDDP, (6) HT@CDDP with irradiation, (7)
T@CDDP, and (8) T@CDDP with irradiation. The
different formulations were administrated via tail
vein injection (CDDP dose: 5 mg kg). Mice of groups
(2), (4), (6), and (8) received irradiation via an 808-nm
laser (1.0 W) for 10 min in the tumor regions. We used
a thermal imager to detect the change in temperature
in tumor regions. We measured tumor volume and
mice weight every other day. When the treatment was
complete, we removed tissues for HE (hematoxylin
and eosin) staining and immunostaining.

Statistical analysis

All data shown are expressed as the mean * SE
for at least three separate experiments unless
otherwise stated. Statistical analyses were carried out
using a two-tailed Student's t-test and homogeneity of
variance tests (p values < 0.05 were considered
significant).

Ethical statement

Institutional review board approval was
obtained from Nanjing Stomatological Hospital Ethics
Committee (approval number, 2017NL-003). All
animal experiments and experimental protocols were
in accordance with the Animal Care and Use
Committee of the Medical School of Nanjing
University.

Results and discussion

The synthesis and structure of TQTPA was
shown as Figure 2 and Figure S1-54. The fluorescence
quantum yield of TQTPA in THF solution under an
excitation of 808 nm was about 3.03%, measured
against a standard IR1061 dye in dichloromethane as
a reference. As shown in Figure S5A, TQTPA has
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strong absorption in the NIR region, with a main
absorption peak at 760 nm in THF and its extinction
coefficient is 6.762 mL g? cm?. The fluorescence
emission spectrum showed a maximum NIR-II
emission peak at 1016 nm, using 808 nm as the
excitation wavelength (Figure S5B). This indicates a
large Stokes shift of about 256 nm.

We conducted nanoprecipitation to prepare
water-soluble, semiconducting HT@CDDP NPs using
the hydrophilic polymer HA as a stabilizer to
encapsulate the hydrophobic molecule TQTPA and
anti-cancer drug CDDP. The diameter and morpho-
logy of HT@CDDP NPs in aqueous solution were
characterized with DLS and TEM (Figure 3A).
HT@CDDP NPs had well-dispersed sphere structu-
res, with an average diameter of 110 nm. The NPs

exhibited good water solubility and a nano-size
formulation similar to many other polymeric CDDP
complex/conjugates [55]. The hydrodynamic radius
of the HT@CDDP NPs in different media, including
PBS, FBS, and DMEM, showed no obvious difference
(Figure S6). In Figure 3B, the HT@CDDP NPs also
showed good NIR absorption, with a predominant
absorption peak at 760 nm. The fluorescence emission
spectrum showed a maximum NIR-II emission peak
at 1057 nm. In addition, the HT@CDDP NPs exhibited
high photo stability, zeta potential stability and size
stability (Figure S7 and S8). NP detection depth was
evaluated by NIR-II imaging for samples covered by
chicken breast tissues with varying thicknesses. The
NIR-II signals of the NPs decreased slightly as the
thickness of the chicken breast tissue increased from 0
to 3 mm. Notably, we found that even
when the samples were covered by
chicken breast tissue as thick as 6.5
mm, its NIR-II signal was still detec-
table (Figure 3C-D and Figure S9).
Therefore, the as-prepared HT@CDDP
NPs can be used in NIR-II imaging.

As reported, HA is an ideal DDS
[Drug Delivery System] that can be
combined with CDDP via ionic
interactions between Pt?* of CDDP and
carboxylic acid of HA [56-59]. We used
AAS to confirm the successful

encapsulation of CDDP by measuring
the concentration of CDDP in an

1057 nm

Nomalized absorbance

— Absorbance
— Emission

—_—

HT@CDDP-containing PBS solution.
In order to compare the capacity of
loading CDDP between HA and PEG
[polyethylene glycol], we also used
PEG to load CDDP and TQTPA. The
encapsulation efficiency of CDDP was
32.33%, which is higher than that
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when PEG is used as a nano-carrier
(20.59%), which is consistent with
other published studies [60, 61]. This is
possibly due to the electrostatic
binding between HA and CDDP.
Next, we studied the in vitro
release profile of CDDP from HT@
CDDP NPs in different media. As
shown in Figure 4A, about 12.35 *
0.67% of CDDP was released after 16 h

Figure 3. Characterization of HT@CDDP NPs. (A) The hydrodynamic radius (Rh) of
HT@CDDP NPs in PBS determined by dynamic light scattering (DLS) and transmission electron
microscopy (TEM) image of HT@CDDP NPs. Scale bars represent 200 nm. (B) The absorption and
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% 300004
200004
100004

0 T
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10 15 in PBS at pH 7.4. The release of CDDP,
however, increased from 22.19 + 0.74%
to 33.84 = 1.01% as the pH decreased
from 6.8 to 5.2, respectively. This was

attributed to the increase in HA

fluorescence emission spectra of HT@CDDP NPs. (C) NIR-Il imaging and (D) signal intensities of

HT@CDDP NPs covered by chicken breast tissues with varying thicknesses. The results represent

mean * SE (n=3).

dissolution in an acidic environment.

These findings suggest that the weak
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acidic condition of solid tumors could accelerate the
release of CDDP from the HT@CDDP NPs and, upon
their internalization in tumor cells via endocytosis,
the lower pH of lysosomes would facilitate a more
rapid release of CDDP [29]. In addition, because HA
can be hydrolyzed by hyaluronidase [62, 63], we
evaluated the effect of hyaluronidase on the release of
CDDP from the NPs. The NPs were treated with PBS
containing 150 U mL? hyaluronidase at pH 7.4 and
52. The addition of hyaluronidase expedited the
release of CDDP to 28.34 £ 0.51% at pH 7.4 and 45.68 +
1.26% at pH 5.2 at 16 h. This result suggests that the
enriched hyaluronidase in tumor cells will facilitate
the release of CDDP from NPs. Moreover, the release
of NPs is influenced by pH and hyaluronidase,
suggesting good stability in blood circulation and
rapid release in the low pH environment of the
phago-lysosomal system [56].

To study the efficiency of the HT@CDDP NPs for
PTT, we exposed different concentrations of NPs to an
808-nm NIR laser (1.5 W cm?). The results in Figure
4B show that the temperature of the NPs increased
with increasing TQTPA concentration. When TQTPA
concentration reached 300 pg mL7, the solution
temperature increased by 40.5 °C, which was higher
than that at 0.5 W cm2 (19.0 °C) and at 1.0 W cm2 (27
°C) (Figure 4C). To evaluate the stability of the
photothermal property, we performed three replica-
tions of an irradiation experiment. The heating and

cooling curve indicated that the NPs exhibited a great
optical stability after three cycles of laser-induced
heating (Figure 4D). The value of photothermal
conversion efficiency was calculated out to be 22%
[64, 65]. The satisfactory photothermal properties of
our NPs including excellent photothermal conversion
efficiency, good photo-stability and favorable
absorbance features make them suitable for PTT [66].

HA is a ligand of the CD44 receptor, which is
highly expressed on the cell membrane of many solid
tumor cells, including OSCC. To investigate the
targeting ability of the HT@CDDP NPs on OSCC cells,
we selected two human OSCC cell lines with high
levels of CD44 expression (Figure S10). We first
examined the influence of blocking CD44 on the
intracellular uptake of HT@CDDP NPs in OSCC cells.
As shown in Figure 5A-B, we observed a
time-dependent increase in the NIR-II signal intensity,
indicating an intracellular accumulation of the
HT@CDDP NPs. More importantly, the cellular
uptake of the NPs was significantly suppressed by the
addition of anti-CD44 antibody, emphasizing the
importance of receptor-mediated endocytosis. We
evaluated the cytotoxicity of the HT@CDDP NPs by a
CCKS8 assay. The cytotoxicity of the NPs against
OSCC cells was comparable to that of T@CDDP in
vitro. As expected, we observed an enhanced anti-
tumor effect of the HT@CDDP NPs upon laser
stimulation (Figure 5C-D). The ICsy values of the
HT@CDDP NPs with irradiation and
T@CDDP were 9.863 pM and 1.281 pM in
HSC3 cells, respectively (9.531pM and
2.893uM in SCC4 cells, respectively),
confirming the excellent anti-tumor effic-
acy of the HT@CDDP NPs with
irradiation in vitro.

We also conducted a flow cytometry
analysis using an Annexin V-FITC/PI
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HT@CDDP NPs with or without irradia-
tion on cell apoptosis. The results in
Figure 6 and Figure S11-13 show the
apparent enhanced cell apoptosis of
HSC3 and SCC4 cells when treated with
HT@CDDP NPs and stimulated with
irradiation. The HT@CDDP NPs showed
no obvious difference from T@CDDP on
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Figure 4. The release profile and photothermal property of NPs. (A) The cumulative drug
release profile of HT@CDDP NPs at different pH values and in the case of hyaluronidase. The
results represent mean + SD (n=3). (B) The heating curves of HT@CDDP NPs at different
concentrations by an 808-nm laser at a power density of 1.5 W cm-2. (C) The heating curves of

cell apoptosis at the same concentration
of CDDP (ICs)). Upon irradiation,
however, the number of apoptotic cells
increased significantly, regardless of the
presence of CDDP. This result
demonstrated that HT@CDDP NPs with

HT@CDDP NPs (300 pg mL-! TQTPA) by an 808-nm laser at different radiant power values. (D)

The heating-cooling curve of HT@CDDP NPs (300 pg mL-! TQTPA) by an 808-nm laser at a power

density of 1.5 W cm-2.

irradiation could promote cell apoptosis
significantly in vitro.
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Figure 6. Cell apoptosis of HSC3 cells treated with different media and examined by Annexin V-FITC/PI staining kit and flow cytometry.

As noted, NIR-II materials possess better
imaging capabilities than NIR-I materials, offering
less interference by endogenous substances, lower
tissue background, and higher resolution. To explore
the potential of HT@CDDP as a novel NIR-II probe in
living subjects, we injected the NPs into mice via their
tail veins, using ICG for comparison. As shown in
Figure S14A, at 15 min postinjection, the NIR-II

images showed that the circulatory system was
clearly visualized, whereas ICG gave a lower quality
image with blurry features. From Figure S14B, the
femoral artery was clearly depicted by HT@CDDP,
but ICG failed to produce a distinct image of the
femoral artery. The signal intensity was measured by
plotting cross sections of the same vessel (femoral
artery), marked by red arrows. As shown in Figure
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S$14C, an obvious peak from the HT@CDDP group
was observed, with a Gaussian-fitted full width at half
maximum (FWHM) of the cross-sectional intensity
profile of 0.606 mm. Conversely, the intensity analysis
obtained for the ICG group showed a broad, less
intense peak. These findings demonstrated that the
HT@CDDP NPs, as NIR imaging agents, produced
better contrast and higher resolution images than the
clinically-approved ICG.

After NIR imaging of HT@CDDP and ICG in
blood vessels, we aimed to study the tumor imaging
properties of each agent solution. Nude mice with
HSC3 orthotopic xenografts were randomly divided
into three groups (n = 3 per group) and arranged as:
(1) ICG, (2) HT@CDDP and (3) HT@CDDP with
excess HA blocking. The ICG and HT@CDDP
solutions were injected in tail veils, whereas the HA
PBS solution was administered through paracancer-
ous injection 6 h ahead of the HT@CDDP injection.
The mice in the ICG group were imaged with NIR-],
whereas the mice of the HT@CDDP group were
imaged with NIR-II. As shown in Figure 7, the tumors
could be clearly visualized in the NIR-II images, at
different time points. The ICG-enhanced imaging,
however, failed to make a distinction between the
tumor nodule and the adjacent tissues, possibly due to
its inherently high background signal. The
enrichment of the HT@CDDP NPs in tumor regions
was significantly inhibited when CD44 was blocked
by HA through the HA (ligand)-CD44 (receptor)
interaction. Interestingly, the tumor vascular branches
could be discerned immediately after injecting ICG
and HT@CDDP solutions. At 4 h postinjection, the
vascular image of the ICG group disappeared,
whereas the image of the HT@RCDDP group was still
visible. On the basis of this result, the HT@CDDP NPs
show a great potential for visualizing the vascular
network in tumors, observing tumor progression and
assessing the efficacy of some anti-angiogenic drugs.

The signal intensity-to-background ratio (SBR) is
shown in Figure 8A and Figure S15. NIR-II imaging
of tumors has a high SBR, with an average value of
2.78 immediately after tail vein injection. Although
the SBR declined to 2.18 at 4 h, it seemed that the
HT@CDDP NPs became more homogeneously
distributed at tumor region. The SBR gradually
increased and reached 8.06 at 24 h, but later decreased
to 3.65 at 30 h postinjection. Conversely, the SBR in
the HA blocking group showed no obvious increase
over 20 h, and the maximum SBR at 24 h was only
about 2.35. Interestingly, a lymph node image (Figure
7, LN#1, green circle) with an SBR of 1.72 appeared at
10 h in the HT@CDDP group. At 20 h, the SBR of
LN#1 reached 3.17, and it revealed another lymph
node image (Figure 7, LN#2, blue circle) with an SBR

of 2.92. The SBR of LN#2 reached a maximum of 3.55
at 24 h (Figure 8C). On the basis of these findings, we
hypothesize that the HT@CDDP NPs could be used
for tumor and lymph node imaging.

To validate whether the two lymph node images
represented two metastatic lymph nodes, we
dissected the mice at 30 h postinjection. As shown in
Figure 8B and Figure S16, the NIR-II signals were
mainly enriched in tumors, livers, and spleens,
suggesting a low damage to hearts and kidneys. This
is an important result for assessing the in vivo safety of
the NPs. The two excised lymph nodes were
apparently displayed; LN#2 was very small, but had a
strong fluorescence signal. According to HE and
cytokeratin (CK) staining results in Figure 8D, LN#1
and LN#2 showed a positive expression of CK.
Therefore, they were confirmed to be metastatic
lymph nodes. However, the image of the metastatic
lymph nodes appeared later than that of the tumor,
but the SBRs of the tumor and the two lymph nodes
achieved maximum values at about 24 h postinjection,
which met the requirement of a clinical application.
This provided promising evidence that the
HT@CDDP NPs could accumulate at tumor sites and
be used to detect metastatic lymph nodes, especially
tiny ones that could be easily overlooked.

The photothermal characteristics of the
HT@CDDP NPs have been confirmed in vitro;
therefore, we further studied their potential in
combined chemo-PTT. This study used an orthotopic
OSCC mouse model described previously. First, we
proved that the NPs exhibited excellent photothermal
effects in vivo and used a thermal imager to monitor
temperature changes. As shown in Figure 9A-B, the
temperature of the tumor regions increased
immediately upon an 808-nm (1.0 W) laser irradiation.
After about 3-4 min of irradiation, the temperature
reached 50.5 °C, which is sufficient to destroy tumor
cells [47]. As shown in Figure 9C-D and Figure S18A,
C, HT@CDDP induced a remarkable tumor growth
delay and, 13 days after treatment, the tumor size
(5.70 + 1.14 mm?®) was reduced by 82.78% compared
with the untreated control (33.11 + 4.63 mm3). The
tumor volume of mice in the TRCDDP group, on the
other hand, increased by 33.93% (13.92 + 1.24 mm?3at
day 1 and 1948 £ 0.72 mm3 at day 13). We then
performed a histological analysis (HE, Ki67, and Bcl2
staining) to further evaluate the in vivo anti-tumor
activity of the HT@CDDP NPs. Tumor tissues and
other organs were collected on day 14. As shown in
Figure 10 and Figure S18D, the HT@CDDP, HT, and
HT@CDDP (with laser) groups presented lower levels
of the cell proliferation marker Ki67 and cell apoptosis
inhibitor Bcl2 compared with the other groups. The
anti-tumor effect of T@CDDP showed no obvious
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difference, with or without irradiation. Therefore,
both in vivo experiments and histological analysis are
in agreement with the efficient anti-tumor effects of
the HT@CDDP NPs observed in vitro. Thus, the
HT@CDDP NPs are expected to be potential
biomedicines that combine chemotherapy and PTT
with effective anti-tumor abilities.

To evaluate the in vivo systematic toxicity of
HT@CDDP, we measured the weight of mice every
other day from the beginning of the treatment. As
shown in Figure S17B and S18B, the weight of mice in
the HT@CDDP group, with or without irradiation,
did not change significantly compared with the
beginning (21.50 + 0.32 g to 20.35 £ 0.12 g with
irradiation and 23.70 + 01.14 g to 2395 + 0.96 g
without irradiation, respectively). The slight decrease
in the weight of mice in the HT@CDDP with laser
group may be due to tongue pain, which was caused
by heating. The mice, however, experienced an
obvious decrease in weight from 24.88 + 0.38 g to
21.02 £ 1.25 g in the control group and from 20.53 +
1.00 g to 17.42 £ 1.33 g in the HT group. A decrease in
weight was also observed in the T@CDDP group,
from 22.20 + 0.44 g to 19.48 £ 0.63 g, though without a
statistical significance. H&E staining of mice hearts,
livers, and kidneys also revealed that the NPs did less
damage to these organs than T@CDDP (Figure S17A
and S18D). To further assess the biosafety of
HT@CDDP, we injected HT@CDDP PBS solution and
T@CDDP into tumor-bearing mice and healthy rats
via tail veins. We dissected tumors, hearts, livers and
kidneys from the mice and measured CDDP content
in the different organs at 7 days postinjection. In
addition, we collected blood from rat orbits and used

10 h

20l

daas®@1H

Bupioolq wH
daao®@iH

it for a serological examination to evaluate liver and
renal functions at 2 and 4 weeks postinjection. The
concentration of CDDP in the tumor of the
HT@CDDP group was more than twofold that of the
T@CDDP group. This confirmed the enrichment effect
in tumor regions (Figure S17C). In livers, the
concentration of CDDP for the HT@CDDP group was
slightly higher than that of the TRCDDP group, but it
was much lower in kidneys. This indicated that our
HT@CDDP NPs could reduce the renal toxicity of
CDDP, which is one of the most significant limitations
in clinical use. As shown in Table S1, we detected
changes in blood urea nitrogen (BUN), creatinine (Cr),
aspartate aminotransferase (AST), and alanine
aminotransferase (ALT) at 2 and 4 weeks
postinjection. To determine whether there was any
substantial damage to livers and kidneys, we
dissected the rats 6 weeks postinjection and
conducted a histological analysis. As shown in Figure
§17D, H&E staining indicated that there was no
obvious damage to the livers and kidneys. Therefore,
the HT@CDDP NPs have been shown to accumulate
at tumor sites and reduce renal toxicity compared to
T@CDDP. Through in vivo experiments, we confirmed
that in short periods, the NPs did less damage to
living organs than T@CDDP. Moreover, the NPs show
a good bio-degradation property (Figure S19). The
active and passive targeting characteristics of
nanomaterials reduce the damage caused by CDDP to
normal tissues. In addition, the low toxicity of TQTPA
and biocompatibility of HA contribute to the biosafety
of the HT@CDDP NPs. Therefore, we can look
forward in the future to the clinical translation of
these NPs.

max

min

Figure 7. NIR-I/NIR-Il images of HSC3 orthotopic tumor-bearing mice (n = 3 per group). The images were acquired immediately, 4 h, 10 h, 20 h, 24 h,
and 30 h after tail vein injection of ICG and HT@CDDP NPs, with or without excess HA blocking. Red circles indicate tumors. Green and blue circles indicate two
lymph nodes. (NIR-I: 808 nm excitation, 830 LP and 300 ms; NIR-II: 1064 LP and 2000 ms).
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Figure 10. HE and IHC staining of dissected tumors. HE, Ki67, and Bcl2 staining of tumors for evaluating anti-tumor effect as well as the effect of inhibiting

tumor proliferation and promoting cell apoptosis.

Conclusions

In this study, we synthesized a new NIR-II
molecule, TQTPA, with stable photothermal characte-
ristics, which are essential for NIR-II imaging and
PTT. On the basis of a nano-technique, we synthes-
ized HT@CDDP NPs with a good water solubility and
dimensional stability. OSCC cell lines expressing high
levels of CD44 receptors showed an obvious NIR-II
signal after incubation with HT@CDDP, whereas the
signal declined significantly when the cells were
blocked with anti-CD44 antibody. HT@CDDP can be
used for tumor delineation, metastatic lymph node
detection, lymphatic system imaging and combined
chemo-PTT.
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