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ABSTRACT: Targeted radionuclide therapy (TRT) provides new and
safe opportunities for cancer treatment and management with high
precision and efficiency. Here we have designed a novel semiconducting
polymer nanoparticle (SPN)-based radiopharmaceutical (211At-MeATE-
SPN-GIP) for TRT against glucose-dependent insulinotropic polypep-
tide receptor (GIPR)-positive cancers to further explore the applications
of nanoengineered TRT. 211At-MeATE-SPN-GIP was engineered via
nanoprecipitation, followed by its functionalization with a glucose-
dependent insulinotropic polypeptide (GIP) to target GIPR and deliver
211At for α therapy. The therapeutic effect and biological safety of 211At-
MeATE-SPN-GIP were investigated using GIPR-overexpressing human
pancreatic cancer CFPAC-1 cells and CFPAC-1-bearing mice. In this
work, 211At-MeATE-SPN-GIP was produced with a radiochemical yield
of 43% and radiochemical purity of 98%, which exhibited a specifically high uptake in CFPAC-1 cells, inducing cell cycle arrest at the
G2/M phase and extensive DNA damage. In the CFPAC-1-bearing tumor model, 211At-MeATE-SPN-GIP exhibited high
therapeutic efficiency, with no obvious side effects. The GIPR-specific binding of 211At-MeATE-SPN-GIP combined with effective
inhibition of tumor growth and fewer side effects compared to control suggests that 211At-MeATE-SPN-GIP TRT holds great
potential as a novel nanoengineered TRT strategy for patients with GIPR-positive cancer.

■ INTRODUCTION
Targeted radionuclide therapy (TRT) is the specific delivery of
radiopharmaceuticals into tumor tissues involving elemental
targeting carriers and therapeutic radionuclides, and has been
broadly explored for its applications in cancer treatment.1−3

Radio-nanomedicine employs nanomaterials as transporters of
radionuclides and holds great potential for developing new
radio-therapeutic agents attributing to their large specific
surface area which enables nanocarriers to be chemically
engineered to load several targeting moieties and therapeutic
radionuclides. Furthermore, in vivo performance of nano-
carriers can be fine-tuned through strategies such as size
adjustment and surface modification to increase water
solubility, tumor retention, improve whole-body pharmacoki-
netics, as well as provide multifunctional capabilities. Inorganic
nanocarriers including metal nanoclusters and nanographene
based nanocomposites have been broadly applied in the
diagnosis and treatment of cancers.4,5 However, in practical
biomedical applications, inorganic nanoparticle-based radio-
pharmaceuticals have disadvantages including large size and
poor biodegradability, all of which can lead to imperfect half-
life of the radiopharmaceuticals in the blood, as well as higher
accumulation and retention in the reticuloendothelial system.6

In order to investigate nanosystems that are ideal for effective
TRT, biodegradable organic nanocarriers are thus a critical
avenue to pursue. Organic semiconducting polymer nano-
particles (SPNs) are a typical class of organic nanocarriers and
are prepared from π-conjugated semiconducting polymers
(SPs).7 SPNs possess multiple advantages including facile
fabrication, excellent optical properties, good biocompatibility,
and higher photothermal conversion efficiency in comparison
to inorganic nanocarriers.8 Furthermore, the structural
versatility of SPs allows the preparation of active tumor-
targeting SPNs that can be modified with different tumor-
recognizing moieties such as the glucose-dependent insulino-
tropic polypeptide (GIP),9 which seeks and attaches to its cell-
surface receptor, glucose-dependent insulinotropic polypeptide
receptor (GIPR).
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GIP is a 42-amino-acid polypeptide that is synthesized in K
cells of the duodenum and small intestine and plays an
important role in glucose homeostasis by stimulating insulin
secretion. GIP binds to the GIPR-binding pocket with high
affinity.10 GIPR belongs to the subfamily B1 of the G protein-
coupled receptor superfamily and is expressed in the human
body at a very low level. Interestingly, GIPR is found in many
cancers including the majority of pancreatic, ileal, and
bronchial neuroendocrine tumors (NETs). The high GIPR
content in a broad spectrum of cancers, coupled with the low
expression found in normal human tissues, makes GIPR a
promising target for cancer diagnostic and therapeutic
purposes.11,12

Here we have developed a SPN-based nanoagent (211At-
MeATE-SPN-GIP, Figure 1), in which the MeATE-SPN-GIP
portion acts as a targeting carrier and the α-emitter 211At (t1/2

= 7.2 h; Emax = 5.87 MeV) portion acts as the therapeutic
agent. 211At-MeATE-SPN-GIP was designed to target GIPR,
which, as stated above, is upregulated in pancreatic cancers.13

In this study we aimed to evaluate the therapeutic efficacy and
safety of 211At-MeATE-SPN-GIP for TRT in GIPR-over-
expressing human pancreatic cancer CFPAC-1 cells and
CFPAC-1-bearing mice. To our knowledge, this is the first
study carried out using organic SPNs as nanocarriers to load α
therapeutic radionuclides for the TRT of cancers with
overexpression of GIPR.

■ RESULTS AND DISCUSSION
Figure 1 illustrates the synthetic route and the radiolabeling
process employed for preparing MeATE-SPN-GIP and its
radioactive 211At-MeATE-SPN-GIP counterpart. First, poly-
[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-

Figure 1. Synthesis and characterization of SPNs. (a) Diagram depicting preparation of SPN-GIP. (b) Preparation of 211At-MeATE-SPN-GIP. (c)
Chemical structures of MeATE-PEG45-DSPE and 211At-MeATE-PEG45-DSPE. (d) Transmission electron microscopy (TEM) image of MeATE-
SPN-GIP. (e) Stability. Hydrodynamic diameters in PBS and FBS at different time points.
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cyclopenta[2,1-b:3,4-b′]dithiophene-2,6-diyl]] (PCPDTBT)
was encapsulated within a functionalized amphiphilic polymer,
DSPE-PEG, using nanoprecipitation to obtain SPNs, followed
by the functionalization with GIP on its surface to yield SPN-
GIP. To achieve the radiolabeling capability, SPN-GIP was
further modified with N-succinimidyl-3-(trimethylstannyl)
benzoate (MeATE-OSu) to label 211At to obtain the final
radioactive agent 211At-MeATE-SPN-GIP (Figure 1a−c).
Transmission electron microscopy (TEM) revealed the
spherical morphology of MeATE-SPN-GIP with an average
size of 112.59 ± 14.40 nm (Figure 1d), and dynamic light
scattering (DLS) presented MeATE-SPN-GIP with an average
hydrodynamic diameter of 119.73 ± 1.22 nm in PBS (Figure
1e). After 16 h incubation in PBS and FBS, MeATE-SPN-GIP
had no obvious change in size (Figure 1e and Table S1,
Supporting Information). The radiolabeling efficiency of 211At-
MeATE-SPN-GIP was 43 ± 3.5% with a high radiochemical
purity of 98%. After an 18 h incubation in saline, the
radiochemical purity of 211At-MeATE-SPN-GIP remained at
72 ± 3.6% (Figure S1, Supporting Information), indicating
sufficient stability of the 211At-labeled nanoparticles for in vivo
study.
The expression level of GIPR in several pancreatic tumor

cell lines (MIACAPA-2, PANC-1, CFPAC-1, and INS-1) was
first analyzed using Western blot, and it was determined that
CFPAC-1 cells had a high level of GIPR expression (Figure S2,
Supporting Information). Therefore, we used CFPAC-1 cells
for the subsequent studies. Cytotoxicity study showed that the
nanoagents had no obvious toxicity on CFPAC-1 cells (Figure
S3, Supporting Information). After incubation with FITC-
labeled GIPR antibody (GIPR-Ab) for 4 h, a strong green

fluorescence was observed (Figure 2a), further confirming the
overexpression of GIPR in CFPAC-1 cells. For comparison,
coincubation of GIPR-Ab and SPN-GIP with CFPAC-1 cells
was performed. After the incubation, we observed that the cell
binding GIPR-Ab (green fluorescence) was significantly
decreased along with an obvious increasing cellular internal-
ization of the SPN-GIP (red fluorescence), indicating a high
binding ability of SPN-GIP toward GIPR-overexpressing
CFPAC-1 cells and its effective competition with GIPR-Ab.
In contrast, the SPN showed negligible fluorescence in
CFPAC-1 cells after incubation (Figure S4A, Supporting
Information), indicating that the significant uptake of SPN-
GIP by CFPAC-1 cells could be ascribed to the GIP-related
specific binding. Moreover, MIA-PACA-2 cells with low
expression of GIPR (Figure S4B, Supporting Information)
demonstrated imperceptible cellular uptake of SPN-GIP,
further validating the specify of GIP-related binding. We next
investigated the biospecificity of radioactive nanoagents 211At-
MeATE-SPN-GIP toward CFPAC-1 cells. As shown in Figure
2b, 211At-MeATE-SPN-GIP displayed a specific uptake in
CFPAC-1 cells. In contrast, after coincubation with a GIPR-
specific peptide GIP (75 μg/mL), the cellular uptake of 211At-
MeATE-SPN-GIP in CFPAC-1 cells was significantly
decreased from 0.69% ± 0.07%ICD/1 × 105 cells to 0.18%
± 0.01%ICD/1 × 105 cells (P = 0.0031), respectively. Such
obvious inhibition demonstrated that GIPR effectively
facilitated the cellular uptake of 211At-MeATE-SPN-GIP
attributing to their specific binding affinity. After 24 h
incubation of 211At-MeATE-SPN-GIP with CFPAC-1 cells,
we observed a dose-dependent decrease in cell viability. At a
dose of 88.8 kBq/mL we found the cell viability decreased to

Figure 2. Cell experiments. (a) Confocal imaging of CFPAC-1 cells after incubation with SPN-GIP (0, 50 μg/mL, red). Cell nuclei were stained
with nucleus indicator (Hoechst 33342, blue), and glucose-dependent insulinotropic polypeptide receptor (GIPR) was stained with FITC-labeled
GIPR antibody (GIPR-Ab, green). Scale bars: 30 μm. (b) Binding ability and biospecificity of 211At-MeATE-SPN-GIP toward CFPAC-1 cells. (c)
Cell viability of CFPAC-1 cells after incubation. Cell cycle arrest of CFPAC-1 pancreatic cells after treatment for 24 h (d) and the next 24 h (e).
Data are expressed as means ± SEM of three independent experiments. Intergroup comparisons were performed using unpaired t test. Asterisks
indicate statistical significance (*P < 0.05, **P < 0.01, ***P < 0.0001).
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71.6%. The medium containing 211At-MeATE-SPN-GIP was
then removed, replaced with fresh medium, and incubated for
another 24 and 48 h to further examine the antiproliferative
effect of 211At-MeATE-SPN-GIP toward CFPAC-1 cells.
Compared to the preliminary treatment with 211At-MeATE-
SPN-GIP (88.8 kBq/mL, 71.6% cell viability), we found the
cell viability was further decreased to 46.1% and 11.2% after
another 24 and 48 h incubation with fresh medium,
respectively, indicating that the outstanding antiproliferative
efficacy of 211At-MeATE-SPN-GIP against GIPR-overexpress-
ing CFPAC-1 cells (Figure 2c). Alterations in cell cycle were
also investigated in CFPAC-1 cells. We found that upon
increasing the dose of 211At-MeATE-SPN-GIP from 0 to 22.2,
44.4, and 88.8 kBq/mL, the cell proportion of G2/M phase
was increased from 25.8 ± 2.25% to 32.76 ± 1.61%, 48.86 ±
2.91%, and 71.08 ± 4.88%, respectively, indicating the cell
cycle was arrested in G2/M phase (Figure 2d, Figure S5A,
Supporting Information). After a continuous observation for
another 24 h, we found that the proportion of G2/M phase
was gradually decreased from 16.57 ± 6.35% to 0.09 ± 0.12%
(Figure 2d, Figure S5B, Supporting Information), suggesting
stalling of DNA replication and loss of generation ability.
To determine the in vivo potential of nanoparticle as a

radiotherapeutic carrier, we employed 125I-labeled MeATE-
SPN-GIP or MeATE-SPN,14 because 125I has similar halogen

properties to 211At. The SPECT/CT imaging of CFPAC-1
bearing mice injected with 125I-MeATE-SPN-GIP or 125I-
MeATE-SPN showed intuitively the distribution of all over the
body (Figure 3a). The tumor uptake of 125I-MeATE-SPN-GIP
was clearly visible after injection of 24 h while the group of
125I-MeATE-SPN was vaguely visible, demonstrating that
MeATE-SPN-GIP was better targeting while used for NET
theranostics.
To study the long-term in vivo behavior of MeATE-SPN-

GIP, 125I-MeATE-SPN-GIP was synthesized to track the
retention and distribution of MeATE-SPN-GIP in major
organs up to 6 days (Figure 3b) as a proxy for 211At-MeATE-
SPN-GIP. The in vitro stability of 125I-MeATE-SPN-GIP was
demonstrated to be similar to that of 211At-MeATE-SPN-GIP
(Table S3, Supporting Information), suggesting the feasibility
of using 125I-MeATE-SPN-GIP to study the biodistribution of
211At-MeATE-SPN-GIP. We found that 125I-MeATE-SPN-GIP
exhibited a gradual accumulation in CFPAC-1 tumors from
1.36 ± 0.16% to 2.44 ± 0.32% ID/g at 1.5 and 24 h, still up to
3.28 ± 0.31% at day 6 after treatment, respectively. However,
the accumulation of 125I-MeATE-SPN-GIP in the major organs
such as liver was decreased by 3.3-fold at day 6 post-treatment
relative to that of 14 h post-treatment, which could eliminate
the radiation-induced side effects to major organs (e.g., liver).
In addition, the blood circulation of 125I-MeATE-SPN-GIP

Figure 3. Targeting in vivo. (A) SPECT/CT imaging of CFPAC-1 bearing mice intravenously injected with 125I-MeATE-SPN-GIP and 125I-
MeATE-SPN after 2, 24, and 72 h. (B) In vivo biodistribution of 125I-MeATE-SPN-GIP after intravenous injection at indicated time points in
CFPAC-1 tumor-bearing BALB/c nude mice (n = 3 for each time point). Data are expressed as mean percentage of the injected radioactivity doses
per gram of tissue (% ID/g, means ± SEM).
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followed the two-phase model (T1/2α = 0.43 h, T1/2β = 18.05
h), and the mean residence time (MRT) was about 22.45 h
(Figure S6, Supporting Information). These results demon-
strate that MeATE-SPN-GIP is an effective delivery agent that
can be targeted to the GIPR-overexpressing cancers to provide
the halogen radionuclides for treatment.
After first establishing the efficacy of 211At-MeATE-SPN-

GIP cytotoxicity in CFPAC-1 cells and its biodistribution, we
needed to determine a safe dose for in vivo treatment in mice.

We conducted a dose-dependent study on normal mice to
establish the safe 211At-MeATE-SPN-GIP dose in vivo (Figure
4). At all different 211At-MeATE-SPN-GIP doses (0.185, 0.37,
0.74, 1.11 MBq) administered, we found no significant weight
loss among the mice (Figure 4a). Next, we examined if the
radioactivity damaged the endocrine glands by measuring the
most sensitive thyroid functions including TSH, T3, and T4.
Compared with the control group, the mice treated with 211At-
MeATE-SPN-GIP at the doses from 0 to 1.11 MBq had no

Figure 4. In vivo safety investigations of 211At-MeATE-SPN-GIP. (a) Body weight of mice at different time points after treatment. (b) Study of
thyroid function after systemic treatment at indicated doses. Data are expressed as means ± SEM (n = 3 or 4).

Figure 5. In vivo therapeutic efficacy and safety of 211At-MeATE-SPN-GIP in CFPAC-1 tumor-bearing BALB/c nude mice. (a) Tumor volumes of
mice after treatment with saline and 1.11 MBq. (b) The body weight change (P = 0.4563). (c) The level changes of leukocyte count (P = 0627).
(d) The level changes of platelet count (P = 0.8645). (e) The changes of liver functions. (e) The changes of kidneys functions. (e) The changes of
thyroid functions. Intergroup comparisons were performed using unpaired two-tailed t tests. Asterisks indicate statistical significance (**P < 0.01),
and n.s. indicates no significance.

Bioconjugate Chemistry pubs.acs.org/bc Article

https://doi.org/10.1021/acs.bioconjchem.1c00263
Bioconjugate Chem. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.1c00263/suppl_file/bc1c00263_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00263?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00263?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00263?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00263?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00263?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00263?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00263?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00263?fig=fig5&ref=pdf
pubs.acs.org/bc?ref=pdf
https://doi.org/10.1021/acs.bioconjchem.1c00263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


obvious changes in TSH (P = 0.3536), T3 (P = 0.7288), and
T4 (P = 1.8496) (Figure 4b) functions, verifying the negligible
risks of 211At-MeATE-SPN-GIP in endocrine gland function
under the dose of 1.11 MBq.
On the basis of these findings, we selected the maximum

tolerated dose of 1.11 MBq as the therapeutic dose of 211At-
MeATE-SPN-GIP to treat CFPAC-1 bearing mice (Figure 5).
After a short 7 day therapeutic period, the tumor growth in
mice treated with 211At-MeATE-SPN-GIP was effectively
inhibited, while the tumor volume in the control group
increased approximately three times relative to the initial
pretreatment volume, demonstrating the high antitumor
efficacy of 211At-MeATE-SPN-GIP. The tumor volume of
mice in the control group showed a rapid growth from 73.71 ±
8.96 mm3 (pretreatment volume) to 524.53 ± 131.38 mm3 on
day 21. In contrast, the tumor growth of 211At-MeATE-SPN-
GIP-treated group was significantly inhibited with a tumor
volume of 74% relative to that in the control group at day 21
post-treatment (P = 0.0148), validating the specific delivery of
211At-MeATE-SPN-GIP and its high therapeutic effect in
GIPR-expressing CFPAC-1 bearing mice (Figure 5a).
The in vivo biological safety of 211At-MeATE-SPN-GIP was

monitored throughout the experimental period. There was no
significant change in the weights of the experimental mice over
the therapeutic period (Figure 5b). Compared with the saline-
treated control group, all mice treated with 211At-MeATE-
SPN-GIP displayed no significant decrease in leukocyte or
platelet counts, indicating 211At-MeATE-SPN-GIP displayed
negligible influence on hematologic functions (Figure 5c,d).
To assess potential damage of organs including the liver and
kidney due to high accumulation of 211At-MeATE-SPN-GIP,
several physiological function indicators were investigated
(Figure 5e−g). GOT and GPT were measured to evaluate liver
function, with no significant difference observed between the
saline-treated control group and 211At-MeATE-SPN-GIP-
treated group (P = 0.4794 for GOT; P = 0.5649 for GPT).
Indicators of kidney function including CRE and BUN also
showed no significant differences between control and 1.11
MBq 211At-MeATE-SPN-GIP-treated group (P = 0.0566 for
CRE; P = 0.1483 for BUN). TSH, T3, and T4 levels were also
analyzed to assess the thyroid function, and no significant
difference was found between the two groups (P = 0.7200 for

TSH; P = 0.3219 for T3; P = 0.0540 for T4). All the data
verified that 211At-MeATE-SPN-GIP has high therapeutic
efficacy with negligible risks toward GIPR-overexpressing
pancreas cancer in the living organisms.
In this study, we designed a SPN-based TRT agent (211At-

MeATE-SPN-GIP) and proved its efficacy in a GIPR-
overexpressing human pancreatic cancer model. Our strategy
reveals several advantages. First, the self-assembled SPN
carriers loaded with radionuclide 211At can be easily prepared
via nanoprecipitation to transform SPs into water-soluble
nanoparticles with functionalized amphiphilic polymer.15 This
straightforward methodology not only enables flexible
specification of SPNs with the GIP peptide and chelating
agent for radionuclides labeling via chemical engineering but
also achieves moiety targeting for therapeutic radionuclides to
facilitate high precision to achieve therapeutic capabilities.
Moreover, the targeting peptide was ratiometrically conjugated
to the assembling polymers, leading to an ultrahigh grafting
density of the targeting peptide, which has been demonstrated
to be a pivotal determinant of active targeting.16−18 More
importantly, the high grafting density of targeting peptides
further benefits 211At labeling, thus yielding a high specific
radioactivity of the nanoparticles. Our SPNs-based platform
represents state-of-the-art 211At delivery to the best of our
knowledge, and when compared with previously reported
inorganic nanomaterial-based 211At delivery agents, our
platform out-performs regarding the 211At loading capacity,
targeting ability and biodegradability.
We successfully synthesized 211At-MeATE-SPN-GIP with

satisfiable radiochemical yield, radiochemical purity, and GIPR
targeting ability, and the in vitro therapeutic efficacy of 211At-
MeATE-SPN-GIP was further validated (Figure 2). Due to its
high overexpression levels of GIPR, CFPAC-1 cells were
chosen to model our treatment. Consistent with previous
reports, after treating with cumulative doses and incubation
times of 211At-MeATE-SPN-GIP, CFPAC-1 cells were arrested
at G2/M phase, indicating irreversible damage of 211At to
DNA in replication phase.14,19

Before studying the treatment efficacy of 211At-labeled SPN,
we verified the targeting ability of MeATE-SPN-GIP on
SPECT/CT imaging using MeATE-SPN as the control. The
tumor uptake of 125I-MeATE-SPN-GIP was clearly visible after

Figure 6. Co-immunostaining of the tumor. (a) Co-immunostaining of the tumor vasculature and GIPR. Cell nucleis were stained with nucleus
indicator (DAPI, blue), glucose-dependent insulinotropic polypeptide receptor (GIPR) was stained with FITC-labeled GIPR antibody (GIPR-Ab,
green), and the vessels were stained with CD31(CD31-Ab, Red). Scale bars represent 20 μm. (b) Co-immunostaining of SPN-GIP and CD31 in
the tumor tissue. Cell nuclei were stained with nucleus indicator (DAPI, blue). SPN-GIP was made from PCPDTBT which had self-fluorescence
(Green). The vessels were stained with CD31(CD31-Ab, Red). Scale bars represent 30 μm.
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injection of 24 h, demonstrating the good targeting of MeATE-
SPN-GIP for NET theranostics. To investigate the long-term
biodistribution patterns of MeATE-SPN-GIP in CFPAC-1
bearing mice, 125I-MeATE-SPN-GIP was injected intra-
venously and intraperitoneally at the dosage of 1.11 ± 0.11
MBq (Figure S7, Supporting Information). At day 6 post-
intravenous injection, the tumor uptake of 125I-MeATE-SPN-
GIP reached 4.54 ± 0.06% ID/g, 1.38-fold higher than that of
intraperitoneal injection. Liver uptake of 125I-MeATE-SPN-
GIP after intravenous injection reached 8.09 ± 0.13% ID/g,
2.54-fold higher than that of intraperitoneal injection.
Considering the higher accumulation of α-emitting radio-
nuclides in the liver after intravenous injection, we selected
intraperitoneal injection of 211At-MeATE-SPN-GIP with
negligible sacrifice of tumor uptake efficiency for in vivo
therapeutic study. 211At-MeATE-SPN-GIP treatment via intra-
peritoneal injection in CFPAC-1 bearing mice exhibited
significant inhibition of tumor growth without obvious side
effects (Figures 4 and 5). This was confirmed by the histology
analyses of tumor gross specimens and frozen sections which
demonstrated a significant inhibitory effect of 211At-MeATE-
SPN-GIP on tumors (Figures S8 and S9, Supporting
Information).
The present research advances the area of TRT by using

organic SPNs as the intrinsic nanocarrier of radionuclide 211At
to develop a new nanobased radiopharmaceutical agent, which
specifically seeks and attaches to GIPR on the cell surface of
cancer cells even cancer vessels (Figure 6a). On the basis of the
channel of GIPR in tumor, we speculated that the assembled
SPN-GIP can extravasate vsessels to reach the targeted tumor
location through the active targeting effect of GIPR and EPR
effect (Figure 6b). Furthermore, using 211At as a therapeutic
load and the MeATE-SPN-GIP as a targeting agent, 211At-
MeATE-SPN-GIP TRT exhibited an excellent therapeutic
efficacy and safety profile in CFPAC-1 bearing mice. In the
therapeutic process of small molecule-based radiopharmaceu-
ticals, the levels of both leukocytes and platelets significantly
decreased after 3−7 days of treatment and then gradually
recovered,20 and this is caused by radionuclide-induced bone
marrow suppression, which is common in clinical endo-
radiotherapy patients.21,22 Importantly, no obvious bone
marrow toxicity was observed throughout the observation
window of this study (Figure 4). These findings may be
because 211At-MeATE-SPN-GIP could not penetrate through
the marrow blood barrier relative to small molecules at
nanoscale levels.23 Furthermore, α therapy itself has a unique
therapeutic range relative to β radionuclide, thereby avoiding
myelosuppression induced by a crossfire effect.24,25 Therefore,
the GIPR-specific binding of 211At-MeATE-SPN-GIP com-
bined with the effective inhibition of tumor growth, and fewer
side effects suggest that 211At-MeATE-SPN-GIP TRT holds
great potential as a novel nanoengineered therapeutic strategy
for patients with GIPR-overexpressing cancer.

■ CONCLUSION
In this study we have successfully designed a SPN-based
nanocarrier for carrying α radionuclides for TRT against
GIPR-positive tumors. Through an easy nanoprecipitation
method, functionalization with GIP and radiolabeling, water-
soluble 211At-MeATE-SPN-GIP was synthesized with an ideal
radiochemical yield and radiochemical purity. 211At-MeATE-
SPN-GIP exhibited a high accumulation and retention in
GIPR-overexpressing pancreatic tumor-bearing mice, enabling

an effective α particle therapy without obvious detrimental side
effects. This study not only provides a versatile platform for the
applications of SPN-based nanocarriers for precise TRT but
also promotes new opportunities for α particle therapy of
GIPR-overexpressing cancer. Further exploration of α particle
therapy along with other characteristics of SPNs such as
photothermal and photodynamic properties for synergistic
treatment of GIPR-positive tumors will yield further advances
to this field.

■ EXPERIMENTAL SECTION
Preparation of 211At-MeATE-SPN-GIP and 125I-MeATE-

SPN-GIP. The detailed information is provided in the
Supporting Information. SPNs-GIP conjugation was prepared
according to the previously reported methods.26 211At and 125I-
radiolabeling were performed at National Institutes for
Quantum and Radiological Science and Technology (QST)
and Soochow University according to the previously reported
protocols.20,27

Tumor Cell Lines, Mice, and Mouse Models. The human
pancreatic cancer cell line CFPAC-1 was obtained from the
American Type Culture Collection (ATCC, Manassas, VA).
CFPAC-1 cells were maintained and passaged in Iscove’s
Modified Dulbecco’s Medium (IMDM) supplemented with
10% fetal bovine serum (FBS), penicillin (100 U/mL), and
streptomycin (0.1 mg/mL). Animal experiments were
performed using 6−8 weeks old male BALB/c nude mice
(Japan SLC, Shizuoka, Japan). To create the pancreas cancer
model, a single-cell suspension of 2 × 106 CFPAC-1 cells in
100 μL IMDM without serum was injected into the left leg of
BALB/c nude mice. On day 10 after subcutaneous inoculation,
mice with tumor diameter from 5 mm to 9 mm were selected
for further studies. All animal studies were approved by the
Animal Ethics Committee of QST and Soochow University.
The animals were maintained and handled in accordance with
the recommendations of the National Institute of Health and
the institutional guidelines of QST and Soochow University.

Cell Imaging. CFPAC-1 cells were seeded (8 × 103 cells
per well) onto a glass-bottom cell culture dish (Φ15 mm,
NEST) and incubated overnight. Then, the medium was
removed and the cells were incubated with SPN-GIP (0, 50
μg/mL) for 4 h. Next, cells were washed with phosphate buffer
saline (PBS) and then fixed with 4% formalin. The fixed cells
were permeabilized with 0.2% Triton X-100 and blocked with
1% bovine serum albumin. GIPR antibody labeled with
fluorescein isothiocyanate (FITC) (1:100, Biorbyt, Cambridge,
British) was added into the above-mentioned cells and
incubated overnight at 4 °C. After removing the primary
GIPR antibody, the cells were washed and then stained with
Hoechst 33342 (1:1000) for 15 min in the dark. After three
washes with PBS, the cells were imaged using a confocal
microscope (FV1200, OLYMPUS, Tokyo, Japan).

Biospecificity of 211At-MeATE-SPN-GIP. CFPAC-1 cells
were seeded in 24-well plates (1 × 105 cells/well) and cultured
at 37 °C overnight. To examine the specific binding ability of
211At-MeATE-SPN-GIP to GIPR, CFPAC-1 cells were
incubated with 18.5 kBq/mL of 211At-MeATE-SPN-GIP with
or without GIP (75 μg/mL) at 37 °C for 1.5 h. Then the
culture medium was removed and the cells were washed with
PBS, dissolved in 0.2 mol/L NaOH and then collected for γ-
counter measurement (PerkinElmer, Waltham, MA).

Cytotoxicity. CFPAC-1 cells were seeded in 96-well plates
(5 × 103 cells/well) and cultured at 37 °C overnight. Then
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different concentrations of 211At-MeATE-SPN-GIP (0, 11.1,
22.2, 44.4, 66.6, and 88.8 kBq/mL) were added and incubated
for 24 h. Fresh medium was then added to each well, and the
cells were incubated for another 24 or 48 h. Cell viability was
measured using the 3-(4,5-dimethythiazol-2-yl)-2,5-diphphe-
nyltetrazolium bromide (MTT) assay.
Cell Cycle Study. CFPAC-1 cells were seeded in 24-well

plates (1 × 105/well) and cultured at 37 °C overnight. Then
different concentrations of 211At-MeATE-SPN-GIP (0, 22.2,
44.4, and 88.8 kBq/mL, 1 mL/well) were added and incubated
for 24 h. One plate of cells was directly used for cell cycle
analysis, while the other plate of cells was given fresh medium
and incubated for another 24 h, followed by cell cycle analysis.
For cell cycle assay, cells were collected, fixed in 70% ethanol
overnight, and then stained with the Tali Cell Cycle Solution
for 30 min. The stained cells were analyzed using a Tali image-
based cytometer (Intitrogen, Waltham).
SPECT/CT Imaging. 125I-MeATE-SPN-GIP or 125I-

MeATE-SPN (3.7 ± 0.37 MBq) was intravenously adminis-
trated to CFPAC-1-bearing mice. Scans were performed by a
small animal SPECT/CT scanner (U-SPECT/CT, MILabs,
Netherlands) at different time points (2, 24, and 72 h). Data
were reconstructed using the two-dimensional ordered
subsets−expectation maximization algorithm. Volume ren-
dered images were generated using professional PMOD
software (MILabs).
Biodistribution Study. 125I-MeATE-SPN-GIP (1.11 ±

0.11 MBq) was administrated to CFPAC-1-bearing mice via
intraperitoneal injection. The mice were subsequently
sacrificed by cervical dislocation at 1.5, 3.5, 7, 14, 24 h, 2,
and 6 d after intraperitoneal injection (n = 3). Blood, liver,
tumor, and other major organs were rapidly dissected and
weighed. The radioactivity of organs and tissues were
measured using a γ-counter. Radioactivity measurements
were all corrected on the basis of decay.
Therapeutic Effect. CFPAC-1-bearing BALB/c nude mice

(body weight, 23.22 ± 0.47 g) with a tumor volume of 66.77 ±
13.81 mm3 were assigned into two groups: 211At-MeATE-SPN-
GIP treatment group and a saline-treated control group. 1.11
MBq/0.1 mL of 211At-MeATE-SPN-GIP was intraperitoneally
injected into mice bearing CFPAC-1 tumor (n = 6), while the
control group were administrated with 0.1 mL of saline (n =
4). The tumor sizes were measured twice a week using digital
calipers, and the tumor volumes were calculated using the
formula: (width2 × length)/2. The experiments were
terminated and animals were sacrificed when the tumor
volume reached 0.5 cm3 or body weight lost more than 20%.
Safety Assessment. The change of mice’s body weight

was evaluated as an indicator of radiation-related side effects
after treatment with different doses of 211At-MeATE-SPN-GIP.
In addition, hematological analyses included platelet and
leukocyte counts, which were performed by a Celltack F
Automated Hematology Analyzer (Nihon Kohden, Tokyo).
Liver and kidney functions including aspartate transaminase
(GOP) and alanine transaminase (GPT), blood urea nitrogen
(BUN) and creatinine (CRE) were measured according to the
manufacturer’s instructions. Thyroid functions including
thyroid stimulating hormone (TSH), triiodothyronine (T3),
and thyroxin (T4) were tested using Rodent ELISA Test Kit
(Rodent, Tokyo).
Statistical Analysis. Quantitative data are presented as

mean ± standard error of mean (SEM). An unpaired two-
tailed t-test was used for comparison among groups and P <

0.05 was set as the threshold for statistical significance. All in
vivo results were representative of three independent experi-
ments with samples in triplicate in each experiment.
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