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Synthesis of lenvatinib-loaded
upconversion@polydopamine nanocomposites for
upconversion luminescence imaging-guided
chemo-photothermal synergistic therapy of
anaplastic thyroid cancert

Jingjing Zhou,}? Lina Ma,*° Zhenshengnan Li, Bowen Chen,® Yue Wu?
and Xianying Meng*®

Anaplastic thyroid cancer (ATC) is the most malignant and aggressive of all classifications of thyroid cancer.
ATC normally has poor prognosis after classic treatments such as surgery, endocrine therapy, radiotherapy
and chemotherapy. Herein, a novel nanocomposite (named as UCNP@PDA@LEN) has been synthesized for
chemo-photothermal therapy of ATC, which is based on a NaErF, Tm>*@NaYbF,@NaYF,:Nd>*
upconverting nanoparticle (UCNP) as the core, a near-infrared light (NIR)-absorbing polydopamine (PDA)
as the shell, and lenvatinib (LEN) as a chemotherapeutic drug. The as-prepared multifunctional
UCNP@PDA@LEN exhibits excellent photothermal conversion capability (n = 30.7%), good photothermal
stability and reasonable biocompatibility. Owing to the high UCL emission and good tumor accumulation
ability, the UCL imaging of mouse-bearing ATC (ie.,, C643 tumor) has been achieved by
UCNP@PDA@LEN. Under 808 nm NIR laser irradiation, the UCNP@PDA@LEN shows a synergistic
(PTT) (CT),
suppressed mouse-bearing C643 tumor. The results provide an explicit approach for developing

interaction between photothermal therapy and chemotherapy resulting in strongly

rsc.li/rsc-advances

1. Introduction

Thyroid cancer is the most common malignant tumor of the
endocrine system."* The incidence of thyroid cancer has rapidly
increased in recent years.*® According to pathological classifi-
cation, thyroid cancer can be divided into papillary thyroid
cancer (PTC), follicular thyroid cancer (FTC), medullary thyroid
cancer (MTC) and anaplastic thyroid cancer (ATC).”® ATC is the
most malignant pathological type because of its aggressive
behavior and resistance to traditional treatments.'*™* In
particular, the one-year survival rate of ATC is very poor, which
is less than 20%." The standard treatments of thyroid cancer
include surgery, endocrine therapy, radioactive **'I therapy and
chemotherapy.'***> However, there are certainly side-effects in
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theranostics with high anti-ATC efficiency.

these methods, for instance, improper operations can cause
peripheral nerve injury,'® long-term use of thyroxine drugs after
surgery has negative impacts on the life quality of patients,"”
radiation from radioactive '*'I therapy causes damage to the
body,"® and chemotherapy drugs such as sorafenib and lenva-
tinib (LEN) can lead to the decline of body immunity because of
the use of large doses of drugs.'>*® Most patients of ATC have
tumor metastasis to peripheral tissue, organ infiltration and
distant organs, when they are diagnosed.*** It is highly desired
to develop synergistic therapy of ATC because monotherapy
cannot achieve the ideal therapeutic effects.

As a non-invasive method, photothermal therapy (PTT) has
several advantages including good controllability and low side
effect.”®>* Due to tissue penetration capacity of light, the PTT
may achieve better therapeutic effects on superficial tumors
including thyroid cancer than those on deep tissue tumors.*®
Various inorganic nanoparticles (NPs) and organic materials
have been used as PTT agents for treatment of tumors.””**
Among of them, polydopamine (PDA), a synthetic melanin, has
attracted extensive attention since PDA exhibits strong absorp-
tion in near-infrared (NIR) region, high photothermal conver-
sion efficiency, excellent biocompatibility and good
biodegradability.*” In addition, PDA is an efficient carrier for
loading chemotherapy drugs since it contains abundant
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catechol groups which can form strong m-m stacking with many
aromatic drugs.**>** It is demonstrated that the synergistic
interaction between PTT and chemical therapy (CT) can
enhance significantly the outcome of tumor treatment.

Compared with traditional downconversion fluorescent
probes, the lanthanide-doped upconversion nanoparticles
(UCNPs) have prominent advantages including high optical
stability, low autofluorescence background and deep-tissue
excitability under NIR excitation, etc.***” During last two
decades, UCNPs have been extensively used in various bio-
analytical and biomedical fields, such as biosensor fabrication,
in vivo bioimaging, upconversion luminescence (UCL) imaging-
guided tumor therapy, etc.*®*** Recently, PDA coated UCNPs
(named as UCNP@PDA) have attracted wide interest for fabri-
cation of multifunctional nanoplatforms because UCNP@PDA
combine the advantages of PDA and UCNPs.**** For instance,
Liu et al. constructed a multifunctional nanotheranostic that
gathers five functions through the loading doxorubicin (DOX)
on UCNP@PDA.* Under 808 nm NIR laser irradiation, the as-
prepared nanotheranostic shows great synergistic interaction
between PTT and CT, resulting in complete suppression of
mouse-bearing SW620 tumor without regrowth.

As a multi-target tyrosine kinase inhibitor, lenvatinib (LEN)
has clinically approved for the treatment of refractory thyroid
cancer.*** LEN can not only target various vascular endothelial
growth factor receptors including VEGFR1, VEGFR2 and
VEGFR3, but also inhibit other tyrosine kinases involved in
pathological angiogenesis, tumor growth and cancer progres-
sion.*® Although the clinical effect of LEN on ATC is remarkable,
LEN usually leads to serious adverse effects such as hema-
topenia, decreased immunity, diarrhea, hair loss and skin
toxicity during ATC treatment because of large dosage and non-
target accumulation of LEN.**® In recent years, the preparation
of nanocarriers for delivering chemotherapy drugs has attracted
widespread research. Delivery of chemotherapy drugs in vivo
through nanocarriers can not only improve the efficacy of
chemotherapy drugs, but also reduce the toxic side effects of
chemotherapy.**> Therefore, it is essential to explore a new
type of nanocarrier to load LEN and achieve targeted drug
release in tumor tissue.

Herein, we fabricated a multifunctional nanocomposite
(named as UCNP@PDA®@LEN) for UCL imaging-guided PTT-CT
of ATC through loading LEN on PDA coated NaErF,:-
Tm*'@NaYbF,@NaYF,:Nd** UCNP. Owing to its unique prop-
erties including strong UCL emission, good photothermal
conversion efficiency, and low biotoxicity, excellent UCL
imaging capacity and synergistic therapeutic efficacy of
UCNP@PDA®@LEN is demonstrated in both of in vitro cell
culture and in vivo animal experiments.

2. Experimental section
2.1 Synthesis of UCUNP@PDA@LEN

The UCNP and UCNP@PDA were prepared by our previously
reported method with slight modification.** To synthesis
UCNP®@PDA, 0.65 mL Igepal CO-520 were added into 10 mL
cyclohexane containing 10 mg UCNP. After stirred for 20 min,
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75 pL of ammonium hydroxide solution were added into the
mixture. The mixture was stirred for 10 min, treated by ultra-
sonic concussion for 20 min, and stirred for another 30 min,
respectively. Subsequently, 50 L PDA hydrochloride aqueous
solution (25 wt%) were injected into the above reaction mixture
at a rate of 3 uL min~' and stirred for 24 h. The NPs were
precipitated by adding 10 mL ethanol, collected by centrifuga-
tion (10 000 rpm, 10 min), and washed with 10 mL ethanol with
centrifugation (10 000 rpm, 10 min, 3 times). Finally, the as-
obtained UCNP@PDA were redispersed in water and dried by
vacuum evaporation.

For loading LEN, 10 mg LEN powder were dissolved in 500 pL
DMSO and followed by ultrasonic treatment for 5 min. 6 mg
UCNP@PDA were then dispersed in 4 mL 10 x TB (Tris—-HCL
buffer, pH 7.4), and mixed with 300 pL LEN solution (20 mg
mL " in DMSO). After stirred in the dark for 12 h, the solution
was purified by centrifugation (10 000 rpm, 10 min, 3 times).
Finally, the as-obtained UCNP@PDA®@LEN were redispersed in
300 uL PBS (pH = 7.4), and stored at 4 °C. The loading weight of
LEN (W) onto the UCNP@PDA is calculated by the following
equationy W= Worigina] LEN — WLEN in supernatant- Here, Woriginal
Len is weight of LEN in initial solution, and the Wi gy in supernatant
is weight of LEN in the supernatant. The concentration of LEN
was determined by the absorbance at the wavelength of 255 nm.

2.2 Measurement of photothermal performance

A series of 1 mL UCNP®@PDA solution with different concen-
trations (0, 0.1, 0.5, 1, 3, and 5 mg L") were irradiated by an
808 nm NIR laser with a power density of 1.8 W em > for 10 min,
respectively. 1 mL, UCNP@PDA solution (5 mg L") were irra-
diated with 808 nm laser with various power densities (0, 1.1,
1.5 and 1.8 W cm™?), respectively. During heating-cooling
experiment, 1 mL UCNP@PDA solution (5 mg L) were
exposed to an 808 nm laser with a power density of 1.8 W cm ™2
for 600 s. Then, the laser was turned off, and the solution was
cooled down naturally. The photostability of UCNP@PDA was
measured by cycle irradiation. The heating and cooling cycle
was repeated 4 times. The temperature changes of solutions
were recorded every 20 s by an infrared thermal camera.

2.3 In vitro bioimaging

The C643 cells were seeded in 24-well plate (10* cells per well) with
500 pL fresh RMPI-1640 culture medium containing 10% FBS and
100 U mL " penicillin-streptomycin under a humidified 5% CO,
at 37 °C for 24 h. After washed with 500 pL PBS (3 times), the C643
cells were incubated with 500 pL fresh RMPI-1640 culture
medium containing various concentrations (0, 0.1, 0.5, 1, 3 and
5 mg mL ") of UCNP@PDA and UCNP@PDA®@LEN, respectively.
After incubated for a period time (2, 4, 6, 8 and/or 12 h), the C643
cells were washed with 500 pL PBS (3 times). The UCL imaging of
C643 cells were performed by the fluorescent microscope (Nikon
Co., Japan) with a 980 nm NIR-laser irradiation.

2.4 Cell viability measurements

The C643 cells (10" cells per well) were seeded in 96-well plate
with 100 puL fresh RMPI-1640 culture medium containing 10%

© 2023 The Author(s). Published by the Royal Society of Chemistry
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FBS and 100 U mL " penicillin-streptomycin under a humidi-
fied 5% CO, at 37 °C for 24 h. After washed with 100 uL PBS (3
times), fresh RMPI-1640 culture medium (100 uL) with various
concentrations (0, 0.1, 0.5, 1, 3 and 5 mg mL™ ") of LEN,
UCNP@PDA and UCNP@PDA®@LEN were added, and incubated
at same conditions for another 24 h, respectively. To evaluate
the photothermal cytotoxicity, normal cultured cells, and LEN,
UCNP@PDA and UCNP@PDA@LEN stained cells were irradi-
ated by an 808 nm NIR-laser (1.8 W cm™2) for 10 min, washed
with 100 pL fresh PBS (3 times) and cultured with fresh RMPI-
1640 culture medium (100 pL) for another 24 h, respectively.
Subsequently, the cells were washed with 100 pL fresh RMPI-
1640 culture medium (3 times) and 100 pL PBS (3 times),
respectively. 100 pL fresh RMPI-1640 culture medium contain-
ing 10% MTT reagent were added into per well and incubated
for 4 h. Subsequently, the culture medium were removed, and
100 pL DMSO were added into each well. After gently shaking
for 10 min, the optical absorption at 490 nm was measured on
a Power Wave XS 2 Microplate Spectrophotometer (Purkinje
General Co., Beijing, China). The normal cultured C643 cells
were employed as control samples. The cell viability was
calculated as (ODSample - ODBlank)/(ODNegative control — ODBlank)
x 100%. The temperature changes of cells were monitored by
the thermal imager. For calcein acetoxymethyl ester (Calcein
AM)/propidium iodide (PI) staining experiments, the untreated
C643 cells and treated C643 cells were co-stained with 100 pL
calcein acetoxymethyl ester (Calcein AM, 1 mg mL ')/
propidium iodide (PI, 1 mg mL ") for 15 min, respectively.
The living cells (green) and dead cells (red) were observed by the
fluorescence microscope.

2.5 In vivo therapy measurement

The animal procedures were in agreement with the guidelines
of the Regional Ethics Committee for Animal Experiments
established by Jilin University Institutional Animal Care and
Use, and approved by the Animal Ethics Committee of Jilin
University. To construct subcutaneous tumor model in mice, 1
x 107 C643 cells were suspended in 100 pL. RPMI-1640 medium
with 50% metragel, and inoculated subcutaneously in female
NOD-SCID mice. When the tumor size reached to about 3-4 mm
in diameter, the C643 tumor-bearing mice were randomly
divided into six groups (n = 3), and treated by 100 puL PBS only
(GroupI), 100 pL PBS plus irradiated by 808 nm NIR-laser (1.8 W
em?) for 10 min (Group II), 100 pL UCNP@PDA (5 mg mL )
(Group III), 100 pL. UCNP@PDA (5 mg mL ') plus irradiated by
808 nm NIR-laser (1.8 W cm™?) for 10 min (Group IV), 100 uL
UCNP@PDA@LEN (5 mg mL ') (Group V), and 100 uL
UCNP@PDA®@LEN (5 mg mL ") plus irradiated by 808 nm NIR-
laser (1.8 W em~2) for 10 min (Group VI), respectively. The body
weights of C643 tumor-bearing mice were recorded every the
other day for 14 days, as well as the tumor volumes were
measured by a caliper. The tumor volume was calculated by the
formula: tumor volume = (tumor length) x (tumor width)?/2.
The PBS, UCNP@PDA and UCNP@PDA®@LEN were injected
intravenously into C643 tumor-bearing mice through tail vein,
respectively. The in vivo UCL imaging was performed at
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predetermined time intervals (0, 4, 8, 12, 24 and 48 h) of post-
injection on a home-made in vivo imaging system equipped
with a 980 nm laser (2.5 W em ™ ?).** The mice were irradiated
with an 808 nm laser at 8 h post-injection, and the temperature
increases at tumor sites were recorded by thermal imager.

3. Results and discussion
3.1 Synthesis and characterization of UCNP@PDA@LEN

The synthesis procedure of UCNP@PDA@LEN is illustrated in
Scheme 1. The NaErF,:;Tm*' @NaYbF,@NaYF,:Nd*" UCNP was
firstly synthesized by the previously reported strategy.** The
UCNP@PDA were obtained by reaction of dopamine hydro-
chloride with hydrophobic NaErF,:Tm*' @NaYbF,@NaYF,:Nd**
UCNPs in the water-in-oil microemulsion.**** The UCNP@P-
DA@LEN were prepared by directly loading CT drug, LEN on the
UCNP@PDA.

The TEM micrographs show that the average sizes of as-
prepared UCNP, UCNP@PDA and UCNP@PDA®@LEN are 32.0
+ 2.5 nm, 39.0 + 3.4 nm, and 39.0 &+ 3.8 nm, respectively (as
shown in Fig. 1). The result indicates that the UCNP@PDA has
about 4 nm thickness of PDA layer on UCNP, and loading LEN
exhibits negligible effect on the size of UCNP@PDA. The XPS
spectra was measured of UCNP, UCNP@PDA and UCNP@PDA,
respectively (as shown in Fig. 1). Under 980 NIR excitation, the
UCNP shows two emission bands at 546 nm and 660 nm. The
UCL emission of UCNP@PDA decreased after coated with PDA
shell because PDA is a strong light absorbing material (as
shown in Fig. S1%). It further proved that the PDA shell was
successfully coated on the surface of UCNP. The characteristic
absorption bands of LEN (255 nm and 297 nm) can be clearly
seen in the UV-visible spectrum of UNCP@PDA®@LEN (as shown
in Fig. S21), indicating the successful loading of LEN on
UNCP@PDA. The loading efficiency of LEN is calculated to be
85.7%. The high loading efficiency is mainly due to the -7
stacking and hydrogen bonding between the PDA shell and
LEN.

3.2 Photothermal performance of UCNP@PDA

To evaluate its photothermal conversion capability, the various
concentrations of UCNP@PDA were irradiated by the 808 nm
NIR-laser (1.8 W cm?), and the solution temperatures were
recorded by the infrared thermal camera. As shown in Fig. 2a
and b, the temperature of UCNP@PDA solution was increased
with the increasing concentration and the power density of
808 nm NIR laser. The photothermal conversion efficiency of
UCNP@PDA is calculated to be 30.7%, which is better than
previously reported photothermal conversion agents such as Au
nanorods and CuS nanoparticles.***” As shown in Fig. 2c, the
rapid heating and cooling pattern demonstrates significant
photothermal conversion stability and reproducibility of
UCNP@PDA. After laser ON/OFF cycles, there was no significant
difference in solution temperature change. And there is no
obvious absorption change of UCNP@PDA after irradiation for
60 min (as shown in Fig. S31). The experimental results
demonstrate that UCNP@PDA has excellent photothermal

RSC Adv, 2023, 13, 26925-26932 | 26927
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Scheme 1 Schematic illustration of the synthetic process of UCNP@PDA@LEN NPs and application for UCL imaging-guided chemo-photo-

thermal synergistic therapy.
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Fig. 1 TEM micrographs of (a) UCNP, (b) UCNP@PDA and (c)
UCNP@PDA@LEN, respectively. Scale bar: 50 nm. XPS spectra of (d)
UCNP, (e) UCNP@PDA and (f) UCNP@PDA@LEN.

stability. Take the advantages of good photothermal conversion
capability and photothermal stability, UCNP@PDA has poten-
tial in biomedical and clinical applications as an efficient PTT
agent.

3.3 Releasing behaviors of UCNP@PDA@LEN

The releasing behaviors of UCNP@PDA®@LEN with or without
NIR-laser were investigated at pH 5.0. The release efficiency of
LEN is about 22% after 24 h (as shown in Fig. S4f). The slow
releasing of LEN is beneficial to the long-term treatment for
ATC without requirement of frequent administration. After
irradiated by 808 nm NIR-laser (1.8 W cm™?) for 10 min, a burst
release of LEN was observed from the UCNP@PDA@LEN. After
808 nm NIR-laser irradiation (3 times), the releasing efficiency
reached to 34% after 24 h, which is significantly higher than
that without irradiation. The result indicates that 808 nm NIR-
laser can effectively stimulate the releasing of LEN, and enhance
the anti-tumor effect of UCNP@PDA@LEN. The NIR-responsive

26928 | RSC Adv, 2023, 13, 26925-26932

release could be used to adjust intracellular amount of free LEN,
resulting in reduction of side effects caused by LEN treatment.

3.4 Invitro assay

After co-cultured with UCNP@PDA and/or UCNP@PDA®@LEN,
the C643 cells exhibit strong UCL emission, which are gradually
increased with the increasing concentrations of UCNP@P-
DA@LEN and incubation time (as shown in Fig. 3a, S5 and S67).
The result indicates that UCNP@PDA and UCNP@PDA@LEN
can be efficiently uptaken by C643 cells, and exhibit concen-
tration- and time-dependent cellular internalization behavior.
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Fig. 2 (a) The solution temperature curves of different concentrations
(0, 0.1, 05, 1, 3 and 5 mg mL™!) of UCNP@PDA under 1.8 W cm~2
808 nm NIR-laser irradiation. (b) The solution temperature curves of
UCNP@PDA (5 mg mL™%) under different laser densities (0, 1.1, 1.5 and
1.8 W cm™2). (c) Heating and cooling curves of UCNP@PDA (5 mg
mL™Y) irradiated by an 808 nm NIR-laser (1.8 W cm~2) over four ON/
OFF cycles. (d) Linear time data versus negative natural logarithm of
the temperature driving force.
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After irradiated by 808 nm NIR-laser (1.8 W cm ™~ ?) for 10 min,
the temperature of C643 cells are increased with the increasing
concentrations of UCNP@PDA and UCNP@PDA@LEN (as
shown in Fig. S7t). The temperature can reach to 55 °C when
UCNP@PDA®@LEN (5 mg mL™") stained C643 cells were irra-
diated by 1.8 W cm ™2 808 nm NIR laser for 10 min. The cancer
cells can be killed efficiently when temperatures is over 50 °C for
4-6 min.*®

The anticancer ability of UCNP@PDA@LEN was further
evaluated by MTT assay (as shown in Fig. 3b). In the absence of
NPs, the cells show negligible change of viability with or without
NIR-laser irradiation. The viability of C643 cells is still more
than 90% when the cells co-cultured with as high as 5 mg mL ™"
UCNP®@PDA, indicating the low cytotoxicity of UCNP@PDA. The
cell viabilities are significantly decreased from 83% to 32% with
the increasing concentrations of UCNP@PDA@LEN from 0.1 to
5 mg mL ', indicating a concentration-dependent cytotoxic
effect. The result confirms that UCNP@PDA@LEN can effec-
tively lead to apoptosis and necrosis of C643 cells by releasing
LEN. After irradiation by 808 nm NIR-laser (1.8 W ¢cm?) for
10 min, the cell viabilities are dramatically decreased with the
increasing concentrations of UCNP@PDA and UCNP@PDA®@-
LEN. In particular, the UCNP@PDA@LEN stained C643 cell
viability was decreased to 13%, which is lower than that of
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UCNP@PDA (38%), suggesting the chemo-photothermal
synergistic effect. Due to slowly releasing behavior of LEN
from UCNP@PDA®@LEN, under same concentration, the LEN
loaded on UCNP@PDA@LEN exhibited lower cytotoxicity than
that of free LEN. This phenomenon may help to reduce the side
effect of LEN. The result is further proved by Calcein AM and PI
co-staining assay. The calcein AM and PI fluorescent dyes are
used to identify living cells (green) and dead cells (red),
respectively. The UCNP@PDA@LEN stained C643 cells exhibi-
ted strong PI fluorescence signals after irradiation by 808 nm
NIR-laser (as shown in Fig. 3c), which is consistent with the
result of MTT assay.

The side effects of the nanocomposites was further evaluated
by MTT assay. The normal thyroid cells were cultured with
UCNP, UCNP@PDA, UCNP@PDA@LEN for 8 hours, respec-
tively. As shown in Fig. S13,7 the viability of normal thyroid cells
show negligible change when the cells co-cultured with the
nanocomposite, indicating that the nanocomposites have
negligible side effects and excellent biological safety.

3.5 In vivo assay

The UCL images of the tumor sites were recorded at different
time points (0, 4, 8, 12, 24 and 48 h) of post-treatment under
980 nm NIR-laser irradiation. The strongest UCL signal was
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Fig.3

(a) The bright field (BF) and UCL images of UCNP@PDAG@LEN stained C643 cells at different time points. All of scale bars are 20 um. (b) The

cell viabilities of C643 cells after co-cultured with PBS and various concentrations of UCNP@PDA and UCNP@PDA@LEN with or without 808 nm
NIR-laser irradiation (1.8 W cm™2, 10 min). The concentrations of LEN are as same as the concentrations of LEN loaded on the correspondent
UCNP@PDA@LEN. The error bars mean standard deviations (n = 5). (c) BF, Calcein AM and PI fluorescence images of C643 cells after different
treatments. The normally cultured C643 cells were used as the control (Group 1) and (Group V, 808 nm NIR-laser irradiation for 10 min). The
C643 cells were co-cultured with LEN (Group II), UCNP@PDA (Group Ill), UCNP@PDA@LEN (Group IV), LEN plus 808 nm NIR-laser irradiation for
10 min (Group VI), UCNP@PDA plus 808 nm NIR-laser irradiation for 10 min (Group VII) and UCNP@PDA@LEN plus 808 nm NIR-laser irradiation
for 10 min (Group VIII), respectively. All of scale bars are 50 um.
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obtained at 8 h post-injection (As shown in Fig. 4a and S8%). The
UCL signal was gradually decreased after 24 h. The result
illustrated that the UCNP@PDA®@LEN can efficiently accumu-
late in tumor site, and the accumulation amount of UCNP@P-
DA®@LEN in the tumor site reaches the maximum at 8 h post-
injection.

The photothermal effect of UCNP@PDA@LEN was further
investigated in vivo. The C643 tumor-bearing mice were treated
with 100 pL PBS, UCNP@PDA (5 mg mL ') and UCNP@P-
DA@LEN (5 mg mL™") by intravenous injection, respectively.
After irradiated by 808 nm NIR-laser (1.8 W cm ™ ?), the tumor
temperature of UCNP@PDA and UCNP@PDA@LEN groups
were rapidly increased within 10 min, whereas PBS groups
(control) exhibited poor increasing of temperatures at tumor
sites. The area of high temperature in tumor site reaches
maximum at 8 h post-injection (as shown in Fig. 4b and S107).
The results indicated that UCNP@PDA®@LEN could be used as
an agent for PTT of tumor.

The chemo-photothermal synergistic therapeutic efficiency
of UCNP@PDA@LEN was investigated subsequently in vivo (as
shown in Fig. 5a and b). There is no statistically significant
difference in tumor sizes among Group I, Group II and Group
111, suggesting that only irradiation by 808 nm NIR-laser and
only administration of UCNP@PDA cannot inhibit tumor
growth. Although the effective inhibitions of tumor growth were
observed in Group IV and Group V, the tumors still grow up
gradually. The strongest inhibition of tumor growth was
observed in Group VI, and the growth of tumor was almost
completely suppressed over a course of 14 days. The result
indicates that the UCNP@PDA®@LEN can achieve remarkable
chemo-photothermal synergistic treatment effect for ATC.

(a)lll..l

(b) -.

Fig. 4 (a) The UCL images of C643 tumor-bearing mice at different
time |ntervals (0, 4, 8, 12, 24 and 48 h) after injection of UCNP@P-
DA@LEN. The UCNP@PDA@LEN (5 mg mL~Y were intravenously
injected into C643 tumor-bearing mice through tail vein. The tumor
sites were irradiated by 980 nm NIR-laser (2.5 W cm™2). (b) The thermal
images of C643 tumor-bearing mice at different time intervals (0, 2, 4,
6, 8, 10, 12, 24 and 48 h) after intravenous injection of UCNP@P-
DA@LEN. The tumor sites were irradiated by 808 nm NIR-laser (1.8 W
cm™) for 10 min. The Histogram represents the corresponding area of
high temperature at different time intervals.
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Fig. 5 (a) Photographs of tumors collected from different treatment
groups after 14 days. (b) The tumor growth curves and (c) body weight
curves of C643 tumor-bearing mice following different treatments.

The body weights of C643 tumor-bearing mice in all experi-
mental groups are no statistical difference during 14 days (as
shown in Fig. 5¢). In addition, the result of hematology analysis
shows that there is nearly no difference in all experimental
groups (as shown in Table S1}), which proves that the low
toxicity and good biological safety of UCNP@PDA®@LEN. The
H&E staining result shows that there is no histological injury or
inflammation of the main organs after administration, which
further proves the good biosafety of UCNP@PDA@LEN (as
shown in Fig. S117). The Y, Nd, Tm and Yb element content in
major organs of C643 tumor-bearing mice at 8 h post injection
of UCNP@PDA®@LEN were measured, as shown in the Fig. S14,
after 8 hours of injection of UCNP@PDA®@LEN into C643
tumor-bearing mice, the distribution in the liver and tumor site
was the highest.

4. Conclusions

In summary, a multifunctional nanocomposite (UCNP@P-
DA@LEN) has been developed for UCL imaging-guided chemo-
photothermal synergistic therapy of ATC through loading TC
drug LEN on the PDA coated UCNP (UCNP@PDA). The as-
prepared UCNP@PDA®@LEN has several advantages including
strong photothermal conversion efficiency and good biosafety.
Results of both in vitro experiments and in vivo experiments
demonstrate that UCNP@PDA®@LEN exhibit a high anti-tumor
capacity owing to the synergistic PTT and CT effect under the
808 nm NIR-laser irradiation. In addition, the UCNP@PDA®@-
LEN can be used as a probe for UCL imaging. This research
provides a new possibility for the clinical treatment of ATC.
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