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ABSTRACT: Exploiting ultrasmall nanoparticles as multifunc-
tional nanocarriers labeled with different radionuclides for
tumor theranostics has attracted great attention in past few
years. Herein, we develop multifunctional nanocarriers based
on ultrasmall hyperbranched semiconducting polymer (HSP)
nanoparticles for different radionuclides including technetium-
99m (**™Tc), iodine-131 (**'I), and iodine-125 ('*°I) labeling.
SPECT imaging of *Tc labeled PEGylated HSP nanoparticles
(HSP-PEG) exhibit a prominent accumulation in two-
independent tumor models including subcutaneously xenograft
and patient derived xenograft model. Impressively, 5,6-
dimethylxanthenone-4-acetic acid (DMXAA), as tumor-vascu-
lar disrupting agent (VDA), significantly improves the tumor
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accumulation of "*'I labeled HSP-PEG nanoparticles, further leading to the excellent inhibition of tumor growth after
intravenous injection. More importantly, SPECT imaging of '>°I labeled HSP-PEG indicates that ultrasmall HSP-PEG
nanoparticles could be slowly excreted from the body of a mouse through urine and feces in 1 week and cause no obvious
toxicity to treated mice from blood analysis and histology examinations. Our finding from the different independent
tumor models SPECT imaging shows that HSP-PEG nanoparticles may act as multifunctional nanocarriers to deliver
different radionuclides for monitoring the in vivo behaviors of nanoparticles and cancer theranostics, which will provide a

strategy for cancer treatment.
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owadays, cancer is one of the leading threats to

| \ | human health.! Various imaging approaches includ-
ing computed tomography (CT), magnetic resonance

imaging (MRI), and positron emission tomography (PET)/
single photon emission computed tomography (SPECT) have
been widely applied in clinical diagnosis of diseases.” Under
the guidance of imaging, a clinician will provide the right
treatment for precision medicine of patients.’ ® At present,
main methods such as surgery, chemotherapy, and radio-
therapy (external beam radiotherapy (RT) and internal
radioisotope therapy (RIT)) have been widely used in the
clinic for cancer treatments.””'* Although radioisotopes have
been shown to have a significant advantage in both SPECT/
PET imaging and RIT of tumor, how to realize the targeting
delivery of radioisotopes to the tumor sites and decrease the
unnecessary side effects is still a challenge.'"'” To date, the
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rapid development of nanotechnology brings a nanoplatform
for radionuclides targeting delivery.'”'* Various inorganic or
organic nanomaterials have been used as nanocarriers for
radionuclides delivery due to the intrinsic properties of
nanomaterials.”>~'® Various treatments such as photothermal
therapy, photodynamic therapy, and immunotherapy have
been combined with RT/RIT for improving cancer therapeutic
efficiency.'”~** Given the potential toxicity and the problem of
degradation, nanomaterials based on biomolecules (e.g.,
protein, DNA) or ultrasmall nanoparticles have been widely
acted as nanocarriers for drug and radionuclides delivery and
attracted considerable attention in recent years.”” > Such

Received: May 9, 2018
Accepted: September 4, 2018
Published: September S, 2018

DOI: 10.1021/acsnano.8b03514
ACS Nano XXXX, XXX, XXX—XXX


www.acsnano.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.8b03514
http://dx.doi.org/10.1021/acsnano.8b03514

ACS Nano

HSP

e
%S s

Suzuki coupling

reaction
+ )
Br 0.0 Br
HONo 0”7 OH

Radiolabeled HSP-PEG

PEGylation
EE—
Radiolabeling

Intensity (a.u.)

— C18PMH-PEG
— HSP

— HSP-PEG ~ “COONa

Intensity (a.u.)

A_mj\'\b

250 200 150 100 50 0

4000 3500 3000 2500 2000 1500 1000 500

Chemical Shift (ppm) g Wavenumber (cm™')
30 >
2 100fwesm | 2 100.%“\‘{
—_ % ~80 % 80+
o += 580 o
S 20 n S 7] \‘?60
4 e 7
= 2 e 2=""] —"wusP-PEG inPBS
-g . S & 40{—=""Tc-HSP-PEG in PBS 3 2 404 —"'I-HSP-PEG in Serum
£ Q0 —— ®"Tc-HSP-PEG in Serum Q u-
> 8 %5 20 8 020,
2 ©°
0 , . , T 0 — - ——
1 10 100 1000 10000 & 0 4 8 16, 20 24 g g 1 2 5 4 5 6 7
Size (nm) Time (h) Time (d)

Figure 1. Preparation and characterization of radiolabeled HSP-PEG nanoparticles. (a) Schematic illustration of radiolabeled HSP-PEG
nanoparticles. (b) TEM images of HSP-PEG nanoparticles. (c) The solid-state '*C NMR spectroscopy of HSP nanoparticles. (d) FTIR
spectra of C18-PMH-PEG, HSP nanoparticles, and HSP-PEG nanoparticles. (e) DLS data of HSP-PEG in PBS. (f,g) The radiostability of
9mTc_HSP-PEG (f) and "*'I-HSP-PEG (g) after incubation in PBS or serum.

strategies (the use of biomolecules or ultrasmall nanoparticles
as nanocarrers) will (i) provide the excellent nanoplatform for
cancer imaging and treatments, (i) solve the biocompatibility
and metabolic problems, and (iii) avoid the unnecessary side
effects.”®”” Therefore, development of a type of metabolizable
nanoparticles for transportation of different radioisotopes will
be attractive and practical for clinical cancer theranostics.
Semiconducting polymers with delocalized n-conjugated
backbones have been widely studied in the range of
biomedicine owing to their multiple advantages including
unique optical properties, low toxicity, excellent biocompati-
bility, and easy synthesis and modification.”* > Until now,
semiconducting polymers have been successfully used as
sensitive sensors to detect biological species as imaging probes
for disease diagnosis and as efficient carriers for drug
delivery.>**® Hyperbranched semiconducting polymers
(HSP) with three-dimensional dendritic architectures exhibit
much larger specific surface area than their linear counterparts,
possessing greater drug loading capacity.””~*' Moreover, upon
radiation, HSP are capable of diffusing the ionizing energy

throughout the whole conjugated system, which alleviates the
damage to chemical structure and prevents possible
radiolysis.**~* Therefore, rationally designed HSP could
serve as a potential nanocarrier of radionuclides for biomedical
applications.

In this work, we developed ultrasmall HSP nanoparticles as
multifunctional nanocarriers to load diagnostic radioisotope
#™Tc and therapeutic radionuclide "*'I labeling for SPECT
imaging of different independent tumor models and enhanced
cancer radioisotope therapy (RIT). Ultrasmall HSP nano-
particles (~S nm) were prepared using palladium(0)-catalyzed
Suzuki coupling reaction and modified with polyethylene
glycol (PEG), yielding PEGylated HSP (HSP-PEG) nano-
particles. Meanwhile, iodine isotopes could be covalently
immobilized on HSP by electrophilic substitution of the
protons on aromatic backbones, whereas carboxyl groups on
the side chains were capable of chelating **™Tc. Taking
advantage of the ultrasmall size property, HSP-PEG labeled
with ™ T¢ could infiltrate into the tumor tissue in a short time
period for accurate and seasonable SPECT imaging of different
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independent tumor models including 4T1 subcutaneous tumor
model and subcutaneously patient-derived xenograft model.
Additionally, 5,6-dimethylxanthenone-4-acetic acid (DMXAA),
a representative tumor-vascular disrupting agent (VDA),
enhanced the tumor uptake and prolonged the retention of
BIL.HSP-PEG nanoparticles in the tumor sites through the
tumor vascular disruption, enabling enhanced RIT of tumor.”°
More importantly, ultrasmall HSP-PEG nanoparticles could be
excreted from the major organs of mice through urine and
feces uncovered by the SPECT imaging of '>I labeled HSP-
PEG nanoparticles. In addition, HSP-PEG nanoparticles
caused no obvious toxic side effect to treated mice by the
blood assay. Therefore, our study demonstrated that as-made
HSP-PEG nanoparticles with ultrasmall sizes and metaboliz-
able properties could serve as multifunctional nanocarriers to
deliver different radionuclides for monitoring the in wvivo
behaviors of nanoparticles and cancer theranostics, which will
provide a strategy for cancer treatment.

RESULTS AND DISCUSSION

In our study, ultrasmall hyperbranched semiconducting
polymer (HSP) nanoparticles were prepared according to the
published protocol with some modification.”*™** As shown in
Figure la, 1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl) benzene and 2,2'-(2,7-dibromo-9H-fluorene-9,9-diyl) diac-
etic acid with a molar ratio of 2:3 were submitted to
palladium(0)-catalyzed Suzuki coupling reaction, yielding
HSP nanoparticles (Figure 1a). From the transmission electron
microscopy (TEM) image, the HSP nanoparticles were
uniform distribution with the size of ~5 nm (Supporting
Information (SI), Figure Sla). The chemical structure of HSP
nanoparticle was characterized by solid-state '*C NMR
spectroscopy. The resonance signals at 180, 50, and 43 ppm
in the spectrum could be attributed to —*COONa,
—*CH,COONa, and C9 of the fluorene ring (Figure Ilc).
The signals of the aromatic carbons were located in the range
from 120 to 160 ppm.

Owing to the chemical properties, we wondered how to
perform the biomedical applications of HSP. PEG grafted
poly(maleic anhydride-alt-1-octadecene) C18-PMH-PEG was
developed to modify HSP nanoparticles to improve its
biocompatibility, obtaining PEGylated HSP (HSP-PEG)
nanoparticles. TEM imaging showed that PEGylated HSP
nanoparticles dispersed well and exhibited uniform size
distribution (~$ nm) (Figure 1b). Fourier transform infrared
spectroscopy (FT-IR) was also conducted to characterize the
HSP nanoparticles before and after PEG coating. It was found
that HSP-PEG nanoparticles revealed two characteristic peaks
at 1560 and 1710 cm™" attributed to the C=O stretching
vibrations of the carboxylate groups (Figure 1d). The surface
charge and hydrodynamic sizes of nanoparticles were further
measured by ¢ potential and dynamic light scattering (DLS)
measurements, respectively. The surface charge of HSP was
negative owing to the deprotonation of carboxyl groups on the
surface of HSP. After PEG coating, surface charge became less
negative by shielding partial carboxyl (SI, Figure S2d). While
the original HSP nanoparticles showed poor size distribution
(PDI = 0.589) with an average size of 150 nm, which was likely
induced by the aggregation of small-sized HSP nanoparticles
(SI, Figure S1b), PEGylated HSP nanoparticles were
monodispersed with a uniform size of 20 nm in water and
showed excellent stability in different physiological solutions in
one month (Figure le, SI, Figure S2a—c). Moreover, given the

existence of the benzene ring and abundant carboxyl in the
molecular formula, HSP-PEG nanoparticles could be acted on
as multifunctional nanocarriers for loading of diagnostic
radionuclide *™Tc with a radiolabeling yield of ~84%,
therapeutic radioisotope '*'I, and long half-life radionuclide
'2T with radiolabeling yield of ~56%. The radiolabeling yields
were similar to that of some types of radiolabeled nano-
particles.”*’ Therefore, 4 mCi of *™Tc was mixed with HSP-
PEG solution (S mL, 0.1 mg/mL), obtaining 3.4 mCi of **™Tc-
HSP-PEG for SPECT imaging of four mice. In addition, 10
mCi of *'T was mixed with 0.2 mL of HSP-PEG (8 mg/mL),
obtaining 5.6 mCi of "*'I-HSP-PEG for tumor radiotherapy. In
the process of SPECT imaging and radioisotope therapy, the
radionuclides should stay firmly on the probes. As expected,
both radionuclide *Tc and radioisotope "*'I stayed on HSP-
PEG nanoparticles for a long time after incubation with
phosphate buffer (PBS) and mouse serum at 37 °C (Figure
1f,g). Besides, the band gap (Eg) of HSP was estimated to be
3.08 eV on the basis of UV absorption spectrum. Such a wide
band gap indicated that HSP was capable of emitting blue
fluorescence, which was used for cell and tissue imaging (SI,
Figure §3).%°

Excited by the different radioisotopes labeling ability of
HSP-PEG, the SPECT imaging of two-independent tumor
models and in vivo behaviors of ultrasmall HSP-PEG
nanoparticles as well as the enhanced radioisotope therapy
(RIT) was conducted systematically. Before in vivo evaluation,
we first investigated the in vitro cellular uptake of HSP-PEG
nanoparticles. 4T1 murine breast cancer cells incubated with
HSP-PEG nanoparticles for different time were obtained for
flow cytometry analysis or imaged by confocal microscopy.
Owing to the intrinsic fluorescence properties of HSP-PEG
nanoparticles (SI, Figure S4a), the blue fluorescent signal of
cells became very strong following the increase of incubating
time by flow cytometry measurement (SI, Figure S4b).
Meanwhile, the confocal images showed a very strong blue
signal in the cytoplasm of cells under 405 nm laser excitation
(SL, Figure S4c). In addition, the potential cytotoxicity of HSP-
PEG nanoparticles was also measured by the methyl thiazolyl
tetrazolium (MTT) assay. No obvious toxicity to the 4T1 cells
was observed even at high concentration of HSP-PEG
nanoparticles (<400 ug/mL) (SI, Figure SSa). Next, the in
vitro RIT using *'I labeled HSP-PEG nanoparticles as
therapeutic agents was carried out. 4T1 cells were incubated
with free *'T or "3'I labeled HSP-PEG ('*'I-HSP-PEG) at
different radioactive doses of *'T for 24 h. The relative cell
viabilities were also tested by MTT assay. It was found that the
viabilities of cells treated with ''I-HSP-PEG exhibited
prominent decrease compared with that of free "'I, likely
owing to the increased cell uptake of '*'I transported by HSP-
PEG nanoparticles (SI, Figure SSb). Moreover, the cytotoxicity
of DMXAA used in our study had been tested on HUVEC
cells. It was found that DMXAA induced obvious cytotoxicity
only at a relative high concentration of 120 ug/mL (SI, Figure
S5¢).

We next studied the in vivo behaviors of HSP-PEG
nanoparticles with radioisotopes labeling. First, utilizing
9mTe labeled HSP-PEG as tracers, different tumor models
including 4T1 subcutaneous tumors and subcutaneously
patient-derived xenograft (PDX) models were imaged by
SPECT (MlILabs, Utrecht, The Netherlands). From the
SPECT images of 4T1 bearing mouse after intravenous (i.v.)
injection of 2mT ¢ Jabeled HSP-PEG at 30 min, we found that
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HSP-PEG nanoparticles distributed into the whole body of the
mouse, especially in the reticuloendothelial system (RES).
Afterward, the distribution of HSP-PEG nanoparticles in heart
and lung were decreased following blood circulation, while the
radioactivity of the bladder became very strong, likely owing to
the fact that ultrasmall HSP-PEG nanoparticles could be
excreted from the body through urine. The results further
excluded the possibility of released **™Tc from HSP-PEG
nanoparticles by comparing with the SPECT imaging of mice
injected with free **™Tc (SI, Figure S6). Moreover, we used
filter paper chromatography to analyze the radioactive
component in urine of the mice treated with **™Tc-HSP-
PEG nanoparticles. From the data, we found that free *™Tc
was concentrated in regions 6 and 7, while 9mT . HSP-PEG
was concentrated in region 1. The radioactive component in
the urine stayed in region 1, suggesting that most of them
should be *™Tc-HSP-PEG nanoparticles (SI, Figure S7). In
addition, we observed some black dots in urine of mice treated
with HSP-PEG nanoparticles through the TEM assay (S,
Figure S8). Both of the above evidence indicated that HSP-
PEG could be excreted through urine. Additionally, *™Tc
labeled HSP-PEG exhibited high tumor uptake via enhanced
permeability and retention (EPR) effect (Figure 2a and S,

. v/
Pati\eQ§ )
derived

tumor tissue

Low

Figure 2. SPECT/CT imaging of two different tumor models.
SPECT imaging of 4T1-tumor-bearing mice (a) and patient-
derived prostate tumor tissue-bearing mice (b) after i.v. injection
with *™Tc-HSP-PEG taken at the different time points post
injection.

Figure S9a). Besides, PDX models have been considered to be
more clinically relevant tumor models. Prostate tumors from
human patient were implanted into the immune-compromising
mice. After 15 days of implantation, PDX models of mice were
i.v. injected with **™Tc labeled HSP-PEG nanoparticles and
imaged by SPECT. Similar to 4T1 tumor models, *™Tc
labeled HSP-PEG nanoparticles exhibited high PDX tumor
accumulation (Figure 2b and SI, Figure S9b). Therefore, our
as-made HSP-PEG nanoparticles could act as excellent
theranostics agents for imaging of different tumor models.
Motivated by high tumor uptake of *"Tc labeled HSP-PEG
nanoparticles, we next studied the in vivo tumor RIT using
radioisotope '*'I labeled HSP-PEG ('*'I-HSP-PEG) as
therapeutic agents (Figure 3a). According to the literature,”
DMAXX is widely used to induce the damage of tumor

vascular and cause the formation of congestion which is
beneficial for the accumulation of nanoparticles or drug in the
tumor sites. In this work, after DMXAA treatment, the vascular
destruction of tumor tissue was investigated through
immunofluorescent staining of CD31. Compared with the
intact and sequential vessels in normal tumor, the continuity of
the vessels was broken after DMXAA injection. Strong blue
fluorescence signal from HSP-PEG nanoparticles was observed
in the DMXAA treated tumor tissue (Figure 3b). Next, the
blood circulation and biodistribution of '*'I-HSP-PEG in 4T1
bearing mice were carefully tested in our study. Blood samples
from mice treated with "“'I-HSP-PEG nanoparticles were
collected and measured the radioactivity by gamma counter at
various time points post injection (p.i.). The results showed
that the blood circulation of *'I-HSP-PEG nanoparticles
followed a classical two-compartment model. The first and
second phase blood circulation half-lives were measured to be
0.32 + 0.05 h and 14.17 + 1.33 h, respectively (Figure 3c).
Such long-time blood circulation was attributed to well surface
coating, which could assist the nanoparticles to escape the
phagocytosis of macrophage in RES and enhance tumor
accumulation. Besides, we also investigated the biodistribution
of "'I-HSP-PEG and DMXAA plus '*'I-HSP-PEG nano-
particles after iv. injection. It was found that both *'I-HSP-
PEG and DMXAA plus "*'I-HSP-PEG nanoparticles exhibited
high tumor accumulation. Importantly, we found that DMAXX
could increase the tumor uptake of '3'I-HSP-PEG nano-
particles. The tumor uptake of ''I-HSP-PEG nanoparticles
was up to 5.14 + 0.65% ID/g at the presence of DMAXX (12
mg/kg), while the *'I-HSP-PEG alone exhibited 2.99 + 0.39%
ID/g of tumor uptake, which was significantly lower than that
of DMXAA plus "*'I-HSP-PEG nanoparticles (p = 0.00787)
(Figure 3d). After 72 h of injection, the retained radioactivity
in the tumor sites of mice injected with *'I-HSP-PEG was
measured to be 3.27 + 0.20% ID/g, which was significantly
higher than the tumor accumulation of '*'I-HSP-PEG
nanoparticles without DMXAA treatment (1.58 + 0.13% ID/
g p = 0.00027) (Figure 3d). Moreover, compared with the
undesired biodistribution of '*'I-HSP nanoparticles owing to
the aggregation of HSP in mice blood and phagocytosis by
reticuloendothelial system, the biodistribution of '*'I-HSP-
PEG was much better for biomedical application (S, Figure
S10).

Gamma imaging (Kodak, FX Pro) was also used for
observing the in vivo behavior of “'I-HSP-PEG with or
without DMXAA treatment. As showed in SI, Figure SS, while
the images of mice treated with *'ILHSP-PEG or DMXAA
plus 'I-HSP-PEG uncovered no obvious difference at 2 h
post injection (p.i.), mice treated with DMXAA plus "*'I-HSP-
PEG exhibited very stronger radioactive signal in the tumor
sites than that of "*'I-HSP-PEG at 72 h p.i.. More importantly,
the radioactivity of all of mice was decreased significantly after
72 h of injection, likely owing to that ultrasmall size of HSP-
PEG nanoparticles could be excreted from the body of mice
(S, Figure S11). The results further uncovered that DMXAA
could significantly increase the tumor uptake of HSP-PEG
nanoparticles and keep the nanoparticles in the tumor sites for
a long time, which was better for tumor nuclear imaging and
RIT treatments.

Encouraged by the enhanced tumor accumulation of '*'I-
HSP-PEG, we next used '*'I-HSP-PEG nanoparticles as
therapeutic agents for in vivo tumor RIT with the help of
DMAXX. 4T1 bearing mice were randomly assigned to seven
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Figure 3. In vivo behaviors of *'I labeled HSP-PEG with or without DMXAA injection. (a) Schematic illustration of increased tumor uptake
and long tumor retention of radioisotope labeled HSP-PEG with the help of DMXAA. (b) Destructive tumor vessels and then enhanced
tumor uptake of HSP-PEG after DMXAA treatment. (c) The blood circulation of "*'I-HSP-PEG. (d) The biodistribution of *'I-HSP-PEG
measured at 1 and 3 d post injection with or without DMXAA. Statistical analysis was performed using the Student’s two-tailed ¢ test (*P <

0.05, **P < 0.01, ***P < 0.001).

groups (five mice per group). The groups included (i) mice i.v.
injected with PBS, (ii) mice i.v. injected with HSP-PEG (10
mg/kg), (iii) mice iv. injected with the mixture of DMXAA
and free "*'I (12 mg/kg of DMXAA and 300 xCi per mouse of
B17), (iv) mice iv. injected with "*'I-HSP-PEG, and (v) mice
i.v. injected with DMXAA plus "*'I-HSP-PEG. Nanoparticles
or free drugs were injected two times at day O and day 7
throughout the treatment. To compare the therapeutic
efficiency between one injection and two injections, we
added two groups: (vi) mice iv. injected with *'I-HSP-PEG
(600 uCi per mouse of '3'T) at 0 day and (vii) mice i.v. injected
with DMXAA plus *'I-HSP-PEG (12 mg/kg of DMXAA and
600 uCi per mouse of '*'T) at 0 day. The tumor sizes and the
mice weight were measured every other day. It was found that
the tumors of mice in groups (i) and (ii) showed almost
similar growth speed, suggesting that HSP-PEG did not affect
the tumor growth (Figure 4a). In addition, free DMXAA and
BIT at low dose also did not affect the tumor growth. On the
contrary, *'I-HSP-PEG remarkably enhanced the therapeutic
efficiency of "*'T compared with that of free DMXAA and "',
achieving the obvious inhibition of tumor growth. It was
because the HSP-PEG nanoparticles could greatly enhance
tumor uptake of 'L Although 50% of tumor growth was
inhibited for the 'I-HSP-PEG nanoparticles treated group,

DMXAA plus "'I-HSP-PEG could inhibit almost 80% of
tumor growth, indicating that DMXAA plus 311 HSP-PEG
exhibited excellent therapeutic efficiency of cancer (p =
000268). Moreover, the therapeutic efficiency of two injections
were better than that of injection of all radiopharmaceuticals at
one time owing to the half-life of radionuclide '*'I (Figure 4a).
After 14 days of treatment, the tumors were collected for
taking a picture, further confirming the excellent therapeutic
efficiency of ''I-HSP-PEG nanoparticles with the help of
DMXAA (Figure 4b).

Besides, Hematoxylin & Eosin (H&E) staining and terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay were conducted to investigate morphologic
change and apoptosis of cancer cells in different treated groups.
As shown in Figure 4c, we found that a large number of
erythrocytes, which exist only in the blood vessels, dispersed in
the whole tumor tissue for DMXAA treated mice (Figure 4c).
However, such phenomenon was not observed in other groups.
The results further confirmed that DMAXX could induce the
tumor vascular damage and enhance erythrocytes accumu-
lation in the tumor sites. Meanwhile, tumors of mice in each
group were collected for TUNEL staining. From observing the
brown or black cells in the slices, we found that tumors of mice

in group (iv) and (v) showed the higher level of cell apoptosis
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Figure 4. In vivo enhanced radioisotope therapy based on '*'I-HSP-PEG plus DMXAA. (a) Tumor growth curves of mice with different
treatments. Group 1: PBS. Group 2: HSP-PEG (10 mg/kg at 0, 7 day). Group 3: DMXAA and free '>'I (12 mg/kg of DMXAA and 300 uCi of
311 per mouse at 0, 7 day). Group 4: *'I-HSP-PEG (300 pCi of *'I per mouse at 0, 7 day). Group 5: DMXAA plus *'I-HSP-PEG (12 mg/
kg of DMXAA and 300 pCi of '*'I per mouse at 0, 7 day). Group 6: '*'I-HSP-PEG (600 uCi of '*'I per mouse at 0 day). Group 7: DMXAA
plus *'I-HSP-PEG (12 mg/kg of DMXAA and 600 pCi of '*'I per mouse at 0 day). Five mice were used for each group. The tumor volumes
were normalized to their initial sizes. (b) The respective photos of the tumor in each group after 14 days treatment. (c,d) Micrographs of
H&E (c) and TUNEL (d) stained tumor slices from mice with different treatments collected 3 days after the first treatment. Statistical
analysis was performed using the Student’s two-tailed ¢ test (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 5. In vivo metabolism of '’I-HSP-PEG. (a) SPECT/CT imaging of the mice injected '**I-HSP-PEG in 3 days (white arrow 1 for

heart, 2 for liver, 3 for kidney, 4 for spleen, and $ for bladder). (b) The biodistribution of >>I-HSP-PEG measured at 1, 7, and 30 days post
injection. (c) Radioactive quantification of the urine and feces collected every day from the healthy mice injected '*I-HSP-PEG in a week.

than control groups, suggesting that RIT could significantly noteworthy that DMXAA plus *'I-HSP-PEG induced more
induce the apoptosis of cancer cells (Figure 4d). It is serious apoptosis than that of '*'I-HSP-PEG, further
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suggesting the increased tumor accumulation and retention of
the "'I-HSP-PEG in the presence of DMXAA (Figure 4d).
Our results clearly demonstrated that the therapeutic efficiency
of RIT could be further enhanced through coinjection of
radiolabeled ultrasmall organic conjugated nanoparticles and
VDA.

In our experiment process, the body weights of the mice in
all groups showed no obvious change (SI, Figure S12). We
next systematically investigated the in vivo metabolism and
potential toxicity of HSP-PEG nanoparticles. For metabolism
investigation, radioisotope '*I labeled HSP-PEG nanoparticles
were iv. injected into healthy mice (10 mg/kg of HSP-PEG
corresponding 300 uCi of '*°T). The SPECT imaging was used
to observe visually the in vivo biodistribution of HSP-PEG
nanoparticles in the whole body of a mouse. As shown in
Figure Sa, "*I-HSP-PEG nanoparticles gradually dispersed into
a majority of the organ and were excreted from the major
organs except the liver and spleen after 72 h of injection. Most
of »I-HSP-PEG nanoparticles were observed in the kidney
and bladder, demonstrating that '*I-HSP-PEG nanoparticles
could be excreted through urine. To further ensure the
metabolic pathways of '*I-HSP-PEG nanoparticles, the major
organs, urine, and feces were collected for gamma counter
measurement of the radioactivity. The results revealed that
HSP-PEG nanoparticles with ultrasmall sizes could be excreted
thoroughly from the bodies of mice after 30 days of injection
(Figure Sb,c). Moreover, most of nanoparticles were excreted
through urine, which matched with the data of SPECT imaging
(Figure Sc). For the reasons of the excretion of HSP-PEG
nanoparticles through urine, we had concluded: (1) Our
prepared HSP-PEG nanoparticles were 10—40 nm in size as
measured by DLS. The smaller ones could be excreted quickly
through the kidneys, while the bigger ones can stay in the
blood for a longer time.'"”*" (2) The core of HSP-PEG was
about 5 nm, and the hydrodynamic size of HSP-PEG was ~20
nm. It was found that PEG coating increased the hydro-
dynamic size of HSP nanoparticles. However, PEG was flexible
and could be folded.’>**

Next, compared with the control group, blood biochemistry
including a series of the liver/kidney function markers were
measured to be normal (SI, Figure S13a—c), suggesting no
obvious hepatic and kidney disorder induced by HSP-PEG
nanoparticles at the dose of 10 mg/kg. Additionally, a
complete blood panel analysis was also carried out. The
obtained data stayed in the normal ranges of the healthy mice
(SL, Figure S13d—k). Meanwhile, the major organs of mice
were collected at days 1, 7, and 30 for H&E staining.
Compared with the healthy mice, neither noticeable
morphologic change of cells nor inflammatory exudation
were observed (SI, Figure S14). Moreover, to estimate the
possible off-site tissue damage using "*'I-HSP-PEG as a
nanocarrier, we collected the major organs of mice in groups
1 and S at days 1 and 15 for H&E staining. No necrosis or
inflammation was observed (SI, Figure S15). Therefore, our
synthesized HSP-PEG with different radioisotope (*™T¢, '*'I,
and '*°I) labeling could be developed for cancer theranostics
with high biosafety.

CONCLUSIONS

In summary, HSP nanoparticles were synthesized by using a
palladium(0)-catalyzed Suzuki coupling reaction, which had an
average size of ~5 nm from TEM imaging, and then
noncovalently functionalized with C18-PMH-PEG, yielding

HSP-PEG nanoparticles. Solid-state *C NMR spectroscopy
and infrared spectrometry were used to confirm chemical
structure of HSP. The obtained HSP-PEG nanoparticles could
be labeled with different radioisotope such as *™T¢, *'I, and
1251 9mT_HSP-PEG nanoparticles and could be used as smart
SPECT imaging tracers for imaging of different tumor models
including a 4T1 subcutaneous tumor model and a subcuta-
neously patient-derived xenograft model. Moreover, the '*'I-
HSP-PEG could be used as an effective radiopharmaceutical
for cancer treatment. DMXAA could enhance the tumor
accumulation of "*'I-HSP-PEG and prolong their retention in
the tumor site by inducing the vascular disruption. Owing to
the higher and longer radiation dose in the tumor region, the
tumor grown could be inhibited significantly by inducing a
wide range of cell apoptosis in the tumor tissue. More
importantly, SPECT imaging using '*’I labeled HSP-PEG as
tracers could be used to monitor the in vivo behaviors and the
metabolism of ultrasmall nanoparticles (~5 nm), demonstrat-
ing that HSP-PEG nanoparticles could be excreted from the
body in a month without inducing obvious toxicity to treated
mice. Therefore, we developed ultrasmall HSP-PEG nano-
particles as multifunctional nanoagents for cancer theranostics,
providing a strategy for cancer treatments and further
promoting the biomedical applications of nanomaterials.

EXPERIMENTAL METHODS

Synthesis of HSP. The monomers, 2,2’-(2,7-dibromo-9H-
fluorene-9,9-diyl) diacetic acid and 1,3,5-tris(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl) benzene, were synthesized according to the
methods reported previously.%_48 1,3,5-Tris(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzene (308.9 mg, 0.76 mmol) and 2,2’
(2,7-dibromo-9H-fluorene-9,9-diyl)diacetic acid (500 mg, 1.14
mmol) were dissolved in DMF (50 mL) and then bubbled with
nitrogen for 30 min. Next, Pd(PPh3)4 (50 mg, 0,04 mmol) was added
quickly into the mixture followed by injection of degassed 1 M
Na,CO; solution (S mL). The reaction was conducted under nitrogen
with rapid stirring at 90 °C for 24 h and then at 120 °C for 72 h. After
being cooled down to room temperature, the suspension was
centrifuged at 4000 rpm for 30 min and the precipitate was washed
with DMF § times to remove unreacted monomers and small
molecular impurities. The resulting solid was dialyzed against water
and then freeze-dried to give HSP as a pale-yellow powder (202 mg).

Synthesis of PEGylated HSP Nanoparticles. The obtained
HSP nanoparticles were noncovalently functionalized with C18-
PMH-terminated PEG (C18-PMH-PEG), which was synthesized
according to our published protocols.w Briefly, 200 mg of C18-PMH-
PEG dissolved in 1 mL of DI water was added into 10 mL of HSP
solution (2 mg/mL) under sonication for 1.5 h and then stirred
overnight. Finally, the reacted solution was centrfuged at 14800 rpm
for 30 min to remove the precipitate and collected the supernates for
purification. The yield of PEGylated HSP nanoparticles was stored in
4 °C for the next experiments.

Radioisotope Labeling. To perform *™Tc labeling, 4 mCi of
9mT¢, HSP-PEG solution (5 mL, 0.1 mg/mL), and stannous chloride
solved in 0.1 M HCI (200 yL, S mg/mL) were mixed and strirred for
1 h. ®*™Tc labeled HSP-PEG nanoparticles were then obtained after
being purified by ultrafiltration three times. Moreover, HSP-PEG was
labeled with radionuclide iodine using an iodogen-coating method (a
standard electrophilic substitution reaction). In brief, 10 mCi of '*I
or ®'T and 0.2 mL of HSP-PEG (8 mg/mL) were added into 1 mL of
an EP tube which was coated with Iodogen. The mixture was then
reacted for 30 min at room temperature. Unbonded '*T or 3'T was
removed by centrifugation.

In Vitro Experiments. To investigate cellular uptake of HSP-PEG
nanoparticles, 4T1 cells preseeded in 6-well plates at a density of 2 X
10° cells/well were incubated with 100 ug/mL of HSP-PEG
nanoparticles. After incubation for different periods (1, 6, 12, and
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24 h), cells were washed with PBS three times and imaged by confocal
fluorescence microscope (OLYMPUS). Meanwhile, cells were also
collected for flow cytometry assay under 405 nm laser excitation.

For the in vitro cytotoxicity assay, the preincubated cells into 96-
well plates at a density of 8000 cells per well were added with different
concentrations of HSP-PEG nanoparticles, free DMXAA, free *'I, or
BILHSP-PEG, respectively. After incubation of 24 h, the cell
viabilities were measured by MTT assay.

SPECT/CT Imaging. The protocols of animal experiments were
approved by the Soochow University Laboratory Animal Center.
Preparation of the 4T1 tumor model could follow our published
protocols.” For the PDX modal preparation, we first obtained the
tumor tissue from the patients suffering prostatic cancer in Suzhou
Municipal Hospital after getting informed consent. Afterward, the
fresh prostatic tumor tissue was cut into pieces (~2—4 mm) in a
sterile dish and then implanted onto the back of each nude mouse
under general anesthesia using forceps. The skin incision was closed
using an absorbable suture. All experiments were conducted in
compliance with all relevant ethical regulations.54 For SPECT/CT
imaging, mice injected with **™Tc-HSP-PEG at the radioactivitive
dose of 800 uCi per mouse or **I-HSP-PEG at the radioactivitive
dose of 500 pCi per mouse were anesthetized and put on the bed of
the SPECT imaging system for taking the SPECT/CT imaging of the
whole body at appointed time points p.i..

Blood Circulation and Biodistribution. To investige the blood
circulation of HSP-PEG nanoparticles, blood from mice iv. injected
with "*'I-HSP-PEG (50 uCi of "*'I per mouse corresponding to 10
mg/kg of HSP-PEG) was collected at appointed time points p.i. and
then weighed and measured the radioactivity by the gamma counter
(LB211, Berthold Technologies Gmbh & Co. KG). In addition, mice
bearing 4T1 tumors were i.v. injected with "*'I-HSP-PEG or DMXAA
plus *'I-HSP-PEG (12 mg/kg of DMXAA per mouse) and sacrificed
at 24 h p.i. Major organs were collected, weighed, and measured the
radioactivity by the gamma counter.

In Vivo Tumor Therapy. To evaluate the in vivo tumor
therapeutic efficiency, tumors of mice were randomly assigned to
five groups (five mice per group) including (1) PBS, (2) HSP-PEG
(10 mg/kg), (3) the mixture of free DMXAA and '], (4) *'I-HSP-
PEG, and (S) the mixture of DMXAA and "*'I-HSP-PEG (12 mg/kg
of DMXAA, 300 uCi of *'T). The treatments were conducted two
times at days 0 and 7. The tumor volumes and the body weights of
mice in all groups were monitored every other day. The tumors in
each group were dissected after 3 days after first injection and fixed in
10% formaldehyde for H&E staining and TUNEL staining.

Blood Analysis and Histology Examinations. The blood
analysis and histology examinations could follow our previously
published protocols.'
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