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ABSTRACT

Background: Our aims were to prepare microspheres labelled with radioactive
astatine as brachytherapy seeds and to confirm the antitumor ability of these
microspheres. Materials and Methods: Chitosan-collagen composite microspheres
(CCMs) were synthesized through an emulsification crosslink reaction and
radiolabelled with At using the chloramine-T method. Radiation stability was
assessed in both phosphate-buffered saline and blood serum. The in vivo distribution
and therapeutic effects were evaluated in BALB/c nude mice with implanted tumours.
Results: CCMs showed ideal morphological characteristics (diameter of 7.5-15 um)
and acceptable radiation stability (73.99% in PBS and 72.56% in serum after 16 hours).
The in vivo biodistribution analysis demonstrated that *!At-CCMs were highly
localized in tumour tissue. The therapeutic efficacy of **At-CCMs when intratumorally
injected into a cervical tumour model was assessed. Fourteen days after a single-dose
treatment with *’At-CCMs, significantly retarded tumour volume growth was
observed. Conclusion: *'At-CCM brachytherapy has the potential to provide an
alternative solution for tumour treatment.

INTRODUCTION

Together with surgery and chemotherapy,
radiation therapy is effective in the clinical treatment
of cancer, especially in radiation-sensitive tumours
(). High-dose ionizing radiation therapy induces cell
death and limits the proliferation and regeneration of
tumours. Internal radiation therapy, which is also
referred to as brachytherapy, involves using
minimally invasive procedures to place a radiation
source inside or nearby the tumour. Therefore, a
continuous radiation dose is commonly applied
either by temporary implants (short-term therapy)
or permanent implants (lifetime therapy until
complete decay of the tumour) (2. Brachytherapy,
which is safe for normal tissues, can effectively
confine the therapeutic radiation dose to the limited
region of the tumour. It has the advantages of fewer
side effects, shorter treatment duration and cost-
effectiveness due to its ability to accurately target
tumours (). Thus, brachytherapy has become an
optional standard therapy for many malignant
tumours.

Three categories of brachytherapy seeds exist:
millimetres, micrometers and nanosizes. Millimetre
seeds for brachytherapy are commonly used in
prostate cancer treatment via surgical implantation,
which causes various side effects and severely limits
their clinical application (4-6). A majority of patients
experience side effects and severe complications after
surgical implantation because of the size of the

millimetre seeds (7. 8. Micrometer- and nanoscale
seeds can be injected through much smaller needles,
which reduces the lesions caused by surgical
implantation. Meanwhile, it is easy to set different
radiation dosages by applying different numbers of
seeds. Nanoscale brachytherapy seeds have
undergone rapid development in recent years. Due to
the extraordinary treatment outcomes, radioactive
nanoparticles can be used as a potential alternative to
conventional brachytherapy (. As reported
by Laprise-Pelletier, a new brachytherapy was
developed based on intratumoral injection of
radioactive Au nanoparticles for prostate cancer
treatment. Salvanou verified the effectiveness of Au
nanoparticles radiolabelled with the alpha-emitter
actinium-225 (0, 1) However, there is a risk of
nanoparticles diffusing away from the target because
of the extremely small size of nanoseeds. Micrometer
radiation particles are currently used in intraarterial
transcatheter radioembolization treatment of liver
cancer (12), Recently, S. A. van Nimwegen confirmed
that '¢6Ho microbrachytherapy has potential as a
minimally invasive, single-procedure radioablation
treatment for tumours with minimal morbidity (13,
With the advantages of being injectable by needles
and less diffusion away from the target tissue,
microbrachytherapy has attracted increasing
attention for the treatment of solid tumours.
Compared with - and y-emitters, a-particles emit
radiation with high linear energy transfer. In
addition, o-particles have high relative biological
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efficiency is because their cytotoxic efficiency is not
dependent on the dose rate, oxygen concentration or
cell cycle status (14, Astatine-211, 213Bj, 212Bj, 223Ra,
and 225Ac are the most commonly studied a-particle
emitting radionuclides for radiotherapy (15). Due to its
relatively long half-life, 100% of its decay to
a-emission and good imaging feasibility, astatine-211
is potentially the most promising agent for a-particle
therapies. Recently, astatine-211 has been used to
label different molecules, such as inhibitors of
prostate-specific antigens, amino acid transporter
substrates, and antibodies targeting specific tumour
surface ligands for alpha therapy of tumours through
intravenous injection or gold nanoparticles for alpha
therapy via intratumoral administration (6.17),

In our previous research, we reported (131)
iodine-labelled chitosan-collagen composite
microspheres (CCMs) and verified their potential for
radioembolization interventional hepatocellular
carcinoma therapy (18, As biodegradable organic
polymer materials with many advantages, chitosan
and collagen have been widely used in biomedical
fields. However, (131) iodine emits both 3 and y rays
and could lead to unnecessary radiation exposure. On
the other hand, as far as we know, no treatments for
antineoplastic tumours using astatine-211-labelled
biodegradable microspheres for alpha therapy via
intratumoral administration have been reported thus
far. Therefore, in this study, we attempted to use the
radionuclide astatine-211 to label CCMs and verified
the microbrachytherapy ability of these CCMs in solid
tumours. Overall, the purpose of this study was to
prepare biodegradable microspheres labelled with
211At and confirm their antitumor ability.

MATERIALS AND METHODS

Major chemicals, reagents and equipment

Type [ collagen was obtained from Corning
(Corning, NY, USA). Chitosan (median molecular
weight, 190-310 kDa, 75%-85% deacetylated),
phosphate-buffered saline (PBS), liquid paraffin,
sorbitan monooleate (Span-80), isopropyl alcohol,
glutaraldehyde (50%, C2H802), chloramine T
trihydrate and sodium pyrosulfite (Na2S205) were
purchased from Sigma-Aldrich (Saint Louis, MO,
USA). Centrifuge tubes and micropipettors were
purchased from Corning (Corning, NY, USA). 211At
was supplied by the Institute of Nuclear Science and
Technology, Sichuan University. All aqueous solutions
were prepared in threefold-distilled water that was
obtained from a Direct-Q8 UV-R water system (Merck
KGaaA, Germany). Dulbecco’s modified Eagle’s
medium (DMEM high glucose), foetal bovine serum,
trypsin-EDTA solution and penicillin-streptomycin
solution were obtained from GE Healthcare (GE,
USA).

Information concerning the other major
equipment used is listed as follows: scanning electron

microscopy (SEM; JSM-390LV, JEOL, Tokyo, Japan);
radioactive thin-layer chromatography (TLC; FC3600,
Bioscan, USA); radioactivity metre (RM905a, Beijing
Hicheer Sci-Tec Co. Ltd, CN); orthotopic light
microscope (DM500, Leica, Germany); electronic
balance (ESJ120-4, Longteng Electronics Co., Ltd, CN);
high-pressure steam sterilizer (MLS-3781L, PHC
Group, Japan); table-top high speed centrifuge
(Minimax21, BioMaker, CN); electron microscope
(JSM-390LV, JEOL, Japan); freeze drier (FD-1A-50,
BIOCOOL, Beijing, CN); laser particle size analyser (JL
-6000, JNGX, Chengdu, CN); carbon dioxide cell
incubator (MCO-18AC, Panasonic, Japan).

Preparation and characterization of CCMs

Briefly, CCMs were synthesized through an
emulsification crosslink reaction. First, 8 mg of
chitosan was dissolved in 4 mL of type I collagen
water solution (4 mg/mL) and added dropwise into
18 mL of liquid paraffin containing 720 pL of Span-80
under stirring at 1000 rpm for 1 h at room
temperature to form the w/o emulsion. Second, 500
pL of glutaraldehyde was added dropwise into the
emulsion and stirred continuously for 1 h to catalyse
crosslinking and solidification of microspheres. Next,
the CCMs were washed several times with
isopropanol to completely remove the oil phase.
Then, the CCMs were sterilized in an autoclave (121 °
C, 15 min) and freeze-dried for further use. The
morphological characteristics of the CCMs were
investigated via SEM. The average size of the CCMs
was determined using a laser particle size detector.

Radiolabelling of 211At-CCMs

Briefly, 10 mg of CCMs was dissolved in 500 pL of
threefold-distilled water with 7.4 MBq of 211At (0.074
MBq/uL) and 20 pL of chloramine-T solution (20 mg/
mL). The mixture was stirred for 5 min and incubated
for 25 min at room temperature for the reaction.
Subsequently, 10 pL of sodium pyrosulfite solution
(15 mg/mL) was added to stop the reaction. The
product was washed with saline over five times and
then stored for further testing. Radioactive TLC and a
radioactivity metre were used to evaluate the
radiochemical yield. Then, the 211At-CCMs (3.7 MBq,
centrifuged and washed, nearly 100% radiochemical
purity at initial time) were incubated with an equal
volume of PBS or rat blood serum at 37 °C, and the
radiochemical purities were monitored by TLC for up
to 16 h.

Animals and tumour modelling

All animals were kept in laminar flow cages at a
temperature of 22 + 2 °C and humidity of 50-60%
under an ambient photoperiod. Every four mice were
maintained in one cage for one week to acclimatize. A
thermostatic blanket for mouse placement and 2%
isoflurane for anaesthesia were utilized during all
invasive manipulations. A total of twenty-six mice
were used for experiments. Six mice were used for
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biodistribution, and twenty mice were used for
therapeutic evaluation.

HeLa and human cervical cancer cells were
obtained from the American Type Culture Collection
(ATCC) and cultured in DMEM high glucose
supplemented with 10% (v/v) foetal bovine serum
(FBS) and 1% penicillin-streptomycin solution in an
incubator (37 B, 5% COz). Culture medium was
replaced every 48 h, and the cells were collected in
the exponential growth phase using trypsin-EDTA
solution, washed twice with precooled PBS, and
suspended in PBS (5x107 cells/mL) for further
experiments.

Tumours were induced as follows: a cell
suspension  containing  5x10¢  HeLa  cells
(approximately 100 pL in volume) was implanted
subcutaneously into the left shoulder of BALB/c nude
mice. Tumour growth lasted for 2 weeks to reach a
palpable size (approximately 5-6 mm in diameter).

Biodistribution assessment of 211At-CCMs

The biodistribution of 211At-CCMs was assessed to
examine the stability of 211At-CCMs in vivo. Approxi-
mately 25 pL (370 KBq) of 211At-CCMs in physiologi-
cal saline solution was injected intratumorally. At 0.5
h and 6 h following injection, the lungs, heart, blood,
brain, spleen, liver, kidneys, stomach, intestine and
muscle were removed, weighed and measured with a
gamma counter (n=3). All data were decay corrected
to the time of administration.

Therapeutic evaluation
The following formula was used for tumour size
(V, mm3) calculation:

V=(LxW?/2

W (width, cm) was the shorter and L (length, cm)
was the longer of the two perpendicular tumour axes.
Average tumour size (V, mm3) growth curves were
calculated for each treatment group. Tumour growth
was monitored for two weeks, and the mice were
sacrificed humanely via an overdose of isoflurane.
Then, tumours were collected, fixed in paraformalde-
hyde (24 h) and embedded in paraffin. Consecutive
slices (5 um) were processed for haematoxylin and
eosin (H&E) staining for pathological examination
using an orthotopic light microscope.

Statistical analysis

Statistical processing was performed using SPSS
22.0. To evaluate the tumour volume, statistical
analysis included calculation of average and standard
deviation (SD).

RESULTS

Characterizations of CCMs

CCMs were successfully prepared using the
emulsification and chemical crosslinking method. The
scanning electron microscopy (SEM) results for the

CCMs are shown in figure 1. The majority of CCMs
had diameters of 7.5-15 pm.

Figure 1. SEM images of CCMs. The scale bar was shown on
the below of each figure.

Radiolabelling in-vitro

A radiolabelling yield of 84.43% was determined
using radioactive TLC and a radioactivity metre
(figure 2A). Then, as shown in figure 2B, favourable
stability of 211At-CCMs was observed in both PBS and
blood serum. The radiochemical purities of
211At-CCMs dropped to 73.99% in PBS and 72.56% in
blood serum after 16 h, which is a period of over 2
half-lives of 211At.
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Figure 2. TLC results (A) and radiation stability (B).
Biodistribution

The biodistribution of 211At-CCMs was determined
at 0.5 h and 6 h post-injection. The biodistribution
results are presented in figure 3. Data are presented
as the average #SD (n=3). A high 211At activity
concentration was found in tumour tissue at 0.5 h
after injection. Extremely low activity concentrations
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were observed in the lungs, heart, blood, brain,
spleen, liver, kidneys, stomach, intestine and muscle
tissues. Six hours after injection, the 211At activity
concentration remained high in tumour tissue. A
slightly increased activity concentration appeared in
the other investigated tissues, especially blood, lung
and bone.
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Figure 3. In-vivo distribution of 211At-CCMs.

Antitumor effect of 211At-CCMs

The curves of tumour volumes in the four groups
of tumour-bearing mice are shown in figure 4. Data
are presented as the average *SD (n=5). At 14 days
after intratumor injection, a clear separation in the
tumour growth profile was observed. As expected,
the group treated with 211At-CCMs in PBS suspension
exhibited significantly retarded tumour volume
growth, while the tumours showed rapid growth in
both the PBS solution- and CCMs in PBS
suspension-treated groups. The group treated with
211At in PBS solution showed intermediate tumour
volume growth.

The results of pathological analysis of tumour
tissues after intratumoral injection in the four groups
are displayed in figure 5. Blue arrows indicate
microspheres. Karyopyknosis and necrotic processes
in tumour tissue could be observed around the
211At-CCMs (figure 5A). The tumour tissue near CCMs
showed mild fibrosis (figure 5B). In the group treated
with 211At in PBS, a portion of tumour tissue showed
necrotic changes (figure 5C). The pathology results
confirmed that 211At-CCMs had the most efficient
antitumor ability.
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Figure 4. Tumour volume changes after intratumor injection.

£ R RIS s
Figure 5. Pathology assessment of therapeutic efficacy. Blue
arrows indicate the microspheres. (A) 211At-CCM
administration, (B) CCM administration, (C) 211At
administration, and (D) PBS administration. The scale bar was

shown on the front of each figure.

E

DISCUSSION

In brachytherapy, radioactive sources are placed
accurately and directly inside or by the tumour. The
method is suitable for patients with different types of
cancer. Therefore, this method is commonly
requested by patients either as an essential or as a
part of their clinical treatment. According to a review
by Chargari, brachytherapy, with high-level evidence
from randomized controlled trials, is recommended
in 1) patients with locally advanced cervical cancer
together with chemoradiation; 2) postoperative
patients with uterine endometrial cancer to reduce
the risk of vaginal vault recurrence; 3) patients with
high-risk prostate cancer to perform dose escalation
and improve progression-free survival; and 4)
patients with breast cancer as an adjuvant to
accelerate partial breast irradiation or to boost the
tumour bed (19). Therefore, brachytherapy has a good
chance of success in both primary tumours and
residual tumour margins after debulking surgery.

The dose of radioactivity in brachytherapy is an
essential factor. Yasuhiro Ohshima designed a
study to assess the therapeutic effects of
211At-astato-benzylguanidine (?11At-MABG) (20),
Pheochromocytoma tumour-bearing mice received
intravenous injections of 211At-MABG (0.28, 0.56,
1.11, 1.85, 3.70 and 5.55 MBq; five mice per group).
The group treated with 0.28, 0.56 and 1.11 MBq of
211At-MABG showed significantly lower relative
tumour growth during the first 38 days than the
control group, with only a temporary weight loss,
which was restored by Day 10. Yasuhiro Ohshima
concluded that the maximal tolerated dose of
211At-MABG in nude mice was 1.11 MBq. R H Larsen
reported a study of 2!l!At-particles in a murine
intraperitoneal tumour model (21, and radioactivity
values of 0.5 and 0.2 MBq of 2!1At-particles were
adopted for treatment. Referring to previous studies,
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each tumour-bearing mouse received 0.555 MBq
211At-particles in our study. And the results
confirmed 0.555 MBq of 211At particles was suitable
and effective for tumour treatment.

Collagen and chitosan are considered promising
candidates for brachytherapy microspheres due to
their ideal biocompatibility, nontoxicity, and
biodegradability (22 23). As a natural polymer
(2-amino-2-deoxy-d-glucopyranose), chitosan can be
used as a raw material for microspheres for drug
delivery. The abundant amino acid residues of
collagen allow the labelling of radioisotopes. In our
study, a 2!1At radiolabelling yield of 84.43% was
achieved in chitosan-collagen microspheres, and a
slight drop in radiochemical purity was observed in
both PBS and blood serum. The biodistribution
results also verified that a small portion of
211At-CCMs were not stable after intratumoral
injection, although the majority of radioactivity
remained in tumour tissue. Almut Walte reported
211At-labelled antineoplastic antibodies, and the
stability of these 211At antibodies in murine serum
exceeded 85% at 37 degrees after 21 hours (49,
Monika Lyczko attempted to label substance P (SP)
with 211At in their research, and the stability of the
compound in PBS was high (37 degrees, 20 hours,
91.3 *+ 1.3%) (23). By comparison, in our research, the
stability of 211At-CCMs (16 hours, 73.99% in PBS and
72.56% in blood serum) required improvement in
subsequent studies.

Only a few antitumour studies on 2!1At-particles
have been reported. Most recently, Hiroki Kato
reported astatine-211-labelled gold nanoparticles
and concluded that the intratumoral single
administration of these simple nanoparticles strongly
suppressed the growth of tumour tissue without
radiation exposure to other organs as a consequence
of the systemic spread of radionuclide (!7). This result
is in accordance with our study. Several studies on
a-ray-emitting particles in addition to astatin-211
have also been reported. Salvanou indicated that
a-ray-emitting nuclide 225Ac-labelled AuNPs are
potentially useful to inhibit tumour growth after
intratumoral administration in glioma xenografts (26).
A study reported by Muslimov verified the efficacy of
intratumoral  administration of 225Ac-doped
core-shell submicron CaCO3 particles for local
a-radionuclide therapy (7). These studies indicated
that a-ray-emitting particles produce satisfactory
retention ability, safety and effectiveness in
inhibiting tumour growth.

CONCLUSION

We developed a novel composite biomaterial,
collagen-chitosan microspheres (CCMs). The CCMs
demonstrate good 211At labelling efficiency and ideal
stability both in vivo and in vitro. The 211At-CCMs
showed effective antitumor ability and potential for

application in brachytherapy for tumours. Further
studies should be performed to improve the stability
of 211At-CCMs and expand their clinical application.
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