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ABSTRACT: Transarterial radioembolization (TARE) is a local radionuclide therapy and is
successfully used in hepatocellular carcinoma (HCC) treatment. Radioactive microspheres
have been widely studied for TARE. Preparation of ideal radioactive microspheres is significant
for clinical research and patient treatment. In this study, we have designed a novel
multifunctional microsphere, ie., polydopamine (PDA)-coated '7Lu-radiolabeled silica
microspheres (MS) denoted as '"Lu-MS@PDA, which can be used for TARE and
photothermal therapy (PTT). The radiostability of '"Lu-MS@PDA was significantly
improved by coating '”Lu-MS with PDA. In addition, the coating of PDA makes
microspheres have excellent photothermal performance. MicroSPECT/CT images showed
that '"Lu-MS@PDA was accurately embolized and remained in the tumor during the
observation time. At the time, it also showed that '”’Lu-MS@PDA was very stable in vivo.
Furthermore, the anti-tumor results demonstrated that TARE combined with PTT of '”’Lu-
MS@PDA can significantly inhibit tumor growth without obvious side effects. '”’Lu-MS@
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PDA holds great potential as a promising radioactive microsphere for HCC.
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B INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common
primary liver malignancy, which causes serious harm to
human health."”” However, only about 40% of patients are
suitable for surgical resection when they are diagnosed with
HCC. Moreover, the S-year recurrence rate of the patients
receiving surgical resection remains as high as 70%.°7°
Transarterial chemoembolization and transarterial radioembo-
lization (TARE) have been demonstrated to be effective for
improving the survival of patients with unresectable HCC.”™”
TARE maximizes the radiation dose in the tumorous region by
selectively injecting radioactive materials, such as micro-
spheres, into the hepatic artery.'’~"*

The commercially available radioactive microspheres mainly
chosen are *°Y-labeled glass microspheres (TheraSphere), *°Y-
labeled resin microspheres (SIR-Spheres), and '**Ho-labeled
poly-L-lactic acid microspheres (QuiremSpheres).*™"> Among
these radioactive microspheres, *’Y-based TheraSphere and
SIR-Spheres as pure beta emitters are not suitable for nuclear
imaging due to their extremely low positron yield and the
absence of gamma rays, which are unfavorable for subsequently
monitoring the localization and estimating the local dosimetry.
The radioactive microspheres can generally be obtained
through direct adsorption of radioisotopes or converting the
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nonradioactive isotope embedded in the microsphere by
neutron activation. The radiostability of the microspheres
obtained through the former approach needs to be further
improved,'®"” while the neutron activation may damage the
microsphere matrix and produce unwanted long half-life
radioisotopes.' ' *"?

%Y has largely been used in radioactive microspheres so far.
However, '""Lu is being considered as an attractive alternative
due to its favorable physicochemical properties and good
commercial availability. '’Lu emits beta particles (498 keV)
and low-energy gamma photons (210 keV (11%), 113 keV
(6%)), which can be used for therapy and imaging,
respectively.”””' Thus, '”Lu becomes a suitable choice for
TARE application; however, it requires a reliable radiolabeling
technique to avoid unnecessary side effects of the leached
radioisotopes to normal tissues.”””>* To date, there have been a
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few studies reported on radioactive microspheres, which
remained to be improved with respect to radiostability.”*~>°

In recent years, photothermal therapy (PTT) has been
proposed to combine with radiotherapy for improving the
therapeutic effects for cancer treatment.”””* As a minimally
invasive treatment, PTT relies on the conversion of NIR light
to heat to effectively kill tumor cells without causing damage to
normal tissues.””’" Recent studies have shown that a great
variety of inorganic nanomaterials can potentially be used as
PTT reagents. However, they accumulate in tumors mostly
through enhanced permeability and retention effect. Clinical
translation is affected by the limited evaluation of bioavail-
ability due to the potential side effects of the nanoagents.”'
This disadvantage of current PTT methods may be overcome
if PTT agents are combined with radioactive isotopes in a
single microsphere as a dual-functional microsphere can be
delivered to the tumorous sites through intra-artery admin-
istration to avoid non-targeting distribution of the PTT agent.
Moreover, it is reasonably expected that the combination of
PTT and TARE can further reduce the radiation dose in the
treatment and minimize radiation damage to normal tissues.”*
Most importantly, repetitive PTT can facilely enable to
suppress the recurrence and eliminate the tumor residual of
HCC after radiotherapy.”®

In this context, it is practically meaningful to combine PTT
with TARE by integrating a suitable PTT agent into
radioactive microspheres. Polydopamine (PDA) in this respect
is an excellent choice due to its remarkable biocompatibility
and photothermal conversion capacity.””~** Moreover, PDA
can not only form an adhesive film on a great variety of solid
surfaces but also coordinate firmly with transition and rare
earth metal ions, which allows a reasonable hypothesis that can
be used to coat the radioactive microspheres, on the one hand
to endow the latter with PTT function and on the other hand
to suppress leakage of radionuclides for achieving improved
therapeutic effects.””** To verify these hypotheses, we herein
reported '7’Lu-radiolabeled silica microspheres coated with
PDA, denoted as '""Lu-MS@PDA, for TARE/PTT of HCC as
schematically described in Scheme 1. Silica microspheres have
many excellent properties, such as good biocompatibility, large
specific surface area, and good ion absorption capacity, and
they are good drug carriers.” The radiolabeling stability and
photothermal performance of the dual-functional microsphere
were evaluated in vitro. Rats with N1S1 orthotopic liver cancer
were constructed for showing the tumor growth inhibition
effects of the functional microsphere in vivo. Single photo
emission computed tomography (SPECT) imaging was used
to monitor '""Lu-MS@PDA microspheres in vivo after TARE.
It was demonstrated that TARE/PTT-combined therapy
enabled by the dual-functional '""Lu-MS@PDA can  signifi-
cantly inhibit the growth of HCC without inducing obvious
side effects.

B EXPERIMENTAL SECTION

Chemicals. ""LuCl; was purchased from China Isotope &
Radiation Corporation. Silica microspheres (MS) were purchased
from Suzhou Knowledge & Benefit Sphere Tech. Co., Ltd. All other
reagents were commercially available products and used as received
without further purification.

Preparation and Characterization of '/Lu-MS@PDA. The
!77Lu-labeled silica microspheres (MS) were prepared according to a
previous report™* and denoted as ”’Lu-MS. Briefly, ”’LuCl, solution
(S uL, 100 puCi) was added into 0.5 mL of H,O containing 10 mg of
silica MS. After 2 min under shaking at 25 °C, 100 yL of aqueous

Scheme 1. Preparation of Polydopamine-Coated Silica
Microspheres Pre-Labeled with '"’Lu for TARE/PTT of
Hepatocellular Carcinoma
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solution of K;PO, (1 M) was introduced into the above solution.
77Lu-MS were collected by centrifugation. After rinsing with pure
water, the resulting '7’Lu-MS were dispersed in 1 mL of Tris buffer
(pH 8.5) containing 4 mg of dopamine hydrochloride. After
incubation for 30 min at 25 °C under shaking, the final product
was collected and purified to obtain PDA-coated '"’Lu-MS, denoted
as ""Lu-MS@PDA.

Radioactivity was measured by a dose calibrator (Capintec, CRC-
25R, USA). For characterization, non-radioactive MS@PDA were
prepared according to the same method mentioned above and used as
control. The size and morphology of mother MS and MS@PDA were
characterized using an optical microscope (Olympus, IX73, Japan)
and a scanning electron microscope (Zeiss, EVO 18, Germany),
respectively. X-ray photoelectron spectroscopy (Thermo Scientific,
Escalab 250Xi, Japan) equipped with a monochromatic Al Ka X-ray
source (1486.6 eV) operating at 100 W was used to analyze the
surface chemistry of MS@PDA and MS. All peaks were calibrated
with C 1s peak binding energy at 284.8 eV for adventitious carbon.
The infrared spectra of MS@PDA and other substances were
obtained using a Fourier transform infrared spectrophotometer
(Bruker, VERTEX 70, Germany) from 600 to 4000 cm™' at room
temperature. To assess the optical properties, the absorption of Lu-
MS@PDA was recorded on a UV—VIS—NIR (Persee, TU1901,
China). The content of PDA coated on MS was quantified using a
thermogravimetric analyzer (Netzsch, STA 449 F3, Germany) from
30 to 900 °C with a heating rate of 15 °C min~"' under a nitrogen
atmosphere with flow of 50 mL min™".

Radiostability of '’Lu-MS@PDA. The radiostability of '""Lu-
MS@PDA was evaluated in different solutions including saline and
10% fetal bovine serum (FBS) at room temperature. The supernatants
collected at 0, 2, 4, 24, 48, and 96 h were measured by the gamma
counter. In the same way, the radiostability of '’Lu-MS and '""Lu-
MS@PDA after 808 nm NIR laser irradiation at a power density of
1.5 W/cm? for 5 min was determined to show the stabilizing effect of
PDA for the surface-labeled '""Lu.

In Vitro Photothermal Performance of PDA Coating on
Microspheres. The photothermal performance of PDA-coated
microspheres was evaluated under 808 nm NIR laser irradiation
(Hi-Tech Optoelectronics Co., Ltd., Beijing, China). Real-time
thermal images were acquired with an infrared camera (FLIR, AxS
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Figure 1. (A) Optical microscope image of the mother silica microspheres (MS). (B) Photograph of suspensions of MS (left) and MS@PDA
(right). (C) Optical microscope image of MS@PDA. (D, E) SEM image and histogram of MS@PDA. (F) XPS spectrum of MS@PDA. (G) FTIR
spectra of MS@PDA, MS, and PDA. (H) TG curves of MS@PDA and MS. (I) Radiostability of '"’Lu-MS and '""Lu-MS@PDA in saline and 10%

FBS, respectively.

Series, USA) during irradiation. In detail, 1 mL aqueous solutions
containing 8 mg of MS or MS@PDA were irradiated at a power
density of 1.5 W/ cm? for 10 min. To evaluate the concentration
effect, the above MS@PDA solutions were further diluted by two-,
four-, and eightfold, respectively. Under the same experimental
conditions, the photothermal effects were recorded and compared. In
addition, varied laser power densities, e.g., 0.5, 1.0, 1.5, and 2.0 W/
cm?, were applied to evaluate the power density-dependent
photothermal conversion effects of MS@PDA (8 mg/mL). The
illumination time was S min alternated by natural cooling of 1 mL
suspension of MS@PDA to room temperature, and the on/off cycle
was repeated for five times.

Cytotoxicity Assay. The methyl thiazolyl tetrazolium (MTT)
assay was adopted to evaluate the potential cytotoxicity of MS@PDA.
N1S1 rat hepatoma cells and 3T3 mouse embryonic fibroblast cells
were cultured in DMEM containing 10% FBS and 1% antibiotics at 37
°C in an atmosphere containing 5% CO,, respectively, and they were
inoculated in a 96-well plate by approximately 1 X 10* cells per well
and cultured for 12 h to make the cells adherent. Afterward, the N1S1
cells and 3T3 cells were incubated for 12 h with MS@PDA at
different concentrations, ie., 0, 62.5, 125, 250, and 500 ug/mL,
respectively. After the cells were rinsed with PBS, 100 uL of MTT
solution was added to the 96-well plate and maintained there for 4 h.
Then, DMSO was added after MTT was removed for detecting the
absorbance of each well with a multi-function microplate reader
(Thermo Scientific, Varioskan Flash, Japan).

In addition, the N1S1 cells were inoculated in the 96-well plate
according to the same conditions as above, and then subjected to the
following treatments, i.e., saline (control group), MS@PDA (500 g/
mL), MS@PDA (500 pg/mL) following laser irradiation for S min,
"Lu-MS@PDA (500 pug/mL, 50 uCi), and ""Lu-MS@PDA (500
ug/mL, S0 uCi) following laser irradiation for S min, and then
continued to incubate for 24 h, and the subsequent MTT assay was
the same as above.

Immunofluorescence Cell Assay. The NI1S1 cells were
inoculated in cell slides with about 2.5 X 10° cells per slide for 12
h and then subjected to treatments with saline (control group), MS@
PDA (500 pug/mL), MS@PDA (500 ug/mL), '""Lu-MS@PDA (500
ug/mL, 200 uCi), and ""Lu-MS@PDA (500 pg/mL, 200 uCi),

respectively, under laser irradiation for S min, followed by 24 h
incubation. After that, the cells were fixed with 4% paraformaldehyde
for 15 min. Triton X-100 (0.5%) was introduced to improve the
permeability of the cell membrane through incubation of approx-
imately 15 min. Then, the cells obtained were immersed in a blocking
buffer (5% bovine serum albumin in Tris-buffered saline solution) for
1 h at 37 °C. Afterward, the cells were incubated with anti-histone y-
H2AX mouse monoclonal antibodies for 2 h at 37 °C and then
incubated with a rabbit anti-mouse secondary antibody for 1 h at 37
°C in the dark. The resulting cell nuclei were stained with Hoechst
(20 pL, 5 mg/mL) for S min. Fluorescence images were obtained on a
confocal laser scanning microscope (CLSM, Olympus FV1200,
Japan).

Animal Experiments. Sprague—Dawley rats (male, 9—11 weeks
of age) of specific pathogen-free grade were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. The orthotopic
HCC tumor model was established by injection of N1S1 cells into the
rat liver anesthetized with chloral hydrate delivered through
intraperitoneal injection (400 mg/kg body weight). Then, the
abdomen of rats was cut along the midline to expose the left liver
lobe for the injection of 50 L of N1SI cells (1 X 107). Finally, the
abdominal cavity was sutured. Magnetic resonance imaging (MRI,
GE, SIGNA Architect, USA) was used to monitor the tumor growth.
In vivo biodistribution and anti-tumor study were conducted when
the tumor volume reached 200 mm®.

For arterial cannulation, the abdomen was opened following the
protocol mentioned above. Then, proper hepatic (PHA), gastro-
duodenal (GDA), and common hepatic arteries (CHA) were
exposed. The distal end of the GDA and the CHA were temporarily
ligated, and a catheter was placed into the PHA from upstream of the
GDA distal ligature. Microspheres were administered through the
catheter. Finally, the hepatic arterial flow was restored and the
abdominal cavity was sutured. 5 mg of MS@PDA was injected into
PHA, and the rats were sacrificed 3 days later. The tumors were
dissected for histochemical analysis through hematoxylin & eosin
(H&E) staining.

Photothermal Imaging of MS@PDA In Vivo. To evaluate the
photothermal conversion effects of MS@PDA in vivo, 5 mg of MS@
PDA was injected into PHA through arterial cannulation. The tumor
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Figure 2. (A, B) Photothermal effects of MS and MS@PDA (8 mg/mL) recorded during laser irradiation with an 808 nm laser (1.5 W/cm?). (C,
D) Temporal temperatures increasing the effect of MS@PDA with concentrations of 1, 2, 4, and 8 mg/mL for comparing with MS@PDA (8 mg/
mL) with different irradiation powers of 0.5, 1.0, 1.5, and 2 W/ cm?. (E) Photothermal stabilities of MS@PDA at 8 mg/mL over five laser on/off

cycles (808 nm, 1.5 W/cm?).

was irradiated by the 808 nm NIR laser at a power density of 1.5 W/
cm? for 5 min, and real-time thermal images were recorded with an
infrared camera.

Radiostability of 7’Lu-MS@PDA In Vivo. To evaluate the
radiostability of '""Lu-MS@PDA in vivo, N1S1 orthotopic tumor-
bearing rats were injected with "Lu-MS@PDA (5 mg, 500 uCi)
through arterial cannulation. After injection of '""Lu-MS@PDA, the
blood sample was drawn from the retinal vein at days 3, 7, and 14
days for radioactivity assay by the gamma counter.

MicroSPECT/CT Imaging of '77Lu-MS@PDA In Vivo. N1S1
tumor-bearing rats were injected with '"Lu-MS@PDA (S mg, 800
uCi) through PHA and in vivo imaging was carried out a
MicroSPECT/CT (MlILabs, U-SPECT®, the Netherlands) at 1 h, 1
day, 4 days, 8 days, 16 days, and 32 days, respectively, post-injection.
The scan rate was set as 10 min/frame. The CT scanning was carried
out by precise mode with all-angle, three-frame average, 615 mA tube
current, and 55 kV tube voltage. The MicroSPECT/CT images were
analyzed with PMOD software (version 3.602). To show the
biodistribution of ""Lu-MS@PDA, the rats were dissected after the
imaging experiments. The weight and radioactivity of major organs
and tumors were measured and analyzed.

Inhibition of Tumor Growth In Vivo. To evaluate the tumor
inhibition effect, orthotopic N1S1 tumor-bearing rats (200—300
mm?®) were randomly divided into five groups and then subjected to
treatments through arterial cannulation with saline (control), MS@
PDA (5 mg), MS@PDA (5 mg), "Lu-MS@PDA (5 mg, 500 uCi),
and ""Lu-MS@PDA (5 mg, 500 uCi), respectively, following laser
irradiation of 1.5 W/cm? for 5 min. The tumor volume was monitored
by MRI. The bio-safety of the radioactive microspheres was assessed
through the expression levels of liver enzymes including alanine
aminotransferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), and gamma glutamyl transpeptidase (GGT).
Blood samples were collected on days 0, 3, 7, and 14 post-treatment,
respectively. Meanwhile, the body weights of the rats were recorded.
All rats were sacrificed on day 14 post-treatment. The tumor and
major organs were harvested for histochemical analysis through H&E
staining. In addition, the tumor slices were analyzed by terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay.

B RESULTS AND DISCUSSION

Preparation and Characterization of '”’Lu-MS@PDA.
"7Lu-MS with high radiolabeling efficiency (97.8 + 1.2%)
were obtained throuﬁh a facile precipitating method, as
previously reported.”* 7Lu-MS@PDA were prepared by
coating '”’Lu-MS with PDA. The non-radioactive MS@PDA
were fully characterized instead of '""Lu-MS as the latter

require complicated radiation protection. As shown in Figure
1A—C, the optical microscopy images and photography reveal
that MS@PDA are in perfect spherical shape with uniform size
and brown color after PDA coating. Dopamine is oxidized and
polymerized in a weak base environment containing oxygen. It
can be attached to the surface of various organic or inorganic
materials to form PDA coating.44 Further, the scanning
electron microscopy (SEM) results confirm that PDA coating
does not change the morphology of mother MS (Figure 1D
and Figure S1A). According to the optical imaging results, the
average size of MS@PDA is around 54.0 + 1.3 ym with a
polydispersity index of 0.024, as given in Figure 1E. The size
and size distribution of MS@PDA were slightly increased upon
PDA coating (Figure SIB). The XPS studies support the
presence of nitrogen in microspheres obtained after PDA
coating according to the binding energy peak appearing at 400
eV (Figure 1F and Figure S2). Meanwhile, the Fourier
transform infrared (FTIR) spectrum of MS@PDA displays
strong vibrational absorption bands at 1063 cm™ (Si—O—Si
vibration mode) and 802 cm™' (Si—O vibration mode),
respectively, contrasting to that for MS, which also supports
successful PDA coating on the surface of MS (Figure 1G). In
addition, thermogravimetric analysis (TGA) was carried out to
investigate the composition of MS@PDA. According to the
TGA curve in Figure 1H, the weight loss of MS@PDA at 900
°C is around 3% corresponding to the 500 nm thick PDA film
evenly coated on MS. UV absorption of '""Lu-MS@PDA was
tested, and the results in Figure S3 showed that '""Lu-MS@
PDA exhibited broad absorption.

The radiostability of '"Lu-MS and '"Lu-MS@PDA in
saline and 10% fetal bovine serum (FBS) was tested at room
temperature. Both of '”’Lu-MS and '""Lu-MS@PDA are quite
stable in saline. However, 20% of free 1”’Lu was detected in
solution after '"Lu-MS were incubated within 10% FBS. In
contrast, this number dropped to less than 2% after '"Lu-MS
were coated with PDA (Figure 1I), demonstrating that the
PDA coating can significantly improve the radiostability of the
"7"Lu-labeled silica microspheres by firmly gluing the silica
sphere and '"Lu together, which also endows the resulting
microspheres with photothermal therapeutic functions. In
addition, '""Lu-MS@PDA maintained good radiostability after
808 nm laser irradiation, which proves that laser stimulation
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does not affect the radiostability of '”"Lu-MS@PDA (Figure
S4).

Photothermal Performance of PDA-Coated MS In
Vitro. The photothermal performance of MS@PDA was
evaluated in vitro upon irradiation with the 808 nm laser. As
shown in Figure 2A,B, the temperature of the MS@PDA
suspension (8 mg/mL) is increased by 26 °C after irradiation
of 10 min with a power density of 1.5 W/cm® In comparison,
the temperature of the suspension of the mother MS only
increases by 3 °C, clearly verifying the outstanding photo-
thermal conversion effect of PDA. In addition, we measured
the photothermal conversion efficiency (1) of MS@PDA. The
7 value was calculated as follows and determined to be 42%.

_ hA(ATmax,sample - A"-Fma,)(,Stalve11t)

I(l _ 10—A808)

n

where h is the heat transfer coefficient, A is the surface area of
the container, AT, mple i the temperature change of the
""Lu-MS@PDA solution, ATy solvent 1S the temperature
change of solvent, I is the laser power, and A808 is the
absorbance of "Lu-MS@PDA solution at 808 nm.

As shown in Figure 2C,D, the photothermal performance of
MS@PDA is positively correlated with both concentration of
the microspheres and the power density of the incident laser as
well. For example, the temperature of the MS@PDA
suspension (8 mg/mL) was increased by 9, 18, 26, and 30
°C upon 10 min irradiation at power densities of 0.5, 1.0, 1.5,
and 2.0 W/cm?, respectively (Figure 2D), which demonstrates
the excellent hyperthermia effects of PDA-coated MS for
killing tumor cells. In addition, the highly reproducible on/off
cycles, as shown in Figure 2E, not only reveal an outstanding
photothermal stability of the PDA-coated microspheres but
also indicate that the current microspheres can potentially be
used for multiple-shot PTT of tumors analogous to tumor
radiofrequency ablation.

Cytotoxicity and Mechanism of Combinatorial
Therapy. Prior to the in vivo study, the cytotoxicity of
"Lu-MS@PDA on N1S1 cells was evaluated. After incubation
for 24 h with '”"Lu-MS@PDA followed by laser irradiation of S
min at 808 nm, the cell viability was remarkably decreased to
229 + 3.2%, as shown in Figure 3A. Further, the
immunofluorescence assay confirms that the heaviest DNA
damage is induced by the combination of radiation and
thermal therapies (Figure 3B,C). In addition, the cytotoxicity
of MS@PDA on both 3T3 and NI1S1 cells was also
investigated. From the results of the MTT assay shown in
Figure SS, the cell viability remained as high as >90% even
when the MS@PDA concentration was of 500 pg/mL,
indicating that MS@PDA possesses excellent biosafety. The
above results not only demonstrate that PDA-coated micro-
spheres have good biocompatibility but also imply that '’Lu-
MS@PDA can excellently internal radiation therapy with PTT.

To investigate the mechanism of the combination therapy,
flow cytometry analysis was carried out on N1SI cells with
different treatments. As well known, the G2/M phase is the cell
cycle with the highest radiosensitivity. Compared with the
control group (G2/M: 16.3 + 1.7%), PTT caused G2/M arrest
and increased the ratio of G2/M phase cells (G2/M: 22.0 +
1.2%). The low dose of the '""Lu-MS@PDA group had little
effect on the cycle arrest (G2/M: 15.1 + S5.8%), but
photothermal therapy caused the rise of G2/M phase cells,
which can increase the radiation sensitivity of the cell
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Figure 3. (A, B) Relative viability and immunofluorescence assays of
N1S1 cells recorded for different treatments, respectively. (C)
Quantification of cellular y-H2AX foci densities of the fluorescence
images (G1: control; G2: MS@PDA; G3: MS@PDA + laser; G4:
"Lu-MS@PDA; GS5: "Lu-MS@PDA + laser). P values were
calculated by one-way ANOVA with Tukey multiple-comparison
tests, ***P < 0.001.

population (G2/M: 26 + 2.5%) (Figure S6). Therefore, the
increased proportion of G2/M phase cells caused by PTT and
radiation of ”’Lu enhanced the overall radiosensitivity, so the
tumor cells were killed by PTT and radiation of '’’Lu, resulting
in a synergistic effect.

Theranostic Functions of '’Lu-MS@PDA In Vivo.
Arterial cannulation of orthotopic HCC tumors in rats has
been widely used for embolization studies.***® The orthotopic
HCC tumor model was constructed by injecting N1S1 cells
into the rat liver. When the tumor volume reached around 200
mm® monitored by MRI, the rats were ready for the
subsequent experiments. The microspheres were administered
through hepatic artery cannulation; the procedures are shown
in Figure S7A. H&E staining of the tumor slice confirms that
MS@PDA were successfully delivered into the blood vessels of
the tumor (Figure S7B), confirming that arterial cannulation
administration of MS@PDA is reliable for animal experiments.

An in vivo photothermal conversion experiment was
performed on rats bearing N1S1 orthotopic HCC tumors
after MS@PDA was delivered through hepatic artery
cannulation. Irradiation of 5 min with the 808 nm laser at a
power density of 1.5 W/cm? can increase the local temperature
of the tumor site by more than 12 °C (Figure 4A,B). This
result illustrates well the excellent photothermal conversion
effect of MS@PDA in vivo.

To evaluate the radiostability of '""Lu-MS@PDA in vivo,
N1S1 orthotopic tumor-bearing rats were injected with ’Lu-
MS@PDA (S mg, 500 uCi) through arterial cannulation and
the blood sample was drawn from the retinal vein at days 3, 7,
and 14 for the radioactivity assay. The results in Figure S8
showed that less than 0.010 %ID/g of '"Lu was detected in
the blood, demonstrating that '"Lu-MS@PDA has high
radiostability in vivo.

The biodistribution of '”’Lu-MS@PDA in rats bearing N1S1
orthotopic HCC tumors was monitored by MicroSPECT/CT.
After hepatic intra-arterial administration, SPECT/CT scans
were conducted at different time points post-injection. The
images of SPECT show that the radioactive signal of '""Lu
remains detectable 32 days post-injection and no obvious
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Figure 4. (A, B) Photothermal images and temperature of the tumor site injected with MS@PDA followed by laser treatment (n = 3). (C)
SPECT/CT images of N1S1 tumor-bearing rats injected with '""Lu-MS@PDA. (D) Biodistribution of '""Lu obtained on day 32 after

administration.
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Figure S. (A, B) T,-weighted MR images of tumors highlighted with red dashed circles together with the temporal tumor volume recorded after
different treatments (n = S). (C) Macroscopic images of N1S1 tumor slices obtained 14 days post-treatment and stained with H&E and TUNEL,
respectively. (D) Body weight of N1S1 tumor-bearing rats receiving different treatments (G1: control; G2: MS@PDA; G3: MS@PDA + laser; G4:
""Lu-MS@PDA; GS: ""Lu-MS@PDA + laser). P values were calculated by one-way ANOVA with Tukey multiple-comparison tests, *P < 0.0,

**P < 0.01, and ***P < 0.001.

radioactive signal is found in other organs or tissues (Figure
4C), further indicating that '"Lu-MS@PDA embolized in
HCC have excellent radiostability in vivo. The rats were
sacrificed after imaging experiments, and the radioactivity of
major organs and tumors were measured by a gamma counter.
The biodistribution results in Figure 4D show that '""Lu-MS@
PDA are mainly accumulated in the tumor (1.10 = 0.27 %ID/
g), showing a long-time retention of '"Lu-MS@PDA in the
tumor. A small amount of radioactivity appeared in the liver
(0.03 + 0.03 %ID/g) and spleen (0.04 + 0.01 %ID/g), which
might be caused by ectopic embolization, while no obvious
radioactivity was found in other major organs. All the above
results suggest that '”’Lu-MS@PDA hold great potential for
HCC radioembolization and nuclear imaging.

Tumor Growth Inhibition In Vivo. The tumor-
therapeutic effect of ""Lu-MS@PDA was evaluated on rats
bearing N1S1 orthotopic HCC tumors by hepatic artery
cannulation administration, and MRI was carried out on days

0, 3, 7, and 14, respectively, to monitor the volume of tumors.
The tumor-bearing rats were randomly divided into five groups
and received saline, MS@PDA, MS@PDA plus 300 s laser
irradiation, '”’Lu-MS@PDA (500 uCi), and ""Lu-MS@PDA
(500 uCi) plus 300 s laser irradiation, respectively. From the
MR images of tumor-bearing rats (Figure SA,B) acquired
before and after the above treatment, it is found that ""Lu-
MS@PDA plus laser treatment can significantly inhibit the
tumor growth, indicating that radioembolization combined
with PTT can effectively treat the HCC. Meanwhile, the
treatment does not lead to obvious loss of body weight of rats
(Figure SD), demonstrating that '""Lu-MS@PDA combined
with PTT has no obvious side effects. In addition, the bio-
safety of '"Lu-MS@PDA was evaluated through expression
levels of liver enzymes, ie., ALT, AST, ALP, and GGT. As
shown in Figure S9, the levels of liver enzymes increases after
treatment with '"Lu-MS@PDA followed by PTT, which
might be affected by the surgical procedure,”” but they
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returned to normal within 2 weeks, suggesting that the
combined treatment is safe. According to the ethical rules, the
rats were sacrificed when the tumor volume of the control
group reached 1500 mm®. The tumors and major organs were
harvested, sliced, and then subjected to H&E and TUNEL
staining. As shown in Figure 5C, the microscopy images show
that "Lu-MS@PDA plus laser treatment gives rise to
remarkable necrosis and apoptosis compared to other groups.
Meanwhile, H&E staining of major organs does not show
obvious damage (Figure 6), which also demonstrates the
safeness of ""Lu-MS@PDA treatment in combination with
PTT.

Spleen Liver Heart

Lung

Kidney

Figure 6. Macroscopic H&E staining images of different organs of
NIS1 tumor-bearing rats harvested 14 days post-treatment (Gl:
control; G2: MS@PDA; G3: MS@PDA + laser; G4: "Lu-MS@
PDA; GS5: ""Lu-MS@PDA + laser).

B CONCLUSIONS

In summary, we have prepared a novel '""Lu-MS@PDA for
TARE/PTT combinatorial therapy. The radiostability of '’Lu-
MS@PDA is significantly improved by coating the mother
"Lu-MS with PDA. MicroSPECT/CT imaging studies
demonstrate the long-time retention and excellent radio-
stability of '""Lu-MS@PDA in vivo. The therapeutic efficacy
and bio-safety studies suggest that '"’Lu-MS@PDA combined
with PTT can effectively inhibit the tumor growth without
inducing obvious side effects. This new multifunctional
microsphere can be applied in TARE/PTT of HCC. Hepatic
artery embolization can accurately deliver the microsphere to
the tumor site, and the application of photothermal treatment
can reduce the radiation dose and improve the therapeutic
effect. Therefore, '”’Lu-MS@PDA provides a promising
radioactive microsphere for clinical treatment of HCC.
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