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ABSTRACT: An Exendin-4 analogue that was conjugated with 68Ga exhibited an excellent diagnostic effect on insulinoma in
clinical practice. On account of its low molecular weight and short hydration radius, 68Ga-Exendin-4 showed high accumulation in
kidney tissues. Nanoparticle-mediated strategies have attracted much attention due to polyvalent properties and the size
amplification effect. In this study, Exendin-4 derivatives of radionuclide nanodevices were developed and evaluated. The Exendin-4
derivatives consisting of a ternary block recombinant protein were purified by an inverse transition cycle (ITC) and allowed to self-
assemble into a nanodevice under physiological conditions. Our results showed that the nanoassemblies of Exendin-4 derivatives
formed homogeneous spherical nanoparticles, exhibited outstanding affinity for insulinoma cells, and could be deposited in
insulinoma tissues in vivo. The nanoassembly-mediated Exendin-4 derivatives showed fivefold reduced renal retention and exhibited
an outstanding tumor-suppression effect.

1. INTRODUCTION
Insulinoma is a functional pancreatic neuroendocrine tumor
that originates from pancreatic β-cells. Studies have shown that
glucagon-like peptide-1 receptor (GLP-1R) is highly expressed
on the surface of insulinoma cells, and GLP-1R targeting
imaging technology had been applied to diagnose insulinoma
in clinical practice.1 Targeting GLP-1R with indium-111-,
technetium-99m-, or gallium-68-labeled Exendin-4 offers a new
approach that permits successful localization of insulinomas.2

In our previous study, a GLP-1 analogue (Exendin-4) that was
conjugated with 68Ga (68Ga-Exendin-4) provided an out-
standing diagnosis for insulinoma.3 However, on account of its
low molecular weight and short hydrated radius, 68Ga-Exendin-
4 presented high accumulation in the kidney tissues, which
caused radiation damage and thus limited clinical application.

Several strategies for reducing the renal accumulation of
radiolabeled Exendin-4 derivatives have been exploited. For
example, the coadministration of basic amino acids or the
introduction of a cleavable linker into Exendin-4 derivatives
has been examined in vivo.4 Unfortunately, these strategies did
not brought about higher accumulation in tumors.5

Particles with a diameter smaller than 5−6 nm are rapidly
cleared by the kidney (half-life, <600 min in the blood), while
increasing particle diameter can significantly enhance the half-
life of agents in the blood and body.6−8 We demonstrated that
self-assembling diblock elastin-like polypeptides (ELPs)
conjugated with an agent could overcome the limitation of
accumulation in the kidney and bladder.9,10 The diblock ELP
could self-assemble into a nanoparticle, thereby increasing the
hydraulic radius of the nanodevice and effectively avoiding
clearance by the kidney. Accumulating reports have implicated
that a polyalanine domain insert into hydrophobic ELP
(partially ordered polymers were named POP) could achieve
greater stability in the fomulation of nanoassemblies.11
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In this study, we proposed novel nanoassembly-mediated
Exendin-4 derivatives, which consist of Exendin-4 blocks,
hydrophilic ELP blocks, and hydrophobic POP blocks. It was
expected that amphiphilic Exendin-4-ELP-POP could form
nanoassemblies under physiological conditions and effectively
reduce kidney and bladder aggregation.12 In addition, the
formulation of Exendin-4-ELP-POP nanoassemblies showed
that the GLP-1 block emerged on the surface at high density
and implemented multivalent binding. An 131I-ELP-POP
molecule was generated by conjugating 131I with the
tyrosine-rich N-terminus of ELP-POP.13,14 Owing to the
extremely similar structures between 131I-ELP-POP and
Exendin-4-ELP-POP, it was estimated that the combination
of 131I-ELP-POP and Exendin-4-ELP-POP generated homoge-
neous nanoassemblies at physiological temperatures and
yielded a significant therapeutic effect on insulinoma.

2. MATERIALS AND METHODS
2.1. Materials. Rat islet tumor cells (INS-1) and their

medium were purchased from Procell Ltd., Corp. (Wuhan
China), and CCK-8 (cell counting kit-8) was supplied by
Beyotime Biotechnology Ltd., Corp. Peptone and yeast extract
were purchased from Oxoid Ltd., Corp. Other chemical agents
were obtained from Sigma Ltd., Corp.

2.2. Construct Exendin-4-ELP-POP Expression Vector.
The plasmid construction was performed using our previously
published method.10 The hydrophilic ELP block (ELP-
[V1A7G8-48]) contains three ELP[V1A7G8-16] repeats, each
containing 16 VPGXG pentapeptides, in which the fourth
variable amino acid X is composed of valine (V), alanine (A),
and glycine (G), with a composition ratio of V:A:G = 1:7:8.
The hydrophobic POP block is composed of three repeat units
VPGVG15-A25, which encodes 15 VPGVG pentapeptide
repeats and 25 alanine amino acid residues. The correct
encode sequence was ensured by enzyme digestion and
sequencing. The 17 tyrosine residues or the Exendin-4 block
was fused with the ELP[V1A7G8-48] block and the POP block,
defined as ELP-POP and Exendin-4-ELP-POP, respectively.

2.3. Expression, Purification, and Identification of
Exendin-4-ELP-POP. The recombination protein expression
of Exendin-4-ELP-POP was induced overnight at 37 °C and
purified by an inverse transition cycle (ITC). After three
rounds of ITC purification, the proteins were freeze-dried and
were ready for further use.

2.4. Thermal Characterization. Exendin-4-ELP-POP and
ELP-POP powder were dissolved in PBS at a concentration of
100 μmol/L. The optical density at 350 nm was recorded in
the range from 15 to 45 °C at a heating rate of 1 °C/min. The
transition temperature (Tt) was determined from the midpoint
of the maximum of the turbidity gradient.

2.5. Nanoassemblies’ Formation and Particle Size
Determination. Recombinant protein was dissolved in PBS
to obtain a final concentration of 100 μmol/L protein solution.
The recombinant protein was incubated at 37 °C for 10 min to
induce micellar formation. The hydrated particle size of the
nanoassemblies was measured by dynamic light scattering
(DLS) at 37 °C. To further verify the size of the
nanoassemblies, the morphology of Exendin-4-ELP-POP and
ELP-POP was captured by the JEM-1010 transmission
electron microscope (TEM). Zeta potential was recorded by
a particle size analyzer (Malvern).

2.6. Synthesis of Cy5-Labeled Recombinant Protein.
Cy5 containing a succinamide ester group could react with

amino groups. Cy5 fluorescent dye was added to 5 mL of PBS
solution containing 100 μmol/L Exendin-4-ELP-POP or ELP-
POP, and the reaction was kept in the dark for 4 h at 4 °C.
Subsequently, the reagent was placed at 4 °C for dialysis
overnight to remove free Cy5.

To test the affinity ability, the cells were incubated with Cy5-
labeled recombinant protein for 2 h at 37 °C. Images were
obtained using confocal laser microscopy.

2.7. CCK-8 Assay Toxicity of 131I-Labeled ELP-POP
and Combination of Exendin-4-ELP-POP with ELP-POP.
Rat islet tumor cells (INS-1) were seeded in 96 wells (5000
cells in 200 μL per well) and allowed to adhere. Cells were
then recultivated in fetal bovine serum-free medium added
with free 131I, 131I-ELP-POP, and combination of Exendin-4-
ELP-POP with 131I-ELP-POP at different concentrations (0,
1.85, 3.7, 18.5 MBq/mL) for 24 h at 37 °C. INS-1 cells’
viability was determined by the CCK-8 assay following the
manufacturer’s method.

2.8. In Vivo Fluorescence Imaging. INS-1 (logarithmic
growth stage) was harvested, and then PBS was added to
adjust the cell suspension with a concentration of 5 × 107/mL.
Cell suspension (100 μL) was injected subcutaneously into the
right side of each BALB/c nude mouse. Female athymic nude
mice bearing a subcutaneously implanted insulinoma (approx-
imately 350−500 mm3) were anesthetized by inhalation and
intravenously injected with Cy5-labeled recombinant protein
nanoassembly formulation. In vivo fluorescence imaging was
performed by scanning the mouse abdomen at predetermined
time intervals using a Lumina XR system (Caliper, Life
science). At 48 h post injection, the mice were anesthetized
and sacrificed. Representative organs and tumor were
harvested. Each organ and tumor were rinsed with saline
three times and put into the board. The region-of-interest
(ROI) function of the analysis workstation software was used
to calculate the fluorescence distribution of the three groups of
mice. The quantification of fluorescent signals was performed
as total photons per centimeter squared per steradian (p/s/
cm2/sr) per organ and tumor.

2.9. Radiotherapy Effect In Vivo. Radiolabeling of ELP-
POP with 131I was performed by the chloramine-T method
following a previous report.14 Briefly, ELP-POP was dissolved
in cold PBS (100 μmol/L) and added with 20 mCi (740 MBq)
131I-sodium−iodine and chloramine-T. The mixture was stirred
and incubated for 2 h at 4 °C and then subjected to dialysis for
18 h to remove free 131I. The labeling rate and purity were
evaluated by radiation intensity, and the iodine molecule
labeling efficiency was analyzed by MALDI-TOF.

Female athymic nude mice bearing a subcutaneous
insulinoma (80−100 mm3) were randomly divided into four
groups, with three mice in each group. 13.7 MBq radiation
dose drug was administered by IV injection. The tumor and
body weight were measured every three days until the tumor
reached the maximum ethically required loading volume (1500
mm3). The calculation formula of tumor volume for mice is V
= (L × W2) /2, where L is the long diameter and W is the short
diameter of the tumor.

2.10. Statistical Analysis. Statistical comparisons were
performed by one-way ANOVA for multiple groups, and p
values <0.05 and <0.01 were considered indications of a
statistical difference and a statistically significant difference,
respectively.
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3. RESULTS
3.1. Recombinant Protein Purification. As Figure S1

shows, the plasmid that contains Exendin-4-ELP-POP and
ELP-POP genes, respectively, was successfully constructed and
further verified by sequencing. The recombination protein
expression was induced and purified by ITC.4 ELP-POP and
Exendin-4-ELP-POP could highly be expressed by the soluble
form (Figure 1, Lane1 and Lane2), and its purity gradually

increased by using ITC (Figure 1, Lane 3 and Lane 4). After
purification of the recombination protein by three rounds of
ITC, a single, bright band was obtained at a molecular weight
of approximately 47 kDa, consistent with the theoretical

molecular weight of ELP-POP (Figure 1, Lane 5). Similarly,
Exendin-4-ELP-POP was also purified by ITC (Figure 1, Lane
6).

3.2. Characterization of Exendin-4-ELP-POP and ELP-
POP. The optical absorbance at 350 nm of Exendin-4-ELP-
POP and ELP-POP was recorded at varying temperatures from
15 to 45 °C. Transition temperature was defined as the
solution temperature at the maximum of the turbidity gradient.
We estimated that the transition temperatures were 38.5 and
39.1 °C, pointing to Exendin-4-ELP-POP and ELP-POP,
respectively (Figure S2).

The amphiphilic recombinant protein designed in this study
can form nanoassemblies under physiological conditions. The
dynamic light scattering result displayed that the nano-
assemblies formed by Exendin-4-ELP-POP and ELP-POP
were homogeneous in distribution, with a hydraulic diameter
of ∼100 nm [Figures 2(a) and S3]. TEM results demonstrated
that they formed homogeneous spherical nanoassemblies with
a particle size of ∼100 nm. Additionally, similar sizes were
observed between Figure 2(d),2(e), which correspond to ELP-
POP and the combination of Exendin-4-ELP-POP with ELP-
POP. These results indicate that the Exendin-4 block had
minimal effect on the ELP-POP nanostructure. The ζ
potentials of Exendin-4-ELP-POP, ELP-POP, and the
combination of Exendin-4-ELP-POP with ELP-POP were
10.05, −5.76, and −8.35 mV, respectively.

3.3. High Affinity of Exendin-4-ELP-POP for Insulino-
ma Cells. As shown in Figure 3, in terms of the Cy5-Exendin-
4-ELP-POP group, the red fluorescent signal of the group
indicated more aggregation on the membrane of INS-1. In
contrast, a weak red fluorescent signal appeared in the Cy5-
ELP-POP group. The combination of Cy5-Exendin-4-ELP-
POP with ELP-POP group emerged to have a similar targeting
property to the Cy5-Exendin-4-ELP-POP group; this indicated

Figure 1. SDS-PAGE analysis of Exendin-4-ELP-POP and ELP-POP;
Lane M, Marker; Lane1, ELP-POP bacterial lysate; Lane2, Exendin-4-
ELP-POP bacterial lysate; Lane3, supernatant of bacterial solution
after ELP-POP centrifugation; Lane4, supernatant of bacterial
solution after centrifugation with Exendin-4-ELP-POP; Lane5, ELP-
POP after three rounds of ITC purification; Lane6, Exendin-4-ELP-
POP after three rounds of ITC purification.

Figure 2. Diameter determination of ELP-POP nanoassemblies: the hydrated particle size of (a) Exendin-4-ELP-POP, (b) ELP-POP, and (c)
combination of Exendin-4-ELP-POP with ELP-POP measured by DLS; TEM imaging for (d) Exendin-4-ELP-POP, (e) ELP-POP, and (f)
combination of Exendin-4-ELP-POP with ELP-POP.
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that the combination of Exendin-4-ELP-POP with Cy5-ELP-
POP harbors similar affinity capability to Exendin-4-ELP-POP.
Excessive Exendin-4 could block Cy5-Exendin-4-ELP-POP
adsorption; this suggested that Exendin-4-ELP-POP and the
combination of Exendin-4-ELP-POP with Cy5-ELP-POP
targeted the GLP-1 receptor.15

3.4. In Vitro Cytotoxicity Assay. The cytotoxicity of 131I-
labeled ELP-POP and the combination of Exendin-4-ELP-POP
with ELP-POP in vitro was tested. As shown in Figure S5, no
significant cytotoxicity was observed in any of the test groups
within the range of 1.85 MBq/mL. INS-1, which was treated
with a 3.7 MBq/mL combination of Exendin-4-ELP-POP with
ELP-POP, exhibited slight cell growth inhibition compared

Figure 3. Fluorescence microscopy of Cy5-labeled Exendin-4-ELP-POP and ELP-POP incubated with INS-1 cells.

Figure 4. Fluorescence images of Cy5-labeled Exendin-4-ELP-POP and ELP-POP in vivo.
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with the free 131I, which may result from the higher affinity
behavior between Exendin-4-ELP-POP/ELP-POP nanoassem-
blies.

3.5. In Vivo Real-Time Imaging. The tumor accumulation
in insulinoma tumor-bearing nude mice was assessed after
intravenous injection over time by near-infrared spectroscopy.
Representative images are shown in Figure 4. Exendin-4-ELP-
POP presented time-dependent tumor-targeting capability. As
time elapsed, the fluorescent signal of Exendin-4-ELP-POP
gradually increased at the tumor site. Our results suggested
that Exendin-4-ELP-POP exhibited a higher tumor-affinity
ability. In the case of the ELP-POP group, a remarkable
fluorescent signal was primarily observed in the liver organ but
appeared relatively faint in the tumor region 24 h post
injection.

The combination of Cy5-Exendin-4-ELP-POP with ELP-
POP group showed no remarkable intense fluorescent signal in
the region of tumor within 12 h post injection. As time
extended, an increasing fluorescent signal was detected at the

tumor site compared with the normal tissues, indicating a
similar outcome to the Exendin-4-ELP-POP group.

At 48 h post administration, the mice were immediately
euthanized. The tumors and normal tissues were harvested for
ex vivo imaging. The fluorescence image results of organs in
each group are shown in Figure 5 and Table 1. In terms of the
Cy5-Exendin-4-ELP-POP group, the average fluorescence
intensity ratios of tumors to heart, liver, spleen, lung, and
kidney were 37.60 ± 9.62, 2.06 ± 0.63, 8.12 ± 1.8, 6.53 ± 2.78,
and 7.21 ± 3.59, respectively. The ratios of fluorescence
intensity between the tumor and heart, liver, spleen, lung, and
kidney in the combination of Cy5-Exendin-4-ELP-POP with
ELP-POP group were 28.49 ± 3.81, 1.17 ± 0.18, 5.11 ± 2.30,
3.72 ± 1.70, and 5.04 ± 0.46, respectively. However, the
fluorescence ratios of the Cy5-ELP-POP group to heart, liver,
spleen, lung, and kidney were 15.87 ± 4.47, 0.33 ± 0.14, 3.14
± 0.41, 1.02 ± 0.43, and 1.13 ± 1.60.

Noteworthily, the fluorescence intensity in the Cy5-Exendin-
4-ELP-POP group was five times that of renal fluorescence
intensity, which proved that Exendin-4-ELP-POP presented

Figure 5. Fluorescence biodistribution of Cy5-labeled Exendin-4-ELP-POP and ELP-POP in insulinoma-bearing mice: (a) fluorescence images of
different groups of tumors and representative organs in vivo; (b) ratio of tumor fluorescence intensity to organ fluorescence intensity in different
groups (n = 3, *P < 0.05, **P < 0.01).

Table 1. Quantitative Analysis of the Imaging Intensity in the Tumor and Other Organs

unit [p/s/cm2/sr]/[μW/cm2] tumor ×107 heart ×106 liver ×107 spleen ×107 lung ×107 kidney ×106

Exendin-4-ELP-POP 7.67 ± 1.65 2.04 ± 0.61 3.74 ± 0.26 9.45 ± 2.9 1.17 ± 0.51 1.06 ± 0.42
Exendin-4-ELP-POP/ELP-POP 6.14 ± 0.57 2.17 ± 0.82 6.35 ± 0.57 12.9 ± 3.7 1.67 ± 0.3 1.29 ± 0.43
ELP-POP 3.29 ± 0.64 2.46 ± 0.33 9.75 ± 1.2 9.78 ± 0.85 3.2 ± 0..88 0.96 ± 0.33
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less renal enrichment and higher insulinoma targeting ability.
The combination of Cy5-Exendin-4-ELP-POP with ELP-POP
group exhibited similar targeting capability to the Cy5-
Exendin-4-ELP-POP group, with less enrichment in the kidney
and more accumulation in the liver than the Cy5-Exendin-4-
ELP-POP group. As for the fluorescence intensity of the Cy5-
ELP-POP group, only a small deposition of fluorescent signals
was observed in the tumor, while a higher intensity of
fluorescent signals was detected in the liver.

3.6. Radiotherapeutic Effect In Vivo. After 18 h of
dialysis (exchange with fresh PBS every 6 h), solution in the
dialysis bag was harvested and the radioactive yield was 316.72
MBq. The labeling rate was calculated as 316.72 MBq/740
MBq × 100% = 41.3%.

To verify whether 131I was successfully coupled with ELP-
POP, we analyzed the molecular weights of ELP-POP and 131I-
ELP-POP by MAlDI-TOF. As shown in Figure S4, purity
above 92% for 131I-ELP-POP could be determined, and 14 131I
molecules were conjugated per ELP-POP molecule.

The in vivo antitumor efficacy was assessed in mice bearing
insulinomas. As shown in Figure 6, a single administration of
free 131I plus Exendin-4-ELP-POP and ELP-POP presented
slight tumor growth suppression compared with the PBS
control. In contrast, treatment with 131I-ELP-POP and the
combination of 131I-ELP-POP with Exendin-4-ELP-POP at the
same dosage achieved significantly higher tumor suppression

effect. These results corroborated the remarkable tumor
accumulation of ELP-POP and the combination of ELP-POP
with Exendin-4-ELP-POP.

After the 20th administration, the tumor volume in the PBS
group exceeded the limit standard according to the animal
welfare guideline,16 and the mice were anesthetized by
inhalation, and the tumor tissue was harvested. As expected,
tumor volume of the 131I-ELP-POP and combination of 131I-
ELP-POP with Exendin-4-ELP-POP groups was 678 and 594
mm3, respectively, compared with 1454 and 1312 mm3, which
point to the PBS and free 131I plus Exendin-4-ELP-POP and
ELP-POP groups.

As shown in Figure 6(c), the body weight in the PBS group
showed no significant variation. However, the average weight
loss in the free 131I plus Exendin-4-ELP-POP and ELP-POP
group was approximately 2 g, which may be attributed to the
side effects of 131I treatment. As shown in Figure S6, liver
injury was not observed in any of the groups. These results
preliminarily indicated that 131I-ELP-POP exhibited an anti-
insulinoma growth effect and low hepatotoxicity in vivo.

Hematoxylin−eosin staining (HE staining) displayed that
less insulinoma cell apoptosis could be observed in the PBS
and free 131I plus Exendin-4-ELP-POP and ELP-POP groups.
Apoptosis of a mass of cells could be detected in the 131I-ELP-
POP and combination of 131I-ELP-POP with Exendin-4-ELP-
POP groups (Figure S7).

Figure 6. Effect of 131I on tumor inhibition in insulinoma mice: (a) tumor growth curves of different groups of insulinoma model mice (n = 3, *P <
0.05); (b) body weight curves of different groups of insulinoma model mice (n = 3); and (c) physical images of tumors in different groups of
insulinoma-bearing mice (n = 3).
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4. DISCUSSION
GLP-1R is a G-protein-coupled receptor and overexpressed in
organs such as the pancreas, intestine, lung, kidney, breast and
brain and in pathological tissues such as insulinoma,
gastrinoma, and pheochromocytoma, among which GLP-1R
has the highest expression in insulinoma.17 GLP-1R is one of
the potential targets for tumor diagnosis and treatment,
especially for the preoperative localization of insulinoma. In
our previous study, conjugation of 68Ga coupled with a GLP-1
analogue displayed excellent diagnostic effect for insulinoma.
However, strong radionuclide radioactivity was observed in the
kidney and bladder tissues,3 whose radiation intensity was
remarkably greater than that in the tumor tissues. As a result,
they can bring about excessive radiation to the kidney or
bladder. Furthermore, their clinical application is fairly
restricted.

High kidney uptake interferes with the use of radiolabeled
Exendin-4 derivatives in clinical practice. For example,
[177Lu]Lu-DO3A-VS-Cys40-Exendin-4 possessed outstanding
targeting ability for insulinoma. Unfortunately, a dosimetry
study displayed that the absorbed dose of [177Lu]Lu-DO3A-
VS-Cys40-Exendin-4 to kidneys limits the clinical application
of the agent.18 Several successful strategies to reduce the renal
uptake of radiolabeled peptides have been exploited. Kaeppeli
et al. demonstrated that the addition of an albumin-binding
moiety to radiolabeled Exendin-4 results in a significant
reduction of kidney uptake; chemical modification by an
albumin-binding moiety could bring about more process
complexity and affinity loss.19 Joosten et al. developed
[177Lu]Lu-DOTA-MI-Exendin-4 and [68Ga]Ga-NOTA-MI-
Exendin-4 that showed reduced renal retention and improved
tumor-to-kidney ratios; nevertheless, a methionine−isoleucine
(MI) linker may be inclined to break.20 In terms of our
preparation method, the strategy of an Exendin-4 block fused
with ELP and POP could abolish chemical coupling and
enhance agent stability.

ELP and its analogues POP harbor biocompatibility
behavior, and their amino acid composition could be precisely
controlled by genetic coding, thus improving the half-life and
biodistribution of drug preparations.21 The amphiphilic ELP
nanoassembly formation was driven by the hydrophobic
effect.9,10 In this study, we designed Exendin-4-ELP-POP
with the ability to target GLP-1R and ELP-POP with multiple
radioiodine conjugation sites via genetic engineering. Our
results showed that Exendin-4-ELP-POP formed spherical
nanoassemblies. The in vitro fluorescence study demonstrated
that Exendin-4-ELP-POP clustered around the insulinoma cell
membrane. The combination of Cy5-Exendin-4-ELP-POP
with ELP-POP also exhibited targeting capability similar to
that of Exendin-4-ELP-POP. In vivo imaging results showed
that the combination of Exendin-4-ELP-POP and ELP-POP
also exhibited similar targeting capability to Exendin-4-ELP-
POP. Compared with 68Ga-Exendin-4, the combination of
Exendin-4-ELP-POP with ELP-POP can form ∼100 nm
nanoassemblies, which can effectively reduce glomerular
filtration, and avoid the accumulation of the nanoassemblies
in the kidney tumor, thereby reducing the toxicity to the
kidney and bladder.22 Ex vivo fluorescence imaging analysis
showed that the fluorescence intensity of the liver was
significantly higher in the ELP-POP group except for the
tumor because the liver acts as a biological metabolic system

and sequesters most of the administered nanoassemblies from
the bloodstream.23

The combination of radiation isotopes with ELPs had been
used in brachytherapy to radiate tumors;24 this approach
avoided the traditional brachytherapy implantation procedure.
131I can generate highly active β-particle emission and has been
widely used in tumor radiotherapy.24,25 The recombinant
fusion protein ELP-POP designed in this study contained
multiple tyrosine residues that could conjugate 131I. ELP-POP
was labeled with 131I by iodination, and then the combination
with Exendin-4-ELP-POP formed spherical nanoassemblies
under physiological conditions. Our results demonstrated that
the combination of 131I-labeled ELP-POP and Exendin-4-ELP-
POP achieved favorable inhibitory effect on insulinoma.

5. CONCLUSIONS
In summary, we designed a ternary block recombinant protein
that could self-assemble into a nanoscale formulation. The
nanoscale formulation was capable of achieving a high
radionuclide load and demonstrated an outstanding affinity
for insulinoma cells. Intravenous injection of the nanoscale
formulation, specifically a combination of 131I-ELP-POP and
Exendin-4-ELP-POP, induced significant tumor regression in a
tumor xenograft model. Our research suggests the potential
application of the nanoscale formulation as a safe and efficient
strategy for treating insulinoma.
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