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KEY WORDS Abstract The approval of radionuclide therapy strategies in nuclear medicine has revolutionized the
treatment landscape for patients with advanced malignancies. Due to significant HER2 overexpression
in some solid tumors, radionuclide therapy targeting HER?2 is a viable strategy. The traditional mono-
clonal antibody (mAb) direct radiolabelling system may lead to off-target radiation exposure. To address
this limitation, we employed the established inverse-electron demand Diels-Alder (IEDDA)-based pretar-

Theranostic;

Radionuclide targeting
delivery system;

Bioorthogonal click

chemistry; geting strategy and designed a novel tetrazine probe. First, we identified the optimal targeting molecule
[13II]I—Tyr-D—peptide- (Pertuzumab) and optimal metabolic time (48 h) through micro-positron emission tomography/computed
PEG,,-Tz; tomography (PET/CT) scans and biodistribution studies of [**Zr]Zr-DFO-Per, [**Zr]Zr-DFO-Per-F(ab’),
HER2; and [%°Zr]Zr-DFO-Per-Fab. Next, TCO-Pertuzumab (TCO-Per) was administered to HER2-
Nuclear medicine; overexpressing SKOV3 tumor-bearing mice models, and after 48 h of circulation and clearance, a novel
Pretargeting; radiolabelled small molecule Tz (['*'I]I-Tyr-p-peptide-PEG;-Tz) was introduced. Through a series of
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in vivo studies, we observed prolonged retention of [13lI]I—Tyr-D—peptide—PEGll—Tz in SKOV3 tumors

with rapid renal clearance, along with promising therapeutic efficacy. Our study demonstrates that the
novel tetrazine probe within a pretargeting delivery system overcomes limitations of traditional strategies
and shows promise for clinical translation.

© 2026 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

For the treatment of advanced solid malignancies, traditional ap-
proaches such as chemotherapy, targeted therapy, and immuno-
therapy have made significant progress. However, in recent years,
radionuclide therapy in nuclear medicine has emerged as a
promising strategy, offering more options for patients suffered
from advanced tumors. Radionuclide therapy utilizes targeting
molecules to deliver radioactive isotopes to tumor sites, where the
emitted beta or alpha particles from radioactive decay kill the
tumor cells’.

First, appropriate target identification is essential for the
development of effective theranostic strategies. Human epidermal
growth factor receptor 2 (HER2), a member of the tyrosine kinase
receptor family, is markedly overexpressed in a wide range of
solid tumors, including breast cancer, gastric and gastro-
oesophageal junction cancers, biliary tract cancer, colorectal
cancer, non-small-cell lung cancer, and bladder cancer®>. In the
clinic, HER2-targeted monoclonal antibodies, such as trastuzumab
and pertuzumab, have achieved substantial therapeutic success
and significantly improved the prognosis of patients with
HER2-positive malignancies. Building upon this foundation,
antibody—drug conjugates (ADCs), including trastuzumab
emtansine (T-DM1) and trastuzumab deruxtecan (T-DXd), have
further expanded therapeutic options and demonstrated encour-
aging clinical outcomes across multiple tumor types*™. Never-
theless, despite these advances, HER2-targeted ADCs remain
limited by the emergence of resistance mechanisms and treatment-
related toxicities. Beyond ADCs, nuclear medicine has explored
monoclonal antibodies as carriers for the targeted delivery of
diagnostic and therapeutic radionuclides, leveraging their high
specificity and affinity for HER2. For diagnostic imaging,
several HER2-targeted PET probes, such as [**Cu]Cu-DOTA-
trastuzumab®’ and [%°Zr]Zr-trastuzumab®®, are currently under

clinical investigation. For therapy, HER2-targeted radio-
immunotherapy  (RIT) wusing radiolabelled  monoclonal
antibodies, including [*’Cu]Cu-Sar-trastuzumab, [?*>Ac]Ac-

DOTA-trastuzumab, ['”’Lu]Lu-DOTA-pertuzumab, and [*°Y]Y-
anti-HER2, has demonstrated promising antitumor efficacy in
preclinical and early clinical studies'®'?. However, the slow
clearance and prolonged circulation half-life of radiolabelled
antibodies often result in high background activity, elevated
blood-pool retention, and increased radiation exposure to radio-
sensitive organs such as the bone marrow, lungs, and liver.
These limitations raise safety concerns and substantially hinder
the broader clinical translation of HER2-targeted radio-
immunotherapy, underscoring the need for alternative strategies to
improve imaging contrast and therapeutic safety.

Therefore, in this study, we aimed to develop a radionuclide
targeting delivery system for HER2 that overcomes the inherent

limitations of direct antibody labelling. This radionuclide delivery
system is designed based on the IEDDA reaction, leveraging the
near-instantaneous click chemistry between trans-cyclooctene
(TCO) and tetrazine (Tz) to form a stable six-membered ring
structure. TCO is conjugated to monoclonal antibody (mAb) or
mADb fragments to form a lead molecule, which is allowed to
circulate and metabolize in vivo without any radiation dose. After
the lead molecule has cleared from non-target organs, a radio-
labelled small molecule Tz is introduced to “click” with the lead
molecule specifically bound to the tumor site.

The overall workflow of this study is illustrated in Graphical
abstract. In this study, in addition to Per (an FDA-approved anti-
HER2 mAb) was used, we prepared two more lead molecules,
Per-F(ab’), and Per-Fab, through enzymatic digestion. To screen
for the optimal lead molecule, we prepared three 3°Zr-labelled
molecular probes (I%°Zr1Zr-DFO-Per, [*°Zr]Zr-DFO-Per-F(ab’),
and [SQZr]Zr—DFO—Per—Fab) and validated them using micro-
PET/CT in tumor-bearing mice models. After evaluating and
analyzed by the results of PET imaging, TCO-Per was chosen as
the lead molecule of our radionuclide targeting delivery
system. For the radiolabelled Tz, the ['*'IJI-Tyr-p-peptide-
PEG,,-Tz with excellent biochemical properties was synthe-
sized. Ultimately, the radionuclide targeting delivery system
(TCO-Per and [13II]I—Tyr—D—peptide—PEGl 1-Tz) was evaluated in
tumor-bearing mice models, and its therapeutic efficacy was
further assessed.

2. Materials and methods
2.1. Cell lines

The HER2-positive ovarian SKOV3 and HER2-negative gastric
MGC-803 human cancer cell lines were purchased from Shanghai
Zhong Qiao Xin Zhou Biotechnology (Shanghai, China). SKOV3
and MGC-803 cells were maintained at 37 °C in a humidified
atmosphere at 5% CO, in RPMI-1640 growth medium supple-
mented with 10% foetal bovine serum and 1% concentrations of
both penicillin and streptomycin.

2.2.  Animal model establishment

All animal studies followed protocols approved by the Animal
Ethics Committee of Zhongshan Hospital, Fudan University. Six-
week-old male NU/NU mice were purchased from Beijing Vital
River Laboratory Animal Technology (Beijing, China). Subcu-
taneous tumor cells (SKOV3 and MGC-803 cells) were induced in
the mice by injecting their lower right flank with 5 x 10° cells
suspended in 200 pL of 0.01 mol/L phosphate-buffered saline
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(PBS). After the volumes of the subcutaneous tumors reached
800—1000 mm?, the following studies were conducted.

2.3.  Western blotting (WB)

SKOV3 and MGC-803 cells were lysed using radio-
immunoprecipitation assay (RIPA) lysis buffer containing prote-
ase and phosphatase inhibitors at 4 °C for 30 min. After
centrifugation at 13,000xg for 10 min at 4 °C, the supernatants
were denatured with protein loading buffer at 100 °C for 10 min.
The processed samples were then loaded into the gel wells. The
proteins were electrophorized for 90 min at 100 V and transferred
to a polyvinylidene fluoride (PVDF) membrane. The PVDF
membrane was subsequently incubated with HER2 primary anti-
bodies and B-actin primary antibodies overnight at 4 °C after
being blocked with 5% skim milk blocking buffer for 2 h at 20 °C.
After being washed three times with TBS-Tween 20, the PVDF
membrane was incubated with a goat anti-rabbit secondary anti-
body at 20 °C for 1 h. The washed membrane was scanned and
quantitatively analysed using a Tanon 4200 imaging system
(Tanon, Shanghai, China). Furthermore, HER2 expression was
analysed and normalized to (-actin protein expression for com-
parison using Image] 1.44p (National Institutes of Health,
Bethesda, MA, USA).

2.4.  Preparation of Cy3-Per

Per was conjugated with cyanine 3 N-hydroxysuccinimide ester
(Cy3-NHS ester) for 2 h at a 1:5 M ratio of Per to Cy3-NHS ester
in 0.1 mol/L carbonate buffer (pH 9.0). The fluorescence product
was purified using PD-10 columns to remove excess Cy3-NHS
ester.

2.5.  Immunocytochemistry (ICC)

SKOV3/MGC-803 cells were cultured in six-well plates to 40%
confluence and then incubated with 66.67 nmol/L. Cy3-Per over-
night. Images were captured using an Olympus imaging system
(Olympus, Tokyo, Japan).

2.6.  Flow cytometry

HER2 expression on the cell surfaces of the SKOV3 and MGC-
803 cell lines was evaluated using flow cytometry analysis. The
resuspended cells were incubated with CY3-Per or an isotype
control CY3-IgG at 20 °C for 60 min. Flow cytometry analysis
was performed on a flow cytometer (BD, Heidelberg, Germany),
and the data were processed using Flow Jo software version 10.8.0
(Flow Jo, Ashland, USA).

2.7. Preparation of the Per-F(ab’), and Per-Fab fragments

The synthesis procedures for Per-F(ab’), and Per-Fab are based
on our previous research'®. The quality control of Per, Per-
F(ab’), and Per-Fab was then analysed using sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and
size-exclusion chromatography-high-performance liquid chro-
matography (SEC-HPLC).

2.8.  ¥2Zr radiolabelling and binding assays

Radiolabelling with Zr-89 was achieved using the multifunctional
chelator p-SCN-Bn-DFO (p-SCN-Bn-deferoxamine). Per, Per-
F(ab’), and Per-Fab were dissolved in 0.1 mol/L sodium bicar-
bonate buffer (pH 9.0) at a final concentration of at least 1 mg/mL
p-SCN-Bn-DFO was dissolved in DMSO (dimethyl sulfoxide) at a
final concentration of 5 mg/mL. The mixture was prepared ac-
cording to a 1:10 M ratio of Per, Per-F(ab’), and Per-Fab to p-
SCN-Bn-DFO, and the reaction was performed at 4 °C for 10 h.
DFO-Per, DFO-Per-F(ab’), and DFO-Per-Fab were purified using
a PD-10 desalting column with 0.5 mol/L HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) as the elution
buffer, and subsequently subjected to liquid chromatography-mass
spectrometry (LC—MS) analysis for quality control. ¥Zr]ZrC,0,
was purchased from Nanjing PET-Tracer (DC AMS PHARMA,
Nanjing, China). For radiolabelling, a mixture of 200 puL of DFO-
Per, DFO-Per-F(ab’), or DFO-Per-Fab (0.67 nmol) in 0.5 mol/L
HEPES and 100 pL of [¥Zr]ZrC,0, (37 MBq) was incubated at
20 °C for 30 min. After purification using a PD-10 desalting
column with 0.01 mol/L PBS as the elution buffer, [*°Zr]Zr-DFO-
Per, [8QZr]Zr—DFO—Per—F(ab’)2 and [SQZr]Zr—DFO—Per—Fab were
obtained. The radiochemical purities of [SQZr]Zr-DFO-Per,
[%°Zr]Zr-DFO-Per-F(ab’), and [*°Zr]Zr-DFO-Per-Fab were deter-
mined using radio-thin layer chromatography (LabLogic, Sain-
field, UK) using 20 mmol/L sodium citrate buffer as the mobile
solvent.

A 96-well plate coated with 100 ng of human HER2 antigen
was used for the binding assays. After 2 h of blocking with 4%
BSA, different concentrations of [892r]Zr—DFO—Per, [SQZr]Zr—
DFO-Per-F(ab’), and [¥Zr]Zr-DFO-Per-Fab were added to the
wells. After incubation at 37 °C for 1 h, the samples were washed
three times with phosphate-buffered saline containing Tween 20
(PBST), and the radioactive count of each well was measured.

2.9.  [%°Zr]Zr-DFO-Per, [*°Zr]Zr-DFO-Per-F(ab’), and
[%°Zr]Zr-DFO-Per-Fab PET imaging of tumor-bearing mouse
models and biodistribution studies of [ 89Zr]Zr—DF O-Per

For PET/CT imaging, [*°Zr]Zr-DFO-Per, [¥Zr]Zr-DFO-Per-
F(ab’), and [¥Zr]Zr-DFO-Per-Fab PET imaging of tumor-bearing
mouse models was conducted on a Nano PET/CT scanner
(uBiomicro PET/CT, United Imaging, China). A total of 12
SKOV3 tumor-bearing models and 3 MGC-803 tumor-bearing
models were divided into five groups: Group A (SKOV3 tumor-
bearing mice that were injected with 1.85 MBq [¥Zr]Zr-DFO-
Per), Group B (SKOV3 tumor-bearing mice that were injected
with 1.85 MBq [*°Zr]Zr-DFO-Per-F(ab’),), Group C (SKOV3
tumor-bearing mice that were injected with 1.85 MBq [*Zr]|Zr-
DFO-Per-Fab), the Blocking group (SKOV3 tumor-bearing mice
injecting unlabelled 0.3 mg Per before that were injected with 0.85
MBgq [*Zr|Zr-DFO-Per), and the Negative control group (MGC-
803 tumor-bearing mice that were injected with 1.85 MBq
[*Zr]Zr-DFO-Per). Before the PET scan, a 5-min CT whole-body
scan was conducted for anatomical coregistration. For CT images,
attenuation correction in CT (ACCT) scanning was conducted
with the following scan parameters: a current of 200 pLA, a rotation
angle of 2146°, and a pitch of 1. The reconstruction was per-
formed with parameters of 219.3-um pixel dimensions and a 456
matrix using the manufacturer’s software. PET was performed
after CT scanning with the same bed position for 20 min. The PET
images were reconstructed using the OSEM-3D algorithm, and
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image corrections were performed using scatter correction,
registration matrix adjustment, and ACCT. Following CT and PET
data reconstruction, the DICOM files were imported into the
fusion module of PMOD software (v4.1; PMOD Technologies
Ltd., Zurich, Switzerland).

For biodistribution assay, the tumor-bearing mice were killed
and dissected following the injection with tracers for 6, 24, 48, 72
and 120 h. Tumors, blood, heart, lung, liver, kidney, spleen, colon,
stomach, and muscles were harvested and weighed, and radioac-
tivity counts were measured. Tissue radioactivity is expressed as
the percentage injected activity per gram (%IA/g).

2.10.  Preparation of TCO-Per

Per was dissolved in 0.1 mol/L sodium bicarbonate buffer (pH 9.0)
at a final concentration of at least 1 mg/mL. The trans-cyclooctene
N-hydroxysuccinimide ester (TCO-NHS ester) was dissolved in
DMSO at a final concentration of 5 mg/mL. The mixture was
prepared according to a 1:50 M ratio of Per to TCO-NHS ester,
and the reaction was performed at 4 °C for 10 h at pH 8.8-9
(Supporting Information Fig. S1A). TCO-Per was purified using
a PD-10 desalting column with 0.01 mol/L PBS as the elution
buffer.

2.11.  Synthesis of the radiolabelled precursor Tyr-p-peptide-
PEG]]-TZ

The complete synthetic route of Tyr-p-peptide-PEG;;-Tz was
illustrated in Fig. 1A, with detailed synthetic procedures provided

in the Supporting Information (Supporting Information
Fig. S2—S16, Tables S1 and S2). As shown in Fig. 1B, the
molecule consists of three key components highlighted in distinct
colors: the red region represents the tetrazine group, which is used
for click reactions with TCO-modified antibodies (TCO-mAb);
the blue region corresponds to hydrophilic modifications provided
by polyethylene glycol (PEG) and p-polypeptide sequence (Gly-
Arg-Glu-Arg-Glu-Lys); and the green region indicates the tyrosine
group, which serves as a linker for radionuclide labelling.

2.12. I radiolabelling

Na'3'I was purchased from Shanghai Atom Kexing Pharmaceu-
ticals (Shanghai, China). For iodogen tube preparation, iodogen
was dissolved in dichloromethane to a final concentration of 1 mg/
mL. Then, 50 pg of iodogen was added to the bottom of the glass
tube and dried using nitrogen while rotating at a constant speed
such that the iodogen was evenly distributed at the bottom of the
tube. For radiolabelling, 60 pg of Tyr-b-peptide-PEG;;-Tz in
0.01 mol/L PBS and 105-120 MBq Na'*'I solution were added to
an iodogen tube. The reaction occurred at 20 °C for 15 min (-
Tyr-p-peptide-PEG, ;-Tz was purified by pre-HPLC.

2.13.  Invitro and in vivo stability, distribution coefficient,
specificity, and binding assays

The in vitro stability of [“*'I]I-Tyr-p-peptide-PEG,;-Tz was
evaluated in 0.01 mol/L PBS and 10% fetal bovine serum (FBS).
["*')I-Tyr-p-peptide-PEG,;-Tz (2 puL) was added to 48 pL of
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0.01 mol/L PBS or 10% FBS and incubated at 20 °C for 0, 6, 24,
48, 72, 96, or 120 h. Radiochemical purity was determined by
paper chromatography at each time point using 20 mmol/L so-
dium citrate buffer as the mobile solvent. For the in vivo stability
assay, ["*'1]I-Tyr-p-peptide-PEG;-Tz was administered to mice
via tail vein injection, and blood samples were collected at pre-
determined time points (6, 12, and 24 h). Radiochemical purity
was assessed at each time point by paper chromatography using
20 mmol/L sodium citrate buffer as the mobile phase.

For the distribution coefficient assay, 500 pL of n-octanol,
500 pL of water, and 10 pL of ["*'I|I-Tyr-p-peptide-PEG;-Tz
were added sequentially to a 1.5-mL EP tube. The tube was sealed
and shaken vigorously at 20 °C for 10 min. After centrifugation
using a Thermo Scientifi Micro 17 microcentrifuge (Thermo
Fisher Scientific, Waltham, MA, North America, USA) at
12,000 rpm for 5 min at 20 °C, the CPM (counts per min) of equal
volumes of the n-octanol and aqueous phases were measured. The
logD value was then calculated using the following formula:
logD = log (n-octanol count/aqueous phase count).

A 96-well plate coated with 100 ng of human HER2 antigen
was used for both the specificity and binding assays. For the
specificity assay, the experiment was divided into five groups: A,
B, C, D, and E. Group A contained TCO-Per (100 nmol/L) and
["*')1-Tyr-p-peptide-PEG,;-Tz (1.85 x 10° Bq). Group B con-
tained Per (100 nmol/L) and [1311]I—Tyr—D—peptide—PEG1l—Tz
(1.85 x 10° Bq). Group C contained ['*'I]I-Tyr-p-peptide-PEG ;-
Tz (1.85 x 10° Bq). Group D contained Per (10 mmol/L), TCO-
Per (100 nmol/L), and [1311]I—Tyr—D—peptide—PEG1l—Tz
(1.85 x 10° Bq). Group E contained TCO-IgG (100 nmol/L) and
["*'I-Tyr-p-peptide-PEG,;-Tz (1.85 x 10° Bq). After 1 h of
incubation, the wells were washed three times with 0.01 mol/L
PBS, and the CPS counts was measured. Each group was tested in
triplicate, and the experiment was repeated three times. For the
binding assay, the click chemistry reactions for TCO-Per and
["*'I]I-Tyr-p-peptide-PEG,;-Tz were performed in vitro to
generate [ '*'I]I-Tyr-p-peptide-PEG,-Tz-TCO-Per before the
experiment. After 2 h of blocking with 4% BSA, different con-
centrations of [13 1I]I-Tylr-D-peptide-PEG] 1-Tz-TCO-Per
(1.17—150 nmol/L) were added to the wells. After incubation at
37 °C for 1 h, the samples were washed three times with
phosphate-buffered saline containing Tween 20 (PBST), and the
radioactive count of each well was measured.

2.14.  Pharmacokinetic assays

The pharmacokinetic assay of ['*'I|I-Tyr-p-peptide-PEG ,-Tz was
performed at 1, 3, 5, 10, 15, 30, 60, 120, 360, and 720 min after
1.48 MBq of ["*'I]I-Tyr-p-peptide-PEG,;-Tz was injected into
male NU/NU mice through the tail vein (n = 3). Blood samples
(5—10 pL) were collected using capillary tubes at each pre-
determined time point through the tail vein.

2.15.  Click efficiency

We evaluated the of the reaction in vitro by mixing ['*'I]I-Tyr-p-
peptide-PEG;;-Tz and TCO-Per at different molar ratios (1:0,
1:0.2, 1:0.5, and 1:1). After 1 min of reaction, the mixtures were
analyzed by sec-HPLC to determine the efficiency.

2.16.  Cycloaddition reaction in vivo and in vitro

For cycloaddition reaction in vivo, in this experiment, two groups
were designed. In the first group of mice, 37 MBq of ["*'I]I-Tyr-
pD-peptide-PEG;,-Tz was administered via tail vein injection.
One minute later, blood was drawn, and serum was isolated. The
serum was then loaded onto a PD-10 desalting column for sep-
aration. Elution was carried out using 0.01 mol/L PBS, collecting
0.5 mL fractions in EP tubes. A total of 15 EP tubes containing
eluted fractions were collected. The CPM of each EP tubes were
subsequently measured to construct the elution profile. In the
second group, 200 pg of TCO-Per was injected intravenously,
followed 30 min later by 37 MBq of ["*'I|I-Tyr-p-peptide-
PEG,;-Tz and serum was collected and processed under the
same conditions with the first group for constructing the elution
profile. For cycloaddition reaction in vitro, the click chemistry
between TCO-Pertuzumab and [13II]I-Tyr-D-peptide-PEG1 1-Tz
was analyzed by SEC-HPLC, and the detailed procedures was
provided in the Supporting Information (Supporting Information
Fig. S17).

2.17.  Single-photon emission computed tomography/computed
tomography (SPECT/CT) imaging

Based on the PET imaging results of [*°Zr]Zr-DFO-Per,
[3°Zr]Zr-DFO-Per-F(ab’), and [*°Zr]Zr-DFO-Per-Fab, TCO-Per
was selected as the lead molecule. A 48-h interval was chosen
between the injection of TCO-Per and ["*'I|I-Tyr-p-peptide-
PEG;;-Tz. Before intravenous injection of ['*'I]I-Tyr-p-peptide-
PEG-Tz, all the model animals were fed 3% Nal water for 48 h.
The mice in Groups I, II, III, and IV received 100 pg of TCO-
Per, 200 png of TCO-Per, 100 pg of TCO-IgG, or 100 pg of
TCO-Per (Iead molecular), respectively. Groups I, II, and III used
the SKOV3 tumor-bearing mouse model (n = 3 per group),
whereas Group IV used the MGC-803 tumor-bearing mouse
model (n = 3). All the model mice were intravenously injected
with 18.5 MBq of ["*'I]I-Tyr-p-peptide-PEG,;-Tz 48 h after
intravenous injection of the lead molecule (TCO-Per or TCO-
IgG). SPECT/CT imaging was performed 6, 24, 48, 72, and
120 h after injection of ["*'I]I-Tyr-p-peptide-PEG;,-Tz for
Groups I and II and 24 h for Groups III and IV. The mice were
then anaesthetized by 3% isoflurane gas inhalation, and anaes-
thesia was maintained using 2% isoflurane gas during the
SPECT/CT scan. CT was performed with the following param-
eters for 5 min: algorithm, iterative; tube voltage: 50 kVp; tube
current: 0.15 mA; isometric voxel size, 200 um; and exposure
time, 300 ms. SPECT was then performed in the same bed po-
sition as the CT scan for 20 min, with the following parameters:
algorithm, maximum likelihood expectation maximization; peak,
140 keV; and isometric voxel size, 500 pum. Images were con-
structed using the maximum likelihood algorithm (50 iterations),
and the data were corrected for attenuation.

2.18.  Biodistribution of ["*'I]I-Tyr-p-peptide-PEG ;;-Tz

For the biodistribution assay, a total of four groups were set up,
which was similar to SPECT/CT imaging. Group I included 5
time points (6, 24, 48, 72, and 120 h after ['*'I]I-Tyr-p-peptide-
PEG;-Tz injection), and Groups II, III and IV included 1 time
point (72 h after ["*'I]I-Tyr-n-peptide-PEG,;-Tz injection),
resulting in a total of 21 SKOV3 tumor models and 3 MGC-803
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tumor models included in the biodistribution assay. Tumors,
blood, and major tissues/organs (heart, lungs, liver, kidneys,
spleen, intestine, stomach, bone and muscles) were harvested and
weighed, and the radioactivity count was measured. Tissue
radioactivity was expressed as the percentage of injected activity
per gram (%IA/g).

2.19.  Immunohistochemistry (IHC) and haematoxylin and eosin
(H&E) staining

For IHC, after deparaffinization, hydration and antigen retrieval,
the tumor sections were incubated in 5% BSA buffer for 1 h.
Then, the sections were incubated with anti-HER2 mAb overnight
at 4 °C. After being washed in 0.01 mol/L PBS, the sections were
stained with an HRP-conjugated goat anti-rabbit antibody for 1 h.
Following three 0.01 M PBS washes, 3,3’-diaminobenzidine
(DAB) and haematoxylin were used for staining. For H&E
staining, after deparaffinization and hydration, H&E staining was
performed.

2.20.  Pretargeted radionuclide therapy studies and safety
evaluation

Pretargeted radionuclide therapy studies were initiated when tu-
mors reached a volume of approximately 200 mm?>. All mice
received 100 pg of TCO-Per intravenously 48 h prior to subse-
quent injections. Mice were randomly assigned to six groups
(n = 5 per group): 100 pg TCO-Per + 37 MBq ["*'I]I-Tyr-p-
peptide-PEG,;-Tz, 100 pg TCO-Per + 7.4 MBq ["*'I]I-Tyr-p-
peptide-PEG;-Tz, normal saline (NS), 100 ng TCO-Per, 37 MBq
[*'II-Tyr-p-peptide-PEG;-Tz and 100 pg Per + 37 MBq ["*'T]I-
Tyr-p-peptide-PEG;-Tz. A single dose was administered at the
start of the therapy. Tumor volume and body weight were
measured every three days. Mice were euthanized when tumor
volume exceeded 1800 mm® or upon the occurrence of tumor
ulceration. Tumor volume was calculated according to Eq. (1):

V = (length x width x width)/2 (1)

Where length is the longest diameter and width is the shortest
diameter. Blood cell counts and liver and kidney function were
measured to assess the biosafety profile of the treatment. Major
organs, including the heart, lungs, liver, spleen, kidneys, and
bones, were collected for H&E staining.

2.21.  Statistical analysis

The data are presented as the means =+ standard deviation (SD)
derived from at least three independent experiments. Student’s ¢
test was performed using GraphPad Prism version 9 (GraphPad
Software Inc., La Jolla, CA, USA). Significant differences were
considered at *P < 0.05, **P < 0.01, and ***P < 0.001.

3. Results
3.1.  HER?2 expression levels of SKOV3 and MGC-803 cell lines

The expression levels of HER2 in SKOV3 and MGC-803 cells
were quantified using Western blotting, ICC and flow cytometry.
SKOV3 cells had a significantly greater relative expression ratio
of HER2/B-actin than MGC-803 cells did (1.17 + 0.17 vs.
0.07 + 0.02, ***P < 0.001) (Fig. 2A), with the original Western

blotting images shown in Supporting Information Fig. S18. The
ICC assay revealed that the fluorescence intensity of SKOV3 cells
was significantly greater than that of MGC-803 cells
(27.94 £ 2.19 vs. 2.92 £ 148, ***P < 0.001) (Fig. 2B). HER2
expression levels on the cell membranes of the two cell lines were
detected by flow cytometry. The HER2 signal intensity in the
SKOV3 cell line (489.17 4 92.80) was significantly greater than
that in the MGC-803 cell line (53.33 £ 1.48) (Fig. 2C). In sum-
mary, the SKOV3 cell line has higher expression of HER2 than the
MGC-803 cell line.

3.2.  Preparation and binding assay of [°Zr]Zr-DFO-Per,
[¥7r]Zr-DFO-Per-F(ab’), and [¥°Zr]Zr-DFO-Per-Fab

The quality control of Per, Per-F(ab’), and Per-Fab using SEC-
HPLC and gel electrophoresis results were shown in Fig. 3A.
The retention time of Per, Per-F(ab’), and Per-Fab was 8.565,
9.103 and 9.822 min, respectively. The molecular masses of Per,
Per-F(ab’), and Per-Fab were estimated to be approximately 150,
95 and 50 kDa, respectively. The characterization of DFO-Per,
DFO-Per-F(ab’), and DFO-Per-Fab was shown in Supporting
Information Fig. S19—S21. Based on LC—MS analysis, the drug-
to-antibody ratio (DAR) value of the DFO with DFO-Per,
DFO-Per-F(ab’),, and DFO-Per-Fab was 0.44, 0.31, and 0.17,
respectively. The [**Zr|Zr-DFO-Per, [*°Zr]Zr-DFO-Per-F(ab’),
and [¥Zr)Zr-DFO-Per-Fab were successfully synthesized by DFO
conjugation, Zr-89 labelling, and purification using PD-10
desalting columns. The radiochemical purities of [¥Zr]Zr-DFO-
Per, [%Zr]Zr-DFO-Per-F(ab’), and [*°Zr]Zr-DFO-Per-Fab were
all approximately 95% (Fig. 3B). The specific activities of
[3Zr1Zr-DFO-Per, [¥Zr]Zr-DFO-Per-F(ab’), and [*°Zr]Zr-DFO-
Per-Fab were (2.05 + 0.14) x 107 MBg/mmol,
(1.34 +0.26) x 10’ MBg/mmol, (1.49 & 0.21) x 10’ MBg/mmol,
respectively. For the binding assay, the equilibrium binding con-
stant (Kg) of [3°Zr]Zr-DFO-Per, [¥°Zr]Zr-DFO-Per-F(ab’), and
[®9Zr]Zr-DFO-Per-Fab for HER2 was 16.31 & 1.20, 16.59 & 1.82
and 27.07 £+ 1.38 nmol/L, respectively, with corresponding Bi,.x
was 675 + 91 CPS, 597 + 89 CPS and 615 + 24 CPS (Supporting
Information Fig. S22).

3.3.  Determination of the optimal lead molecule and metabolic
timing by micro-PET/CT of [°Zr]Zr-DFO-Per, [%°Zr]Zr-DFO-
Per-F(ab’), and [ XQZr]Zr-DF O-Per-Fab

The [¥Zr]Zr-DFO-Per, [3°Zr]Zr-DFO-Per-F(ab’), and [¥Zr]Zr-
DFO-Per-Fab micro-PET/CT imaging results were shown in
Fig. 3C—E. We aimed to find the optimal lead molecule using
micro-PET/CT and determine the optimal injection interval be-
tween the lead molecule and the radiolabelled small-molecule Tz.
As shown in Fig. 3C—E, the [**Zr]Zr-DFO-Per group presented
the highest target-to-background ratio, indicating that Per is the
optimal lead molecule for further investigation. [%°Zr]Zr-DFO-Per
was metabolized primarily by the liver. After [**Zr]Zr-DFO-Per
postinjection for 48 h, almost all of the radioactivity was
concentrated in the SKOV3 tumor region. To further quantify the
distribution of [**Zr]Zr-DFO-Per in vitro, biodistribution studies
were conducted at 6, 24, 48, 72, and 120 h post-injection in
SKOV3 tumor-bearing mice (n = 3) (Supporting Information
Fig. S23). Consistent with the micro-PET/CT imaging results,
the %IA/g (percentage of injected activity per gram) value in the
blood pool remained elevated up to 48 h. The tracer was pre-
dominantly metabolized by the liver, with uptake values of
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13.78 £ 3.34, 7.54 £ 1.44, and 4.69 £+ 0.76 %IA/g at 6, 24, and
48 h, respectively. In addition, a limited but persistent increase in
bone uptake was observed, with %IA/g values of 3.02 £+ 0.06,
3.19 + 0.83, and 4.03 £+ 0.48 at 6, 24, and 48 h, respectively.
Because [892r]Zr-DFO-Per accumulated in the tumor region after
48 h, we used this time interval as the injection time difference
between the lead molecule (TCO-Per) and the radiolabelled small
molecule (["*'IJI-Tyr-p-peptide-PEG,-Tz). In addition, we per-
formed micro-PET/CT imaging on blocking group and HER2-
negative expressing group to demonstrate the in vivo specificity
of [¥Zr)Zr-DFO-Per (Supporting Information Fig. S24).

3.4.  Synthesis, quality control, stability, octanol-water partition
coefficient and pharmacokinetic assays of [ 1]I-Tyr-p-peptide-
PEG] ]-TZ

The detailed synthesis results of the precursor Tyr-p-peptide-
PEG;;-Tz were shown in Supporting Information The D-peptide
moiety consists of six amino acids with the sequence Gly-Arg-
Glu-Arg-Glu-Lys, which were introduced to enhance the hydro-
philicity of the probe. The structural formula of ["*'IJI-Tyr-p-
peptide-PEG;-Tz was shown in Fig. 4A. The radiochemical yield
of ["*'I]I-Tyr-p-peptide-PEG ,-Tz was greater than 95%, and after
semi-HPLC purification, the radiochemical purity of ['*'I]I-Tyr-p-
peptide-PEG,;-Tz was approximately 99% (Fig. 4B). Further-
more, MS analysis was performed to confirm the molecular
weight of ["1]I-Tyr-p-peptide-PEG,;-Tz, thereby verifying that
the synthesized product corresponded to the intended target
compound (Supporting Information Fig. S25). The apparent spe-
cific  activity  of  [“*'IJI-Tyr-p-peptide-PEG,;-Tz  was
(7.42 £ 0.33) x 10* MBg/pmol. The excellent in vitro stability of
[t 1I]I—Tyr—D—peptide—PEGl 1-Tz, which maintains a radiochemical
purity greater than 94% after 120 h of incubation in either
0.01 mol/L PBS or 10% FBS, was crucial for its ability to remain

in the tumor for extended periods, enabling effective tumor killing
(Fig. 4C). In addition, in vivo stability was assessed. Owing to the
relatively rapid blood clearance, the tracer could not be detected in
circulation beyond 24 h. At 24 h post-injection, its radiochemical
purity remained above 98% (Fig. 4D). The strong hydrophilicity
of ["*'JI-Tyr-p-peptide-PEG,-Tz, reflected by its logD value of
-2.158 £ 0.116, allows rapid renal clearance, thereby minimizing
the cumulative radiation dose. The pharmacokinetic assay
revealed that the distribution half-life of ['*'IJI-Tyr-p-peptide-
PEG,;-Tz was 5.29 + 2.25 min and that the elimination half-life
was 48.96 + 5.92 min (Supporting Information Fig. S26).

3.5.  Click reaction confirmation in vivo, click efficiency in vitro,
specificity in vitro and binding assays of the radionuclide targeting
delivery system

The characterization of TCO-Per was shown in Fig. S1B. Based
on LC—MS analysis, an average of 1.71 mol TCO-NHS ester
molecules were conjugated per mole of Per. In vitro, upon mixing
TCO-Per and ["*'T]I-Tyr-p-peptide-PEG,-Tz, a significant click
chemistry reaction occurred instantaneously, as shown in Sup-
porting Information Fig. S17. To confirm that this pre-targeting
combination achieves In vivo binding, we carried out two exper-
imental setups. First, following tail vein injection of ['*'I]I-Tyr-p-
peptide-PEG|;-Tz, mouse serum was prepared and separated
using a PD-10 desalting column. Significant radioactivity was
observed in tubes 8-10 ([13II]I-Tyr-D-peptide-PEG1 1-Tz) (Fig. 4E).
Second, when TCO-Per was administered prior to tail vein in-
jection of ["*'TJI-Tyr-p-peptide-PEG,-Tz, the PD-10 desalting
column separation of mouse serum revealed two peaks of radio-
activity. The first peak corresponded to ['*'IJI-Tyr-p-peptide-
PEG,-Tz-TCO-Per, while the second peak represented [13 1I]I—
Tyr-p-peptide-PEG;;-Tz, demonstrating that the in vivo click
chemistry reaction of this pre-targeting combination was
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and [¥Zr)Zr-DFO-Per-Fab. (C) Representative micro-PET/CT MIP images of SKOV3 tumor-bearing model mice injected with [¥Zr)Zr-DFO-Per
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successfully completed (Fig. 4F). The click efficiency in vitro the rising proportion of [“*'I]I-Tyr-p-peptide-PEG;;-Tz and
between ['3'IJI—Tyr—D—peptide—PEG11—Tz and TCO-Per was reaching a maximum of 83.66 £ 1.57% at a 1:1 ratio (Fig. 4G).
assessed in four molar ratios, showing a progressive increase with For the binding assay, the equilibrium binding constant (K4) of
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["*'1]I-Tyr-p-peptide-PEG ;- Tz-TCO-Per ~ for ~HER2  was
13.89 4 0.78 nmol/L, and the B,,x was 637 £ 29 CPS (Fig. 4H).
This affinity was comparable to that of the **Zr-labelled anti-
bodies, indicating that the pretargeting system preserved the high
binding affinity of the parental antibody and that the bio-
orthogonal click conjugation did not impair antigen recognition.
For the in vitro specificity assay shown in Fig. 41, we demon-
strated, through five distinct experimental groups, the necessity of
both [13II]I-Tyr-D-peptide-PEG|I-TZ and TCO-Per in the radio-
nuclide targeting delivery system as well as their excellent in vitro
specificity.

3.6.
system

SPECT/CT imaging of the radionuclide targeting delivery

Fig. 5 presented the representative micro-SPECT/CT maximum
intensity projection (MIP) imaging results of the tumor-bearing
mouse model. The workflow of SPECT/CT imaging was shown
in Fig. 5A. All animal models in Group I and Group Il received an
intravenous injection of TCO-Per via the tail vein 48 h before the
second intravenous injection of 18.5 MBq ["*'I]I-Tyr-p-peptide-
PEG,,-Tz (0.24—0.26 nmol). Micro-SPECT/CT imaging was
performed at 6, 24, 48, 72, and 120 h after injecting ["*'T]I-Tyr-p-
peptide-PEG;;-Tz. The only difference between the two
groups was the dose of TCO-Per (100 or 200 pg). Micro-SPECT/
CT MIP indicated that the injection of 100 or 200 pg of TCO-Per
did not significantly affect the distribution of ['*'IJI-Tyr-p-pep-
tide-PEG;-Tz in the animal models (Fig. 5B and C). Additionally,

["*'1)I-Tyr-p-peptide-PEG ;-Tz was eliminated primarily through
the kidneys. Within 24 h of ["*'I|I-Tyr-p-peptide-PEG,-Tz in-
jection, the renal radioactivity distribution surpassed that of all
other organs and tissues, including tumors. The tumor site pre-
sented the highest radioactivity distribution at 48 h postinjection
of ["*']I-Tyr-p-peptide-PEG,;-Tz. Importantly, the radioactivity
distribution in other tissues or organs, excluding the tumor, was
extremely low. This significantly reduces the cumulative radiation
dose to nontarget organs and minimizes the side effects associated
with radiation damage. This radionuclide targeting delivery sys-
tem demonstrated significant advantages over the direct labelling
approach, which uses Per as the targeting molecule. In addition,
["*'1)I-Tyr-p-peptide-PEG,;-Tz showed excellent In vivo speci-
ficity, with significantly reduced uptake at tumor sites in both the
TCO-IgG (Group III) and the MGC-803 groups (Group 1V),
consistent with the in vitro specificity results (Fig. 5D and E).

3.7.  Biodistribution of the radionuclide targeting delivery
system and histological analysis

To further quantify the radioactivity distribution in various organs
and tissues of the tumor-bearing mice, we conducted an in vitro
biodistribution study. The overall workflow is shown in Fig. 6A.
The animal grouping for biodistribution studies was the same as
that used for micro-SPECT/CT imaging of the radionuclide tar-
geting delivery system, the tracer dose was approximately 1.1—1.9
MBq (0.015—0.025 nmol). The biodistribution results of Group I
are presented in Fig. 6B, which revealed a rapid decrease in
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radioactivity distribution within the kidneys, confirming that
["*'1)I-Tyr-p-peptide-PEG,;-Tz was eliminated through renal
metabolism. At 48 h postinjection of the probe ['*'IJI-Tyr-p-
peptide-PEG;-Tz, the tumor became the tissue with the highest
radioactivity distribution. Moreover, until 120 h, although the
radioactivity distribution in the tumor decreased slowly, it
remained the tissue with the highest radioactivity. The tumor/
muscle (T/M) ratios at 6, 24, 48, 72 and 120 h postinjection of
[13ll]l—Tyr—D—peptide—PEGl1—TZ were 6.26 + 1.95, 10.02 + 1.30,
11.06 £ 1.43, 11.73 £ 1.15 and 11.92 + 0.66, respectively. This
consistently high target-to-nontarget ratio ensured stable radio-
activity exposure to the tumor site, potentially leading to ideal
therapeutic outcomes. Additionally, to verify the specificity of
TCO—Per/[mI]I—Tyr—D—peptide—PEGll—Tz, a comparative study
was conducted among the four groups (Fig. 6C). The results
indicated that tumor uptake of the Tz-radioligand in Group III
(0.34 £ 0.14 %IA/g) and Group IV (0.48 £+ 0.25 %IA/g) was
significantly lower than that in Group I (2.17 = 0.36 %IA/g) and
Group II (2.27 £ 0.52 %IA/g). These findings confirmed that the
TCO-Per/[ ' 1]I-Tyr-p-peptide-PEG,;-Tz radionuclide targeting

delivery system exhibited excellent specificity, a finding that was
consistent with the in vitro specificity and micro-SPECT/CT im-
aging results. Regarding safety, analysed by the distribution data
of Group I, ["*'I]I-Tyr-p-peptide-PEG,;-Tz consistently showed a
low distribution in the blood and liver (Fig. 6D). The tumor/blood
(T/B) ratios at 6, 24, 48, 72 and 120 h postinjection of ['*'I]I-Tyr-
D-peptide-PEG;-Tz were 5.08 £ 1.26, 8.58 &+ 2.09, 12.95 £ 1.08,
15.54 £ 2.13 and 15.41 + 1.61, respectively. The tumor/liver (T/
L) ratios at 6, 24, 48, 72 and 120 h postinjection of ['*'I]I-Tyr-p-
peptide-PEG,,-Tz were 3.85 + 0.77, 5.81 + 0.84, 6.37 £ 0.44,
6.99 + 0.94 and 6.35 £ 0.28, respectively; this may indicate a
reduced probability of adverse reactions such as thrombocyto-
penia and hepatotoxicity. Fig. 6E presented the biodistribution
results of [13lI]I—Tyr—D—peptide—PEGlI—Tz in SKOV3 tumor-
bearing mice models without prior injection of TCO-Per. The
data demonstrated that [IBII]I-Tyr-D-peptide-PEG 11-Tz alone did
not exhibit significant tumor targeting without the priming
effect of TCO-Per. Moreover, Consistent with the logD value, the
hydrophilic nature of ['*'IJI-Tyr-n-peptide-PEG,;-Tz led to its
primary elimination through the kidneys. The biodistribution of
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Comparative biodistribution of ['*'T]I-Tyr-p-peptide-PEG;-Tz in SKOV3 tumor-bearing model mice pre-injection with 100 pg of

TCO-Per, 200 pg of TCO-Per, 100 pg of TCO-IgG or the negative control (MGC-803 tumor-bearing mouse model). (A) Grouping and workflow
of biodistribution assays. (B) Biodistribution results of Group I at 6, 24, 48 72 and 120 h timepoints. (C) Comparative biodistribution assays
among four groups at 72 h postinjection of ['*'TJI-Tyr-p-peptide-PEG,-Tz. (D) The T/B and T/L ratio of Group I. (E) Biodistribution results of
[13'I]I—Tyr—D—peptide—PEG 11-Tz in SKOV3 tumor-bearing mice models without prior injection of TCO-Per. (F) H&E (200 x) and IHC (200 x)

staining of SKOV3 and MGC803 tumor sections.

["*']I-Tyr-p-peptide-PEG;-Tz in other tissues/organs remained
low from 6 to 120 h, with a gradual decrease over time. In
addition, the biodistribution of Group I was compared with that of
[3°Zr]Zr-DFO-Per (Supporting Information Fig. S27). ¥Zr1Zr-
DFO-Per exhibited markedly higher uptake than ['*'IJI-Tyr-p-
peptide-PEG,,-Tz in most major organs, including the blood,
liver, spleen, lungs, and bones. The only exception was the kid-
neys, where ['*'I]I-Tyr-p-peptide-PEG;-Tz showed higher accu-
mulation, consistent with its renal excretion pathway. In the tumor,
uptake of [3°Zr]Zr-DFO-Per was also higher; however, its tumor-
to-blood and tumor-to-liver ratios were significantly lower than
those of ["*'T]I-Tyr-p-peptide-PEG;-Tz, indicating that the latter
provided superior imaging contrast. Fig. 6F shows representative
microscopy images of SKOV3 and MGC-803 tumor sections
(5 pm thick) subjected to H&E staining and IHC staining for
HER2. The positive rate for HER2 staining in SKOV3 tumor
tissue was significantly greater than that in MGC-803 tumor tis-
sue, a finding that was consistent with the results of western
blotting, ICC and flow cytometry.

3.8.  Therapy studies

In the therapy study, tumor volumes were continuously monitored
for 27 days. By day 27, tumors in both the normal saline (NS)
group and the group treated with 37 MBq ['*'I]I-Tyr-p-peptide-
PEG,,-Tz alone exceeded 1800 mm>, with mean tumor
volumes of 1990.80 + 208.11 and 1998.50 + 229.69 mm3,
respectively. In contrast, tumor growth was suppressed to
varying extents in the remaining four treatment groups
(Fig. 7A). Specifically, mice treated with 100 pg TCO-Per
(1517.80 + 160.00 mm®) or 100 pg Per + 37 MBq ["*'I]I-
Tyr-p-peptide-PEG;-Tz (1454.70 + 136.88 mm?®) exhibited
only modest tumor growth inhibition, likely due to the absence
of an in vivo bioorthogonal click reaction. The group receiving
100 ug TCO-Per +7.4 MBq ["*'1]I-Tyr-p-peptide-PEG,-Tz
(127820 + 134.88 mm>) showed limited therapeutic
efficacy, which may be attributed to the lower administered
radioactivity. Notably, tumor growth was most significantly
suppressed in mice treated with 100 pg TCO-Per +37 MBq
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100 pg TCO-Per + 37 MBq [*]-Tz

" Normal Saline

-

I 100 pg TCO-Per

[ 100 pg TCO-Per + 7.4 MBq [*'[]-Tz I 37 MBq ['*'1}-Tz

I 100 pg Per + 37 MBq ["'1]-Tz

Spleen

Bone

Efficacy of radioligand therapy of SKOV3 tumor-bearing mice models injected with a single dose of ['*'I]I-Tyr-p-peptide-PEG-Tz.

(A) The tumor volume monitoring of each group. (B) Bodyweight change of tumor-bearing mice during the therapy study. (C) Blood count tests
of each group at the end of the therapy. (D) Liver and kidney function tests for mice of each group at the end of the therapy. (E) H&E staining of
organs in each group (100 x ). All treatment groups, except for the 37 MBq ['*'I]I-Tyr-p-peptide-PEG ;-Tz alone group, exhibited significant
tumor growth inhibition compared with the saline control (n = 5 per group, one-way ANOVA followed by Dunnett’s multiple comparisons test,
P < 0.001) (A). No statistically significant differences were observed among groups in hematological parameters (C) or liver and kidney function
indices (D) (n = 5 per group, one-way ANOVA followed by Dunnett’s multiple comparisons test, P > 0.05). WBC: white blood cell; RBC: red
blood cell; HGB: hemoglobin; PLT: platelet; ALT: alanine transaminase; AST: aspartate aminotransferase; BUN: blood urea nitrogen; CREA:

creatinine; and UA: uric acid.

[13II]I-Tyr-D-peptide-PEGll-Tz, with a mean tumor volume of
732.90 + 32.01 mm?®, demonstrating the pronounced therapeutic
benefit of the pretargeted click-based strategy. No deaths
occurred during the 27-day monitoring period, and body weights
showed no significant differences among groups (Fig. 7B).
Complete blood counts and liver and kidney function tests in all
six groups indicated that even in the highest dose group, no
significant bone marrow suppression or liver/kidney damage was
detected (Fig. 7C and D). H&E staining of major organs further
confirmed the biosafety of this therapeutic strategy (Fig. 7E).

4. Discussion

For patients with advanced solid tumors, systemic chemotherapy
is usually the foundation of treatment and is often combined with
local radiotherapy or systemic immunotherapy to combat the
tumor. However, drug resistance after multiple cycles of anti-
tumor treatment is inevitable. Therefore, new therapeutic

strategies are needed to address the progression of advanced
solid tumors. Radionuclide therapy holds immense potential for
treating advanced solid tumors. On March 23, 2022, Pluvicto'*
(["""Lu]Lu-PSMA-617) received Food and Drug Administration
(FDA) approval for the treatment of adult patients with prostate-
specific  membrane antigen (PSMA)-positive metastatic
castration-resistant prostate cancer (mCRPC) who received
androgen receptor (AR) inhibitors and taxane-based chemo-
therapy. Compared with standard of care (SOC), Pluvicto com-
bined with SOC effectively prolonged patients’ median
progression-free survival (mFPS) (8.7 months vs. 3.4 months)
and reduced the risk of disease progression or death by 60% (HR
0.40). Since its approval, Pluvicto has been in high demand
worldwide. Currently, only a handful of radiopharmaceuticals for
solid tumors have been approved for clinical use. There is a need
to develop new targets and novel radiolabelled probes to meet
clinical needs.

HER?2 is overexpressed in a variety of solid tumors, including
ovarian cancer and breast cancer, making it a suitable target for
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theranostics in nuclear medicine'>'®. Tn recent years, the in-
dications for HER2-targeted therapies have expanded beyond
breast cancer and ovarian cancer to encompass a broader range of
solid tumors®. Currently, there are multiple PET molecular probes
targeting HER2, guided by IgG monoclonal antibodies, undergo-
ing clinical trials, including [®*Cu]Cu-DOTA-trastuzumab®’,
[892r]Zr—trastuzumab8’9. However, = HER2-targeted  radio-
immunotherapy guided by IgG monoclonal antibodies has largely
remained in the preclinical stage. While radiolabelled monoclonal
antibodies retain the advantages of high affinity and specificity,
they also retain the drawback of long circulation times in vivo. An
IgG antibody has an approximate molecular weight of 150 kDa,
and its serum half-life (7,,) is > 2 day (the serum half-life of the
IgG subclasses 1gG1, 1gG2, and IgG4 is ~23 days versus 2—6
days for IgG3 and other Ig classes)'”. The prolonged circulation of
radiolabelled monoclonal antibodies /n vivo may cause damage to
blood cells and metabolic organs.

While targeted radionuclide therapy, including high-linear
energy transfer a-particle-based approaches such as [**°Ac]Ac-
labelled antibodies, has demonstrated promising therapeutic effi-
cacy in preclinical solid tumor models, these studies also highlight
that therapeutic outcomes are critically dependent on accurate
tumor targeting and intratumoral radionuclide distribution's.
Moreover, systemic toxicity and off-target radiation exposure
remain major challenges that limit dose escalation when radio-
nuclides are directly conjugated to long-circulating antibodies.

To address this drawback, a pretargeting strategy-based
radionuclide delivery system was developed. Currently, there are
four main pretargeting systems: the streptavidin-biotin system, the
bispecific antibody (bsAb) system, the complementary oligonu-
cleotide hybridization system, and the bioorthogonal IEDDA click
reaction'®??. In addition to the TCO/Tz-based HER2-targeting
radionuclide delivery system reported in this study, James C
Knight et al. reported a novel radionuclide delivery system: the
dehalogenase enzyme HaloTag and a chloroalkane HaloTag
ligand. It proceeds with a second-order rate constant of
2.7 x 10° M™' 5!, which is comparable to that of the biotin/
(strept)avidin reaction, and importantly, the HaloTag enzyme does
not suffer interference from competing endogenous substrates,
rendering it fully available to the HTL secondary agent™. How-
ever, HaloTag has a large molecular weight, approximately
33 kDa, which significantly increases the molecular weight of the
lead molecule and thus slows its metabolism. Maryam Oroujeni
et al. introduced another peptide nucleic acid (PNA)-mediated
HER2-targeting radionuclide delivery system®!. They used
Affibody-PNA as the lead molecule and employed another com-
plementary PNA probe to achieve the pretargeting strategy.
Among these systems, IEDDA click chemistry offers advantages
such as high stability y, mild reaction conditions, and rapid re-
action speed®. Bioorthogonal pretargeting strategies have
recently demonstrated great potential for multimodal tumor im-
aging by enabling highly specific in situ labelling with reduced
background interference, highlighting the versatility of pretargeted
approaches in oncological applications®®. Therefore, we selected
the IDEEA click chemistry (TCO/Tz) strategy to achieve radio-
nuclide targeting delivery system. The radionuclide delivery sys-
tem involves the introduction of a large-molecule lead molecule
(TCO-Per in this study) into mouse models for metabolic clear-
ance. After the lead molecule is eliminated from nontarget organs,
a small-molecule radiolabelled Tz ([l3II]I-Tyr-D-peptide-PEG11-
Tz in this study) is introduced. This strategy combines the ad-
vantages of high specificity and affinity of the lead molecule

(TCO-Per) with the rapid metabolic clearance rate of the small Tz
(["*'I]I-Tyr-p-peptide-PEG -Tz). Besides IDEEA reaction, the
streptavidin-biotin system, the bsAb system and the complemen-
tary oligonucleotide hybridization system could be used for
radionuclide delivery'®*2. The IEDDA reaction was selected
based on its favourable characteristics, including rapid reaction,
mild reaction conditions, and the formation of a stable linkage.

In this study, we prepared three antibody-based candidates,
Per, Per-F(ab’),, and Per-Fab, and aimed to identify the optimal
lead molecules using micro-PET/CT imaging. The antibody
fragments were designed by removing the nonspecific Fc region,
with the expectation of retaining antigen specificity while
reducing molecular weight, thereby accelerating blood clearance
and minimizing radiation accumulation in non-target organs. After
labelling with *Zr for PET imaging and biodistribution, [**Zr]|Zr-
DFO-Per demonstrated the highest tumor-to-background ratio,
and was therefore selected as the lead molecule for radionuclide
delivery system. Although the [3°Zr]Zr-DFO-Per-F(ab’), and
[SQZr]Zr—DFO—Per—Fab retained comparable in vitro affinities to
the [%°Zr]Zr-DFO-Per, their in vivo tumor uptake was markedly
reduced. This discrepancy is likely attributable to their smaller
molecular sizes, which result in rapid renal clearance and the
absence of FcRn-mediated recycling, thereby limiting blood cir-
culation time and tumor accumulation®”®. Simultaneously, based
on the micro-PET/CT imaging results, we determined the optimal
time interval (48 h) between the lead molecule (TCO-Per) and the
radiolabelled Tz ([*? lI]I—Tyr—])—peptide—PEG1 1-Tz).

The radiolabelled precursor (Tyr-p-peptide-PEG;;-Tz) was
designed based on our previous research. Starting from the tet-
razine moiety, a methyl-substituted tetrazine was employed to
enhance stability. Methyl substitution on the tetrazine ring is
known to reduce IEDDA reaction kinetics but significantly
enhance in vivo stability compared with unsubstituted tetrazines,
as reported previously®. This trade-off between reactivity and
stability guided our probe design. In addition, a methyl-substituted
tetrazine was employed in this study to further enhance stability.
Since Tz is highly lipophilic, unmodified radiolabelled Tz typi-
cally shows substantial hepatic accumulation®™?'. To improve
hydrophilicity, Lin Qiu et al.** introduced PEG, and synthesized
[**™Tc]Tc-HYNIC-PEG,;-Tz, which displayed extremely low
uptake in the liver and kidneys but high intestinal radioactivity,
suggesting biliary excretion. To further redirect clearance from
hepatobiliary to renal excretion, hydrophilicity was enhanced by
incorporating a polypeptide (Gly-Arg-Glu-Arg-Glu-Lys), resulting
in  [*™Tc]Tc-HYNIC-Polypeptide-PEG,-Tz and [**Ga]Ga-
NOTA-polypeptide-PEG,-Tz, both of which were predomi-
nantly cleared via the kidneys****. However, the stability of
[**™Tc]Te-HYNIC-Polypeptide-PEG,;-Tz and [*®Ga]Ga-NOTA-
polypeptide-PEG ;-Tz exhibited limited stability, retaining only
~80% radiochemical purity after 3 h of incubation in vitro. We
attributed this instability to the polypeptide chain. Therefore, in
this study, the entire polypeptide was replaced with p-amino acids
to markedly improve stability, while preserving hydrophilicity.
Peptide radioiodination is typically achieved either by electro-
philic substitution on tyrosine or via prosthetic groups (e.g., the
Bolton-Hunter method). While the latter yields a benzoate C-I
bond with higher metabolic stability and broad amine conjuga-
tion, it can react with any amino group and is thus less suitable for
our probe design, being more appropriate for single amino acids or
large biomolecules probe®. In contrast, tyrosine electrophilic
iodination, as the most direct and widely applied approach, is
simple, efficient, and reproducible, and was therefore more
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suitable for this study. Despite its lower intrinsic stability relative
to Bolton-Hunter labelling, the in vitro and in vivo stability assays
in this study demonstrated sufficient stability for theranostic use.
Furthermore, high apparent specific activity is crucial for the
targeting ability of the probe. In our previous research, we re-
ported that iodination of the polypeptide significantly alters its
polarity, allowing for complete separation of the product from the
unlabelled precursor by pre-HPLC?®. Therefore, in this study, we
incorporated tyrosine for iodine labelling and purified the product
by pre-HPLC to obtain ["*'I]I-Tyr-p-peptide-PEG ,-Tz, which has
high apparent specific activity and improved click efficiency.
Biodistribution studies demonstrated that ['*'I]I-Tyr-p-peptide-
PEG,,-Tz was rapidly cleared from non-target organs over time
while remaining relatively stable within tumors, which can be
attributed to the multiple structural optimizations incorporated
into the Tz design. The higher renal uptake observed is consistent
with its predominant clearance pathway through the kidneys.
Compared with [**Zr|Zr-DFO-Per, which showed markedly
higher uptake across most major organs and tumors, ['*'T]I-Tyr-p-
peptide-PEG,;-Tz achieved significantly lower off-target accu-
mulation. Although its absolute tumor uptake was lower, the
tumor-to-blood and tumor-to-liver ratios were superior, providing
higher imaging contrast and more favorable dosimetric properties.
These characteristics underscore the value of ["*'IJI-Tyr-p-pep-
tide-PEG,-Tz in pretargeting strategies, where overall selectivity
and safety outweigh absolute uptake values. Organ dosimetry
analysis further demonstrated that radiation exposure to major
normal tissues was within an acceptable range, with kidneys
representing the primary dose-limiting organ, consistent with the
renal clearance pathway of the small-molecule radioligand (Sup-
porting Information Table S3). In this context, we also evaluated
directly radioiodinated pertuzumab ([mI]I-Per) as a potential
therapeutic comparator. However, ["*'I]I-Per exhibited limited
in vitro radiochemical stability, with approximately 80% remain-
ing at 12 h (Supporting Information Fig. S28). More importantly,
partial /n vivo deiodination led to loss of targeting capability and
undesirable thyroid accumulation, while the intact fraction of
["*']I-Per showed prolonged blood circulation. These properties
are associated with increased risks of hematological toxicity and
radiation exposure to highly perfused organs, raising safety con-
cerns regarding its use in systemic radionuclide therapy studies.
Consequently, ["*'I]I-Per was not further pursued as a therapeutic
comparator in this work, and the pretargeted strategy was instead
designed to overcome these intrinsic limitations of directly radi-
oiodinated IgG antibodies. Therapeutic studies further confirmed
its efficacy, as the radiopharmaceutical exhibited prolonged
retention within tumors, enabling effective tumor cell killing. In
the high-dose group, tumor volumes at the study endpoint (Day
27) were markedly smaller compared with the low-dose and
control groups, demonstrating promising therapeutic potential. In
terms of safety, ["*'I]I-Tyr-p-peptide-PEG,;-Tz benefited from
rapid blood clearance, renal excretion, and reduced off-target ra-
diation burden, collectively contributing to a favorable safety
profile. Even at the higher administered dose, no significant
toxicity was observed in blood analyses or H&E of major organs.
This combination of selective tumor retention, therapeutic effi-
cacy, and safety highlights the translational potential of this pre-
targeting system. From a conceptual perspective, this strategy is
consistent with the emerging paradigm of nanoscale brachyther-
apy, which emphasizes highly localized radionuclide deposition
within tumors to maximize therapeutic efficacy while minimizing

systemic radiation exposure®’.

Radionuclide delivery system involving Per remain relatively
underexplored, presenting further investigation opportunities. We
selected pertuzumab as the lead molecule for the following rea-
sons. First-line treatment for HER2-positive solid tumors (e.g.,
breast cancer and gastric cancer) often involves trastuzumab.
However, after high-dose trastuzumab therapy, the HER2 binding
sites are typically blocked by trastuzumab. Studies have shown
that Per binds to a different epitope on HER2 than trastuzumab
does and that the binding of trastuzumab to HER2 does not
interfere with Per binding™®. Therefore, pretargeting therapy using
Per is suitable for patients who have previously received trastu-
zumab treatment. Our pretargeting strategy using Per as the lead
molecule may be more clinically translatable.

5. Conclusions

This study introduces a novel tetrazine probe within a HER2-
targeted radionuclide delivery system, enabling selective iodine-
131 delivery for integrated diagnosis and therapy, with promising
potential for clinical translation.
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