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Abstract  Peptide-based radiopharmaceuticals targeting integrin o581 show promise for precise tumor
diagnosis and treatment. However, current peptide-based radioligands that target a561 demonstrate inad-
equate in vivo performance owing to limited tumor retention. The use of PEGylation to enhance the tumor
retention of radiopharmaceuticals by prolonging blood circulation time poses a risk of increased blood
toxicity. Therefore, a PEGylation strategy that boosts tumor retention while minimizing blood circulation
time is urgently needed. Here, we developed a PEGylation-enabled peptide multidisplay platform (PEGi-
body) for PR_b, an a541 targeting peptide. PEGibody generation involved PEGylation and self-assembly.
[**CulQM-2303 PEGibodies displayed spherical nanoparticles ranging from 100 to 200 nm in diameter.
Compared with non-PEGylated radioligands, [**Cu]QM-2303 demonstrated enhanced tumor retention
time due to increased binding affinity and stability. Importantly, the biodistribution analysis confirmed
rapid clearance of [64Cu]QM—2303 from the bloodstream. Administration of a single dose of [177Lu]
QM-2303 led to robust antitumor efficacy. Furthermore, [64Cu]/[177Lu]QM-2303 exhibited low hemato-
logical and organ toxicity in both healthy and tumor-bearing mice. Therefore, this study presents a
PEGibody-based radiotheranostic approach that enhances tumor retention time and provides long-
lasting antitumor effects without prolonging blood circulation lifetime. The PEGibody-based radiophar-
maceutical [**Cul/['""Lu]QM-2303 shows great potential for positron emission tomography imaging-
guided targeted radionuclide therapy for a561-overexpressing tumors.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Peptide-based radiopharmaceuticals are advantageous due to their
remarkable capacity to achieve efficient cancer diagnosis and
therapy' . The combination of positron emission tomography
(PET)/single photon emission computed tomography (SPECT)
imaging enables real-time monitoring of whole-body tumor status
after radiotracer administration” °. Moreover, the energy from
radionuclides causes precise and direct cytotoxic radiation expo-
sure and DNA damage, giving targeted radionuclide therapy
(TRT) multiple advantages over conventional therapeutic modal-
ities. As a result of their favorable pharmacokinetic and pharma-
codynamic properties, as well as their ease of synthesis and
chemical modification, peptides have become widely implemented
as targeting ligands for the delivery of radionuclides to tumor
cells*”®. Recently, US Food and Drug Administration-approved
radiopharmaceuticals, including [177Lu]/[68Ga]DOTATATE9’”’,
[68Ga]PSMA—1 1 and [177Lu]PSMA—617, have utilized peptides or
peptidomimetics as targeting ligands''~'>. The rapid growth of
TRT has led to an increasing demand for peptide ligands with high
recognition capacity for tumor targets and prolonged retention
time in tumors to ensure long-acting antitumor effects™ %,
Integrins are a family of heterodimeric cell receptors composed
of an « subunit and a § subunit. They play essential roles in
regulating cell adhesion, proliferation, differentiation, and
migration through interactions with the extracellular matrix'®™?*.
Eighteen « subunits and eight § subunits form twenty-four
different integrins®!. Integrin 581, also known as the fibro-
nectin receptor, is the only known 5 integrin >>*°. Multiple tumor
types demonstrate high integrin a581 expression, and its upre-
gulation has been strongly associated with tumor proliferation,
metastasis, and progression’*®. Therefore, integrin a581 has
emerged as a promising target for tumor diagnosis and ther-
202129 Several «5@1-targeting peptide-based radiotracers
have been developed, including the ®*Ga-labelling peptidomimetic
and the ®®Ga-labelling N-methylated isoDGR peptide, both of

which demonstrate high tumor uptake on PET imaging®*>'.

Additionally, [68Ga]aquibeprin, a pseudopeptide-based radio-
tracer, has demonstrated greater binding affinity to the tumor
integrin «581 than to av@3°>?%. However, radioligands with both
high selectivity and durable retention that are compatible with
radionuclide therapy for a5@1-overexpressing tumors are still
largely unavailable.

The integrin a501-targeting peptide PR_b was designed by
mimicking the binding epitope of fibronectin to a581°* *°. The
dual-site recognition of PR_b makes it a remarkable ligand for
a581-selective radiotracer. '®F-labeling PR_b has presented se-
lective tumor uptake in integrin a561-positive tumors but rapid
degradation and short retention time in tumors, hampering its
potential clinical utility, particularly for TRT*'. Modification
strategies that can enhance the in vivo stability while maintaining
the high selectivity of PR_b are therefore needed.

Polyethylene glycol (PEG) modification is a commonly used
strategy to enhance the tumor retention time of peptide-based
radiopharmaceuticals™ 7. A mechanistic study revealed that
serum protein binding and proteolytic enzyme shielding were two
dominant effects of PEG modification*®. As a result, the modified
peptides may exhibit a remarkably prolonged blood circulation
lifetime, which is usually pursued in long-acting drugs for dia-
betes mellitus and weight loss. However, for radiopharmaceuti-
cals, an extended circulation time in the blood increases blood
radiation dosimetry, thus raising concerns about hematological
toxicity. In this context, a new PEGylation strategy for peptide-
based radiopharmaceuticals that can tumor retention time while
minimizing blood residence time is urgently needed.

To address this issue, we proposed a PEGylation-enabled
multidisplay platform, denoted as PEGibody, as a viable solution
for developing safer and more effective a5(1-targeting radio-
theranostics. By harnessing a two-step process that integrates PEG
conjugation and PEG-induced self-assembly, an «561-binding
peptide PR_b-derived PEGibody, namely [**Cu]lQM-2303, was
generated, and the in vitro stability and binding affinity of the
tracer were evaluated. Whole-body PET imaging and ex vivo
biodistribution analysis were performed to evaluate its in vivo
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performance. The antitumor efficacy of [177Lu]QM—2303 was
evaluated to demonstrate its potential in therapeutic practice.

2. Materials and methods

2.1.  Reagents and materials

The reagents involved in solid-phase peptide synthesis and
chelator conjugation were purchased from Sigma—Aldrich (St.
Louis, MO, USA), MACKLIN (Shanghai, China), or Wako Pure
Chemical Industries (Osaka, Japan). %Cu (98% radionuclidic
purity) was produced in-house at the National Institutes for
Quantum Science and Technology (Chiba, Japan). '""Lu was
purchased from DC AMS PHARMA (Nanjing, China) with 98%
radionuclidic purity. All reagents for cell culture were obtained
from Gibco (ThermoFisher Scientific, Waltham, MA, USA).

2.2. Tumor cell line culture and tumor-bearing mouse model
establishment

We utilized the murine melanoma cell line B16F10 as the tumor
cell model to evaluate the effects of radiotracers. The cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
high glucose supplemented with 10% fetal bovine serum, 100
U/mL penicillin, and 50 pg/mL streptomycin. The medium was
replaced with fresh medium every two days, and the cells were
passaged when 80%—90% confluency was reached.

C57BL/6J and BALB/c nude mice (4—5 weeks old) were ob-
tained from Japan SLC Ltd. (Shizuoka, Japan) and
GemPharmatech (Beijing, China). We ensured that all animals
received humane care, and the experiments were performed
strictly according to the instructions of the Committee for the Care
and Use of Laboratory Animals. The Animal Ethics Committee of
the National Institutes of Quantum Science and Technology and
Nanjing Medical University approved all the animal studies. To
establish tumor-bearing mouse models, B16F10 cells were sub-
cutaneously injected into the left flank of C57BL/6J and BALB/c
nude mice (1 x 10° cells/mouse, 1 tumor/mouse). The growth of
the tumor allografts was observed every two days. Generally, PET
imaging was performed 10 days after transplantation.

2.3.  Peptide synthesis and **Cu radiolabeling

PR_b was synthesized following the commonly used Fmoc-based
solid-phase peptide synthesis method, as we previously
described*””". The sequence of PR_b is KSSPHSRNSGSGSGSG
SGRGDSP. 1,4,7-Triazacyclononane-1,4,7-triacetic acid (NOTA)
was conjugated to the N-terminus of PR_b to generate QM-2301
(Supporting Information Figs. S1 and S3). Insertion of a cysteine
at the C-terminus of QM-2301 yielded QM-2302 (Supporting
Information Fig. S2). For radionuclide labeling of QM-2301 and
QM-2302, 20 pg precursor and ®*CuCl, (350—400 MBg,
0.1 mol/L NaOAc, pH = 4.1) were coincubated for at least
10 min at 80 °C. To synthesize [**Cu]QM-2303, QM-2302 was
first PEGylated with 4-arm PEG molecules with a reaction dura-
tion of at least 6 h. The reaction mixture was then subjected to
%CuCl, labeling. The quality control parameters of [®*Cu]
QM-2301, [**Cu]QM-2302, and [**Cu]QM-2303 were analyzed
by radio-high-performance liquid chromatography (radio-HPLC;
Shimadzu, Kyoto, Japan). The formation and size of the

QM-2303-based PEGibody were determined by dynamic light
scattering (DLS; Brookhaven, USA) assays and the Tyndall effect.

2.4.  Transmission electron microscopy (TEM)

[**'Cu]QM-2303 and PEG solution were loaded onto copper grids
coated with a carbon film that was glow discharged for 1 min. The
excess sample was removed with filter paper. Then, 2% uranyl
acetate was used to stain samples and the samples were imaged by
TEM (FEI Talos F200X, USA) at a voltage of 80 kV.

2.5.  Radiotracer stability assay

To determine the in vitro stability, [**CulQM-2301, [**Cu]QM-
2302, and [**Cu]lQM-2303 were incubated in murine serum at
37 °C with slight agitation for 30 or 60 min. The solutions were
collected and analyzed by radio-HPLC with a C18 column.

2.6.  Surface plasmon resonance (SPR) assay

Interactions between a581 and the peptides were analyzed using a
Biacore 8K system (Cytiva, MA, USA). Recombinant human
integrin «581 (alpha 5 beta 1, HY-P77718, MCE, NJ, USA) was
immobilized on a CMS5 sensor chip using a standard amine
coupling kit at a temperature of 25 °C. The final immobilization
level of o561 was 5500—7500 RU. Peptides were injected as
analytes at various concentrations in HBS-P running buffer
(40 mmol/L HEPES buffer, 5.4 mmol/L NaCl, 274 mmol/L KCl,
2 mmol/L MgCl,, 0.1% surfactant P20, pH 7.4) containing 5%
dimethyl sulfoxide to evaluate the binding affinity. The chip
platform contact time was 120 s, and the dissociation time was
240 s. The data was analyzed using Biacore evaluation software
(8K version 1.0), fitted using a 1:1 steady affinity model and
plotted using GraphPad Prism.

2.7.  Cell uptake and binding inhibition assays

For the cell uptake assay, B16F10 cells cultured in 12-well plates
were treated with [**CulQM-2301, [**CulQM-2302, or [**Cu]
QM-2303 at a final concentration of 750 kBg/mL per well. After
5, 20, 40, 60, and 80 min, 0.2 mol/L NaOH was used as the cell
dissociation reagent for cell lysate collection. The radioactivity of
the cell lysates was measured using an autogamma counter
(WIZARD?2 2480, PerkinElmer, MA, USA). For the binding in-
hibition assays, the anti-a581 antibody (ab275977, Abcam,
Cambridge, UK) was used as an inhibitor. Radiotracers (20 nCi/
mL) and different concentrations of inhibitors were added to the
B16F10 cells, which were incubated for 2 h at 37 °C. The
radioactivity of the cell lysates was measured as described above.

2.8.  Immunofluorescence and immunohistochemistry (IHC)
staining of integrin o531

B16F10 tumor allografts were sectioned at 10 pm and then fixed
in 4% paraformaldehyde overnight at 4 °C. For immunofluores-
cence staining, the sections were treated with 0.1% Triton X-100
and then blocked in 3% bovine serum albumin (BSA) at room
temperature (RT) for 2 h. The sections were treated with anti-
a5p1 primary antibody (clone BMAS, 1:100 dilution; Millipore,
Temecula, CA, USA) overnight at 4 °C. After being washed with
phosphate-buffered saline (PBS) three times, the sections were
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incubated with a secondary antibody (1:100 dilution in PBS;
Thermo Scientific, Rockford, IL, USA) for 1 h at RT. DAPI (1 pg/
mL) was used to label the cell nucleus, and the stained tissues
were observed under a confocal fluorescence microscope.

For IHC staining, the sections were treated with 3% H,0, after
penetration in Triton-X100. Then the sections were incubated with
primary and secondary antibodies as described above. DAB
Horseradish Peroxidase Color Kit (Beyotime, P0202, Shanghai,
China) was then used to visualize the expression of integrin a581.
The cell nucleus were stained using hematoxylin reagent
following the standard method.

2.9.  Flow cytometry assay

The expression of integrin o581 in B16F10 cells was confirmed
by flow cytometry, as previously reported*'. The B16F10 cells
were treated with 0.25% trypsin—EDTA at 37 °C for 1 min to
detach the cells. The cells were then treated with rat anti-mouse
primary antibody against the «5 subunit (clone SH10-27, 1:100
dilution; BD Biosciences, Franklin Lakes, NJ, USA), the (1
subunit (clone KM16, 1:100 dilution; eBioscience, San Diego,
CA, USA), or a581 (clone BMAS, 1:100 dilution; Millipore,
Temecula, CA, USA), respectively, or with antibody diluent only
(PBS containing 1% BSA and 1 mmol/L. CaCl,). The cells were
subsequently stained with fluorescein-conjugated goat anti-rat [gG
secondary antibody (1:100 dilution, Thermo Scientific, Rockford,
IL, USA) and analyzed by flow cytometry using a Guava system
(Guava Technologies-Millipore, Hayward, CA, USA).

2.10.  Western blotting analysis

The B16F10 cells were treated with RIPA lysis buffer (Beyotime,
P0O013B, Shanghai, China) for cell lysate collection. After
centrifuging at 12,000 rpm for 20 min, the supernatant was
collected. The total protein concentration was determined using a
BCA Protein Assay Kit (Beyotime, PO009, Shanghai, China). For
Western blotting, the cell lysate was electrophoresed on 8% SDS -
PAGE for 20 min, followed by 200 V for 30 min. Then, the protein
was transferred to a polyvinylidene difluoride (PVDF) membrane
for 2 h at 4 °C. After transferring, 5% skimmed milk was added to
the PVDF membrane for blocking over 3 h in a shaker at RT.
Primary antibodies against integrin «5 (ab150361, 1:5000;
Abcam, Cambridge, UK) and integrin 31 (sc-374429, 1:100; Santa
Cruz, TX, USA) were added and incubated overnight at 4 °C with
agitation. After washing with 1% TBST three times, the PVDF
membrane was incubated with secondary antibody for 1 h at RT.
Finally, the immunoblots were visualized with enhanced chem-
iluminescence solution.

2.11.  Small animal PET/CT imaging

PET imaging was performed when the B16F10 tumors reached at
least 100 mm® [**Cu]QM-2301, [**Cu]QM-2302, or [**Cu]QM-
2303 (200 pCi in 100 pL normal saline) were injected into each
mouse via the tail vein. Inveon Micro-PET/CT (Siemens Medical
Solutions, Knoxville, Munich, Germany) was used for the PET/
CT scans. The dynamic PET/CT scans were performed immedi-
ately after injection and lasted for 1 h (three mice for each
radiotracer). For [64Cu]QM—2303, static scans were performed at

0.5, 1, 5, 10, and 24 h post-injection (p.i.). The analysis of PET/
CT data was performed at the Inveon Research Workstation
with the decay correction of radioactivity. The uptake levels of
radiotracers in tumors and organs of interest are presented as
percentage of the injected dose per gram (%ID/g).

2.12.  Ex vivo biodistribution assays

For the ex vivo biodistribution experiments, B16F10 tumor-
bearing mice were injected with [**CulQM-2301, [**Cu]QM-
2302, or [**Cu]QM-2303 (100 pCi in 100 pL normal saline per
mouse). For each time point (0.5, 1, 4, 24 h p.i.), at least three
mice were executed and dissected to collect the tumors, blood
samples, and major organs (brain, heart, lung, liver, spleen,
pancreas, stomach, large intestine, small intestine, kidney, muscle,
bone, skin, bladder, testis). After being wet weighed, each sample
was then applied to an autogamma counter (as described above)
for determination of the radioactivity, which was presented as %
ID/g.

2.13.  Invivo safety assessment of [ CujOM-2303

For the safety assessment of [**Cu]QM-2303, healthy C57BL/6J
mice were injected with vehicle (100 pL normal saline per mouse)
or [**Cu]lQM-2303 (3 mCi in 100 puL normal saline per mouse)
through the tail vein. The body weights of the mice were measured
before and after injection to determine the toxicity of the injection.
Then, fresh blood was harvested through the tail vein for hema-
tological analyses. The major organs, including the heart, liver,
spleen, lungs, and kidneys, were collected at 30 days p.i.
Following fixation in 4% paraformaldehyde and embedded in
paraffin, hematoxylin and eosin (H&E) staining was performed to
analyze the pathological lesions.

2.14.  Therapeutic efficacy assessment

Synthesis and radiolabeling of ['”’Lu]QM-2301 and ['""Lu]QM-
2303 were performed according to the previously reported
method’’. The radiochemical purity of both was analyzed by
radio-HPLC after filtration through a Sep-Pak™ Plus Short C18
column (WAT020515, Waters Corp., MA, USA). A single dose of
[""LulQM-2301 (500 pCi) or ["""Lu]QM-2303 (500 pCi) was
intravenously injected into B16F10 tumor-bearing mice when the
tumors reached at least 50 mm> (n = 6). Tumor volume and body
weight were measured every 2 days. The tumor allografts were
collected and analyzed by H&E staining. The major organs,
including the heart, liver, spleen, lung, and kidney, were harvested
28 days after injection. H&E staining was performed to evaluate
the pathological lesions. Blood samples were collected for he-
matology, liver, and kidney function analysis.

2.15.  Statistical analysis

All quantitative data was presented as the mean + standard de-
viation (SD) of at least three independent experiments. The sta-
tistical analysis was conducted using GraphPad Prism 8.0.1
software. The two-tailed, unpaired Student’s z-test was used for
two-group comparisons. Statistical significance is indicated as
*P < 0.05, **P < 0.01, or ***P < 0.001.
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3. Results

3.1.  Synthesis and radiolabeling of [64Cu]QM—2301, [64Cu]
OM-2302, and [**Cu]QM-2303

PEGylation was used as a strategy to enhance the stability of QM-
2301 (NOTA-conjugated PR_b). To accomplish this, the
C-terminus cysteine-modified QM-2301, denoted as QM-2302
(Fig. S3), was obtained with a thiol group acting as a prosthetic
group to link the peptide and PEG molecules. For [**Cu]QM-2301
and [64Cu]QM-2302, %4Cu (1, = 12.7 h) radiolabeling achieved
a high radiochemical yield (RCY >99%) and radiochemical purity
(>99%), as confirmed by radio-HPLC analysis. [**Cu]QM-2301
exhibited a retention time of approximately 6.54 min, while [**Cu]
QM-2302 was more hydrophilic, with a retention time of 5.80 min
(Supporting Information Fig. S4A and S4B, Table 1). After syn-
thesis, both tracers had a specific activity of at least 74 GBg/pumol
(Table 1).

PEGylated QM-2303 was obtained by mixing QM-2302 with
4-arm PEG (Fig. 1A). Covalent conjugation of 4-arm PEG mol-
ecules and QM-2302 achieved a yield of 58.2% (calculated by
QM-2302) at 6 h and even after a prolonged reaction time
(Fig. 1B). Then, the QM-2303 mixture was subjected to %4Cu
labeling to generate the PEGibody [**Cu]QM-2303 (Fig. 1A).
Radio-HPLC analysis showed that [**Cu]QM-2303 was obtained
with a retention time of 8.69 min (Fig. 1C, Fig. S4C). The activity
of the purified [**Cu]QM-2303 was at least 30 GBg/umol after
synthesis (Table 1).

The morphology of the PEGibody [**Cu]QM-2303 was
assessed. TEM and Tyndall effect assays revealed the formation of
spherical nanoparticles with diameters ranging from 100 to
200 nm, consistent with the DLS data (Fig. 1D and E). Addi-
tionally, DLS revealed that ["*Cu]QM-2303 was larger than the
PEG molecules, further suggesting the linking of QM-2302 to
PEG molecules (Fig. 1F). These results demonstrated that
PEGylation induced QM-2302 self-assembly and yielded
PEGibody.

3.2.  Invitro characterization of [64Cu]QM—230], [64Cu]QM—
2302, and [**Cu]OM-2303

We assessed the binding of QM-2301, QM-2302, and QM-2303 to
recombinant human integrin 581 by SPR. QM-2301 exhibited a
mean equilibrium dissociation constant (Kp) of 1.44 4= 0.19 nmol/L.
Higher binding affinities were observed for QM-2302 and QM-2303,
with Kp values of 0.55 £ 0.08 and 0.21 % 0.06 nmol/L, respectively.
A seven-fold improvement in Kp was achieved after PEGylation,
which may be attributed to the multivalent binding effects caused by
the dense multidisplay of PR_b peptides on the surface of the
PEGibody. Additionally, QM-2302 had a lower K than QM-2301,

indicating that a cysteine modification enhanced the binding affin-
ity (Fig. 2A and B). Based on these results, we proposed that the
QM-2301 or QM-2302 monomer peptide binded to one integrin
a561 receptor, while the multivalent molecule PEGibody,
QM-2303, enables multisite recognition, resulting in enhanced
binding ability (Fig. 2C and D).

The murine melanoma B16F10 cell line was used to evaluate
the in vitro behavior of the three radioligands. Flow cytometry,
Western blotting, and immunofluorescence staining indicated high
expression of integrin o561 in B16F10 cells and tumor tissues
(Fig. 2E and F, Supporting Information Fig. S5). The stability of
the radioligands in murine serum was evaluated. Radio-HPLC
revealed that 88% of [**Cu]QM-2303 remained intact after 1 h
of incubation with murine serum, which was in stark contrast to
the approximately 38% of [**Cu]QM-2301 and [**Cu]QM-2302
that remained intact under the same conditions (Fig. 2G). These
findings highlight the superior in vivo stability of [**Cu]QM-2303
compared to [**Cu]QM-2301 and [**Cu]QM-2302.

The cell uptake of [**Cu]QM-2301, [**CulQM-2302, and
[**CulQM-2303 was time-dependent, with [**Cu]QM-2303
demonstrating a greater percentage of binding to integrin «581
than [**Cu]QM-2301 and [**Cu]QM-2302 (Fig. 2H). To confirm
the binding specificity, we also performed a competitive binding
experiment using B16F10 cells. The half-maximal inhibitory
concentrations (ICsg) of [**Cu]QM-2301 and [**Cu]QM-2302 for
the integrin «581 inhibitor were 1.94 and 1.55 pmol/L respec-
tively. Notably, a lower ICsy of 1.30 pmol/L was observed for
[**Cu]QM-2303, indicating that PEGylation improved the specific
binding affinity for integrin a5G1 (Fig. 2I). Taken together, these
data suggest that the PEGibody-based radioligand [**Cu]QM-
2303 exhibited enhanced cellular uptake and stability.

3.3, Invivo PET/CT imaging of [**Cu]OM-2301, [**Cu]OM-
2302, and [*Cu]QM-2303 in healthy and tumor-bearing mice

To evaluate the in vivo pharmacokinetics of [**Cu]QM-2301, [**Cu]
QM-2302, and [**Cu]QM-2303, we performed PET/CT imaging of
these radioligands in healthy mice. The PET/CT images obtained at
various time points were analyzed to monitor the distribution of the
tracers. [**Cu]QM-2302 exhibited significantly increasing uptake in
the kidney (>10 %ID/g) and bladder of mice during the early stage
after injection, as confirmed by PET/CT imaging and time—activity
curves (Fig. 3). Furthermore, the [64Cu]QM-2303 signal decreased
over time, while the liver signal increased, suggesting delayed
clearance and a transition from kidney to hepatobiliary excretion.
Importantly, no obvious accumulation of either radiotracer was
detected in the other major organs.

We next evaluated the in vivo performance of [**Cu]QM-2301,
[**Cu]QM-2302, and [**Cu]QM-2303 in B16F10 tumor-bearing
mice by PET/CT imaging. Dynamic PET/CT images

Table 1  Radiocharacteristics of [**Cu]QM-2301, [**Cu]QM-2302 and [**Cu]QM-2303.
Tracer [**CulQM-2301 [#*CulQM-2302 [**Cu]QM-2303
Retention time (min) 6.54 5.80 8.69
Radiochemical yield (%) >99 >99 =57
Specific activity (GBg/umol) >74 £+ 10 >74 £+ 10 >30 = 10
Radiochemical purity (%) >98 >98 >95
Chelator NOTA NOTA NOTA

NOTA: 1,4,7-triazacyclononane-1,4,7-triacetic acid.

The retention time was determined by HPLC with the conditions as follows: column, YMC-Triat-C18 column (4.6 mm i.d. x 150 mm, 5 pm);
solvent gradient, 10%—90% acetonitrile (0.1% trifluoroacetic acid (TFA)), 20 min; flow rate, 1 mL/min.
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Figure 1

Synthesis and characterization of [**Cu]QM-2303. (A) The chemical structures of the QM-2301, QM-2302, and 4-arm PEG mol-

ecules. Adding a cysteine at the C-terminus of QM-2301 yielded QM-2302. 4-arm PEG molecules self-assembled to form a PEGibody, which was
subsequently PEGylated with QM-2302. The radiolabeling of **Cu or '""Lu was then performed to generate the PEGibody-based radiophar-
maceuticals. (B) The synthesis efficiency of PEGylated QM-2303 at different incubation times. QM-2302 and PEG were mixed for at least 6 h to
reach a conversion efficiency of 58.2%. (C) A one-pot method for synthesis of [**Cu]QM-2303 reached a yield of approximately 60%. (D) TEM
images of QM-2303 showing the size of the PEGibody. Magnified images of the white box (right) suggest that QM-2303 forms uniform
PEGibodies. Scale bars indicate 500 nm (left) and 200 nm (right). (E) The Tyndall effect of QM-2303 indicated the formation of PEGibodies. (F)
DLS analysis of PEG molecules alone and PEGibody (["*Cu]QM-2303). PEGylated QM-2303 was self-assembled into a PEGibody with a size of

100—200 nm, which was larger than that of PEG molecules alone.

demonstrated significant tumor uptake of [**Cu]QM-2301 and
[64Cu]QM—2302 at 30 min p.i. However, the tumor uptake of both
radioligands rapidly decreased from 30 to 60 min p.i (Fig. 4A and
B). The time—activity curves of tumor uptake during the initial
60 min also revealed a rapid decrease in radioactivity, which was
barely detectable at 60 min p.i (Fig. 4D and Supporting
Information Fig. S6A). Furthermore, a similar tendency of kid-
ney uptake for [**Cu]lQM-2301 and [**CulQM-2302 was
observed, showing a gradual increase in the kidneys from 0 to
60 min p.i (Fig. 4D and Fig. S6A). The limited tumor accumu-
lation and retention time of [**Cu]QM-2301 and [**Cu]QM-2302
may be due to the poor stability and low binding ability of radi-
oligands in vivo (Fig. 4E).

To examine whether PEGibody increased tumor uptake in vivo,
PET/CT imaging of [**Cu]QM-2303 in B16F10 tumor-bearing

mice was performed. Tumor accumulation of [64Cu]QM-23O3
was detected in the BI6F10 tumor allografts immediately 0.5 h
p.i. (Fig. 4C, and Fig. S6A). Notably, 1.26 %ID/g of [**Cu]QM-
2303 was retained in the tumor 1 h p.i., compared to 0.51 %ID/g
of [**Cu]QM-2302 and 0.35 %ID/g of [**Cu]QM-2301 (Fig. 4C,
D and Fig. S6B). Additionally, the tumor uptake of [**Cu]QM-
2303 was 1.5 %ID/g at 18 h p.. and 1.0 % ID/g at 24 h p.i.
(Fig. 4D and Fig. S6A). The time—activity curves of tumor uptake
for [**Cu]QM-2301, [**Cu]QM-2302, and [**Cu]QM-2303 further
indicated a significantly prolonged retention time in the tumor
sites of [64Cu]QM—2303 (Fig. 4D). Moreover, the major organ
accumulation of the radioligands was analyzed (Fig. 4D and
Fig. $6). Notably, kidney accumulation of [**Cu]QM-2303 was
comparable to that of [**Cu]QM-2301 at 0.5 and 1 h p.i. Overall,
in vivo PET/CT imaging demonstrated that the PEGibody
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Figure 2  In vitro binding affinity and stability studies of [**Cu]QM-2301, [**Cu]QM-2302, and [**Cu]QM-2303. (A) SPR sensorgrams

demonstrating the binding affinity of QM-2301, QM-2302, and QM-2303 for human integrin 581 in a concentration-dependent manner. (B) The
equilibrium dissociation constant (Kp) of each peptide was calculated based on SPR measurements. The Kp values of each precursor are shown.
(C, D) Schematic diagram of the binding patterns of [**Cu]QM-2301, [**Cu]QM-2302 (C), and [**Cu]QM-2303 (D) to integrin ’581. Monomeric
[64Cu]QM-2301, and [64Cu]QM-2302 bind to receptors in a single-network pattern. For [64Cu]QM-23O3, the PEGibody-based radiotracer, one
PEGibody can bind to more than two integrin a581 receptors, exhibiting better binding affinity. (E, F) The expression of integrin a561 in
B16F10 cells was analyzed by flow cytometry (E) and Western blotting (F). For flow cytometry assays, an anti-integrin o5 4 81 antibody was
used. For Western blot assays, integrin a5 (~ 150 kDa) and integrin 81 (~ 138 kDa) were examined using two antibodies. (G) The stability of
[64Cu]QM-2301, [64Cu]QM-2302, and [MCu]QM-2303 after coincubation with mouse serum within 1 h, as indicated by radio-HPLC. (H) In vitro

cell uptake of [**Cu]QM-2301, [**Cu]QM-2302, and [**Cu]QM-2303 (750

KBg/mL) when incubated with B16F10 cells for different time period.

() ICsy of [**CulQM-2301, [**CulQM-2302, and [**Cu]QM-2303 when inhibited with antibodies at different concentrations. *P < 0.05,
**P < 0.01. All the quantitative experiments were performed independently at least three times (data are the mean &+ SD, n = 3).

improved tumor uptake and retention without increasing the kid-
ney burden.

PEG molecules may self-assemble and encapsulate the non-
PEGylated monomer [64Cu]QM—2302, enhancing its in vivo sta-
bility and tumor uptake. To investigate whether the increased

tumor retention resulted from noncovalent PEG molecules, we
performed PET imaging of a mixture containing PEG molecules
and [**Cu]QM-2302 monomers without conjugation after injec-
tion into B16F10 tumor-bearing mice. Compared with the [64Cu]
QM-2302_PEG  mixtures, the [64Cu]QM-2303

mixtures
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PET/CT imaging of [**Cu]QM-2302 and [**Cu]QM-2303 in healthy mice. (A, B) PET image series of [**Cu]QM-2302 (A) and

[(’4Cu]QM-2303 (B) in healthy mice after injection of each radiotracer (200 puCi in 100 pL per mouse) for different time points (n = 3). The
dashed circles indicate the kidney (green) and liver (orange). (C, D) Time—activity curves of the liver and kidney uptake calculated from dynamic
PET imaging of healthy mice injected with [**Cu]QM-2301 within 1 h (C) and [**Cu]QM-2303 within 33 h (D). The radiotracer uptake is
presented as %ID/g (the percentage of the total injected dose/per gram). All the quantitative experiments were performed independently at least

three times (data are the mean + SD, n = 3).

demonstrated significantly greater tumor uptake, indicating the
important role of the multivalent PEGibody in improving tumor
uptake and retention (Supporting Information Fig. S7A and S7C).

The ex vivo biodistribution of [**CulQM-2301, [**Cu]QM-
2302, and [**CulQM-2303 was determined in B16F10 tumor-
bearing mice (Fig. SA-C). Consistently, [**Cu]QM-2303 exhibi-
ted higher tumor uptake at the four tested time points. The tumor
accumulation of [**Cu]QM-2303 was 3.40 %ID/g at 24 h p.i.,
which was greater than that of [**CulQM-2301 and [**Cu]QM-
2302. Interestingly, no significant increase in the blood or heart
accumulation of [64Cu]QM—2303 was observed compared with
that of non-PEGylated radioligands, demonstrating that PEGibody
improved tumor uptake independent of increased blood circulation
time, making it a safe modification strategy. Additionally, the
tumor-to-background ratios, including the tumor-to-muscle,
tumor-to-bone, tumor-to-blood, and tumor-to-liver ratios,
demonstrated durable tumor retention of [64Cu]QM—2303
(Fig. 5D).

IsoDGR is a small cyclic peptide composed of five amino acids
that is commonly used to target integrin «581%'. Radiolabeled
[**™Tc]isoDGR has proven to be an effective tracer for monitoring
integrin 581-positive tumors®>. To evaluate the ability of [**Cu]
QM-2303 to track the tumor integrin a581, we compared its
in vivo behavior with that of [®*CulisoDGR. PET imaging
revealed comparable tumor uptake of [**CulisoDGR at 30 min p.i
(Fig. S7B and S7C). [**Cu]QM-2303 exhibited greater tumor

uptake than [64Cu]isoDGR at 1 h p.i (Fig. S7C). The accumulation
of [**Cu]QM-2303 in the kidneys was significantly higher than
that of [**Cu]isoDGR (Fig. S7C), suggesting a different excretion
profile for [64Cu]isoDGR. There was no significant difference in
the liver uptake of these radioligands (Fig. S7D). These data
suggested that the PEGibody [**Cu]QM-2303 was more effective
for tumor detection than [64Cu]isoDGR, but its renal toxicity re-
quires further investigation.

3.4.  Invivo toxicity assessment of [**Cu]OM-2303

We investigated the potential toxicity of [**Cu]QM-2303 in vivo
after intravenous injection of a high dose (3 mCi per mouse) of
radioligand into healthy mice. Mice treated with the same volume
of saline were considered as the control group. The body weight of
each mouse was measured before radioligand injection (Day —1)
and at 1, 3, 7, 15, and 30 days p.i.. The results showed a gradual
increase in body weight 1 month p.i., and there was no significant
difference between mice treated with saline and those treated with
[**Cu]QM-2303 (Fig. 6A).

The radio-related toxicity of [**CulQM-2303 was assessed
through hematological analysis. The white blood cell (WBC)
count slightly increased after 1 day of injection and decreased to
normal (the level before radiotracer injection) from 3 to 15 days
p.i. Subsequently, a significant increase in the WBC count was
detected in the mice after radiotracer exposure for 30 days
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Figure 4 PET/CT imaging of [**Cu]QM-2301, [**Cu]QM-2302, and [

54Cu]QM-2303 in B16F10 tumor-bearing mice. (A—C) Series PET/CT

images of [**Cu]QM-2301 (A), [**Cu]QM-2302 (B), and [**Cu]QM-2303 (C) in BI6F10 tumor-bearing mice within 1 h after injection ([**Cu]
QM-2301, [**Cu]QM-2302) and within 24 h ([**Cu]QM-2303). (D) Time-activity curves of the tumor (left) and kidney (right) uptake calculated
from PET imaging of B16F10 tumor-bearing mice injected with [**Cu]QM-2301 and [**Cu]QM-2302 within 1 h and [**Cu]QM-2303 within 24 h.
(E) Schematic diagrams indicating the in vivo behavior of [**Cu]QM-2301, [**Cu]QM-2302 (left), and [**Cu]QM-2303 (right). Compared with
[**CulQM-2301 and [**Cu]QM-2302, [**Cu]QM-2303 exhibited enhanced cell uptake and in vivo stability, as demonstrated by prolonged tumor
accumulation and retention. All the quantitative experiments were performed independently at least three times (data are the mean + SD, n = 4).

(Fig. 6B), suggesting an inflammatory response to radiation.
Additionally, the red blood cell (RBC) count, hemoglobin (HGB),
hematocrit (HCT), mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH), mean corpuscular hemoglobin
concentration (MCHC), and platelet (PLT) counts did not signif-
icantly change after 30 days of [®*Cu]QM-2303 injection
(Fig. 6B). Together, these results confirmed the low hematological
cytotoxicity of [**Cu]QM-2303, which was achieved by a rela-
tively short blood circulation time.

After 30 days of radioligand treatment, H&E staining of the
major organs was performed to determine the pathological toxicity
of [64Cu]QM—23O3. H&E staining revealed no difference and no
structural lesion in the major organs between mice treated with
saline and mice treated with a high [**CulQM-2303 dose
(Fig. 6C). Despite high renal uptake and residence, no noticeable
pathological change in the kidneys were observed, demonstrating
considerable kidney safety (Fig. 6C).

3.5.  Anti-tumor assessment of [ ! 77Lu]OM-2303

The prolonged retention time and enhanced accumulation in tumors
of [**CulQM-2303 led us to evaluate its therapeutic efficacy in
tumor-bearing mice. Lutetium-177, which has a half-life of 6.67
days, is an ideal therapeutic radionuclide for achieving antitumor
effects. Therefore, QM-2303 was radiolabeled with ""Lu via the
chelator NOTA. B16F10 tumor-bearing mice were treated with a
single dose of ['7"Lu]QM-2301 or ['""Lu]QM-2303 (500 pCi per

mouse), and the antitumor effect was assessed 28 days after single-
dose injection (Fig. 7A). The ['"’Lu]QM-2301 and ['7"Lu]QM-
2303 significantly inhibited tumor growth within 28 days, as indi-
cated by the decreased tumor volume compared with the saline-
treated group, which showed continuous tumor growth during the
therapeutic study (Fig. 7B). Importantly, significantly slower tumor
growth was observed in mice treated with [177Lu]QM-23O3 than in
those treated with ['7"Lu]QM-2301 (Fig. 7B—E). Notably, two mice
subjected to saline treatment reached the endpoint on Days 22 and
24, while all mice survived after [\”’Lu]QM-2301 and [}""Lu]QM-
2303 treatment (Fig. 7C-E). H&E staining of the treated tumor
allografts at 28 days p.i. confirmed the strong tumor-killing effects
of [177Lu]QM-2303 (Fig. 7I). These results demonstrated the long-
term and durable antitumor efficacy of ['"7Lu]QM-2303 in integrin
aSB1-positive tumors.

We also investigated the biosafety of ['7’Lu]QM-2301 and
["""Lu]QM-2302 in vivo. Body weight was measured every 2 days
and showed no significant changes throughout the experimental
period (Fig. 7F). Additionally, body weight was similar among
tumor-bearing mice treated with saline, [""Lu]QM-2301, and
[""Lu]QM-2303 (Fi g. 7F). We also performed hematological
analysis to evaluate blood toxicity. Consistently, the WBC, RBC,
HGB, HCT, MCV, MCH, MCHC, and PLT data tended to stabilize
during the therapeutic process and were similar among the three
experimental groups (Fig. 7G). However, a temporary decrease in
WBC at 21 days p.i. was observed in mice treated with ['"’Lu]
QM-2303, which returned to normal at 28 days p.i., demonstrating
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Figure 5  Exvivo biodistribution of [**CulQM-2301, [64Cu]QM—2302, and [**Cu] QM-2303 in B16F10 tumor-bearing mice. (A—C) Accumulation of
[*CulQM-2301, [**Cu]QM-2302, and [**Cu]QM-2303 in blood, tumors, and major organs determined by ex vivo biodistribution assay in B16F10 tumor-
bearing mice. After injection of each radiotracer (200 uCi per mouse) for 0.5, 1, 4, or 24 h, B16F10 tumor-bearing mice were sacrificed (3 mice for each
time point). The blood, tumor, and major organs were harvested to measure the radioactivity in the autogramma counter. (D) Tumor-to-background
(muscle, bone, blood and liver) ratios of [**Cu]QM-2303. The radiotracer uptake is presented as %ID/g (the percentage of the total injected dose/per
gram). The values were calculated based on the ex vivo biodistribution data and all the quantitative experiments were performed independently at least
three times (data are the mean 4+ SD, n = 3).

that ['7"Lu]QM-2303 had fewer impact on WBC, which is after 28 days of treatment (Fig. 7H). Moreover, H&E staining of
consistent with previous findings>>. Liver and kidney function, as the heart, liver, spleen, lung and kidney of tumor-bearing mice
indicated by alanine aminotransferase (ALT), aspartate amino- revealed no noticeable histological or structural lesions at 28 days
transferase (AST) levels, blood urea nitrogen (UREA), and after saline, ['"’Lu]QM-2301 or [!"’Lu]QM-2303 administration
creatinine (CREA) levels, were not significantly different among (Fig. 71). Together, these results demonstrated that the ["Lu]lQM-
the saline-, ['""Lu]QM-2301- and ['7’Lu]QM-2303-treated mice ~ 2303-based TRT modality had low toxicity and good safety.
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In vivo toxicity assessment of [**Cu]QM-2303 in healthy mice. (A) Body weight changes in healthy mice before and after saline or

[**Cu]QM-2303 (3 mCi per mouse) injection for 30 days. (B) Hematological analysis of mice before and after [**Cu]QM-2303 injection. The
WBC, RBC, HGB, HCT, MCV, MCH, MCHC, and PLT counts are presented. Body weight and hematological parameters were measured at 1, 3,
7, 15, and 30 days p.i. Day —1 indicated one day before the injection of the radiotracer. (C) H&E staining images of the heart, liver, kidney,
spleen, and lung of mice treated with saline and [**Cu]QM-2303 at 30 days p.i., indicating no apparent organ damage. All the quantitative
experiments were performed independently at least three times (data are the mean + SD, n = 3).

4. Discussion

In this study, we developed a PEGibody-based radiopharmaceu-
ticals, [**Cul/['”"Lu]QM-2303, which demonstrated satisfactory
binding affinity, tumor retention time and antitumor effects. Our
results confirmed the formation of a PEGibody ([**Cu]QM-2303)
with a diameter between 100 and 200 nm. After incubation with
murine serum for 1 h, more than 80% of [64Cu]QM-2303
remained intact, while [**Cu]QM-2301 and [**Cu]QM-2302
mostly degraded, indicating the superior stability of [**Cu]QM-
2303. In vitro SPR measurements, cell uptake assays, and
competitive inhibition assays also confirmed its greater binding
affinity to integrin «581. PEGibody formation prevented the
degradation of radiotracers and increased the number of binding
sites available on integrin a541 for the radiotracers, enhancing the
tumor uptake and stability of the PEGibody. Additionally, the
formation of the PEGibody-based radiotracer [64Cu]QM-2303 was
based on the PEGylated peptides themselves, without other
nanoparticles, such as liposomes®’, making it a safe and available
radiotracer in clinical practice.

The promoted in vitro stability and cell uptake of [**Cu]QM-
2303 suggested improved in vitro performance. Considering po-
tential issues, including slow excretion and cytotoxicity caused by
the large molecular weight of [**Cu]QM-2303, we analyzed its
pharmacokinetic property in vivo, which revealed rapid blood
clearance and renal excretion of [**Cu]QM-2303. Body weight
assessment, hematological analysis and pathological analysis were
performed after the administration of a high dose (3 mCi per

mouse) of [64Cu]QM—2303. The data revealed no evident toxicity
in the whole body, blood or major organs, especially in the liver or
kidneys, with high accumulation and prolonged retention time of
[64Cu]QM-2303. Taken together, these results demonstrate the
safety of PEGibody-based radiotracers for tumor integrin a561
imaging.

PET/CT imaging and ex vivo biodistribution in B16F10 tumor-
bearing mice showed prolonged tumor retention time of [**Cu]
QM-2303. The tumor accumulation of [**Cu]QM-2303 stabilized
from 1 h to 24 h p.i.,, whereas a weak signal was observed for
[**Cu]QM-2301 and [**Cu]QM-2302 at the tumor site after 1 h
p-i. Notably, PEGibody did not extend the peptides’ circulation
time in the bloodstream, as indicated by the blood and heart
accumulation of [64Cu]QM-2303, which was different from con-
ventional peptide modification strategies. Therefore, PEGibody
improved the tumor uptake and retention time of radiotracers
without increasing concerns about hematological toxicity.
Improved tumor uptake and accumulation were achieved by
multiple binding sites of PEGibody, a high binding capacity, and
enhanced stability. Additionally, the enhanced permeability and
retention effect of the tumor tissue may also have contributed to
improved tumor uptake, characterized by the increased accumu-
lation of macromolecules, such as PEGibody. In addition, PEG
molecules self-assembled to form a PEGibody with PEG mole-
cules in the center and the targeted peptide on the surface. The
hiding of PEG chains in the PEGibody reduces the binding of PEG
molecules to proteins in the blood, which is the common mech-
anism of conventional PEGylation strategy to prolong the blood
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Figure 7  In vivo antitumor efficacy of ['7"Lu]QM-2303 in B16F10 tumor-bearing mice. (A) Illustration of the antitumor experiments. A single
dose of ['7"Lu]QM-2301 (500 nCi), [177Lu]QM—2303 (500 pCi) or saline (control) was injected into B16F10 tumor-bearing mice. All mice were
sacrificed after 28 days (n = 6). The tumor size and body weight were measured every 2 days. (B—E) Tumor volume and tumor growth of mice
during 28 days of therapy, shown as the mean tumor size (B) and the tumor volume of individual mice in each group (C—E). (F) Changes in body
weight of mice treated with saline, ["""Lu]QM-2301, or ['7"Lu]QM-2303 for 28 days. (G) Hematological analysis showing the WBC, RBC, HGB,
HCT, MCV, MCH, MCHC, and PLT levels of mice after drug administration for 28 days. (H) The liver (ALT, AST) and kidney (UREA, CREA)
function of mice treated with saline, [177Lu]QM-2301, or [177Lu]QM-2303 at 28 days p.i.. (I) H&E staining images of the tumor, heart, liver,
kidney, spleen and lung in mice treated with saline, ['77Lu]QM—2301, and ['""Lu]QM-2303 at 28 days p.i. The scale bar indicates 100 pm. All the
quantitative experiments were performed independently at least three times (data are the mean & SD, n = 6). *P < 0.05.
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circulation time of compounds. Therefore, PEGibody could serve
as a safe and robust platform for chemical modification.
Furthermore, [**Cu]QM-2303 exhibited better tumor uptake than
[**CulisoDGR. These promising results suggest that [**Cu]QM-
2303 could bridge the gap between basic research and clinical
application, warranting a first-in-human study. Future studies
should focus on expanding the application of [**Cu]QM-2303 in
cancer research using multiple tumor models to evaluate its effi-
cacy in cancers overexpressing integrin a5061.

Finally, the therapeutic potential of ['7’Lu]QM-2303 in
B16F10 tumor-bearing mice was evaluated. Compared with
['"7LulQM-2301, ["""Lu]QM-2303 showed robust antitumor ef-
ficacy, as indicated by significantly reduced tumor growth.
Considering the increased liver uptake of [**Cu]QM-2303, we also
investigated the in vivo toxicity of [177Lu]QM—2303 in tumor-
bearing mice. ['""Lu]QM-2303, which consistent of [**Cu]QM-
2303, caused no significant injury to the major organs or blood,
which further confirmed the satisfactory blood circulation time
and reduced our concern about the biosafety of [177Lu]QM-2303.
Therefore, [177Lu]QM—23O3—based treatment is a safe targeted
therapeutic modality that has remarkable clinical potential for the
treatment of integrin a581-positive tumors.

5. Conclusions

This study reported a novel method for generating a PEGylation-
enabled peptide multidisplay platform through PEGylation and
self-assembly, denoted as PEGibody-based radiopharmaceuticals.
With this method, we prepared an integrin a531-targeted PEGi-
body, namely, [**Cul/['""Lu]QM-2303, and demonstrated its ad-
vantages in enhancing stability, binding affinity, tumor retention,
and antitumor efficacy without expanding circulation time in the
bloodstream, providing potential radiotheranostics for patients
with integrin o561 overexpressed cancers without causing he-
matological or organ toxicity. Therefore, PEGibody-based radio-
pharmaceuticals hold promise for the potential translation of
integrin o561 tumor tracers from the realm of basic research to
practical clinical applications.
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