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Abstract

Purpose This study was to design and synthesize a novel bifunctional chelator, named Dar, primarily validated by conjugat-
ing to tumor targeting motifs, labeled with radiometals, and performed preclinical evaluation of tumor imaging and cancer
therapy in murine tumor models.

Method The designed Dar was synthesized and characterized by X-ray crystallography, 'H/'*C NMR, and mass spectrometry.
Dar-PSMA-617 was conjugated and radiolabeled with %Ga, 7Ly, and 3°Zr. The in vivo behavior of % Ga/*Zr-labeled Dar-
PSMA-617 were evaluated using micro-PET imaging and biodistribution from image quantitation and tissue radioactivity count-
ing, with ®Ga/*Zr-labeled NOTA/DOTA/DFO-PSMA-617 analogs as controls, respectively. The ['”’Lu]-Dar-PSMA-617, with
['7"Lu]-DOTA-PSMA-617 as control, was evaluated in competitive cell uptake, tumor cell internalization, and efflux studies. The
treatment efficacy of [""Lu]Lu-Dar-PSMA-617, with ['""Lu]Lu-DOTA-PSMA-617 as control, was evaluated in PSMA-positive
LNCaP tumor-bearing mice. In addition, the ability of Dar for radiolabeling nanobody was tested by conjugating Dar to KN035
nanobody. The resultant [3°Zr)Zr-Dar-KN035 nanobody, with [3Zr)Zr-DFO-KNO35 as control, was evaluated by micro-PET
imaging and biodistribution in a mouse model bearing MC38&MC38-hPD-L1 colon cancer.

Results ®3Ga, 3°Zr, and '""Lu-radiolabeled Dar-PSMA-617 complexes were able to be produced under mild condition with
high radiochemical yield and purity successfully. ['7’Lu]Lu-Dar-PSMA-617 had higher cellular uptake yet similar inter-
nalization and efflux properties in LNCaP cells, as compared to ['7’Lu]Lu-DOTA-PSMA-617. Micro-PET images demon-
strated significantly higher tumor uptake of [**Ga]Ga-Dar-PSMA-617, than that of the analog [**Ga]Ga-DOTA-PSMA-617.
The tumor uptake values of [%*Ga]Ga-Dar-PSMA-617 at multiple time points are comparable to that of [*3Ga]Ga-NOTA-
PSMA-617, although a higher and persistently prolonged kidney retention was resulted in during the study period. The Dar
chelator can also successfully mediate the radiolabeling with 3°Zr, while the resultant [3°Zr]Zr-Dar-PSMA-617 demonstrated
a similar biodistribution with [3*Zr]Zr-DFO-PSMA-617 measured at 96 h p.i. The treatment with ['7’Lu]Lu-Dar-PSMA-617
significantly inhibited the tumor growth, showing much better efficacy than that of ['7’Lu]Lu-DOTA-PSMA-617 at the same
injected radioactivity and mass dose. Dar was covalently linked to KN035 nanobody and enabled radiolabeling with 3°Zr in
high yield and radiochemical purity at room temperature. The resultant [*°Zr]Zr-Dar-KN035, with [¥Zr]Zr-DFO-KNO035 as
control, demonstrated superior tumor uptake and detection capability in PET imaging studies.

Conclusion The Dar, as a novel bifunctional chelator for medicating the labeling of radiometals onto tumor targeting carriers,
was successfully synthesized and chemically characterized. Test radiolabeling, on PSMA-617 and a nanobody as tool targeting
molecule carriers, demonstrated the Dar has potential as a universal bifunctional chelator for radiolabeling various radiometals (at
least ®*Ga, '7"Lu, and %Zr tested) commonly used for clinical imaging and therapy. Using a novel Dar chelator results in altered
in vivo behavior of the carriers even though labeled with the same nuclide. This capability makes Dar an alternative to the existing
choices for radiolabeling new carrier molecules with various radiometals, especially the radiometals with large radius.

Keywords Dar - Dar-PSMA-617 - Radiolabeled Dar-PSMA-617 complexes - DOTA-PSMA-617 - Dar-KNO35 -
Theranostics
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Introduction

In recent years, continuously innovated technologies in
nuclear reactors and accelerators have emerged for the pro-
duction of radionuclides [1, 2]. A variety of radiometal-
labeled medicines and drug candidates have been rapidly
developed with nuclides such as %4Cu, “Cu, °%Ga, ¥7zr,
99mTe, 7Ly, ¥8Re, 2 Ac, and *"Th [3, 4]. Since 2016, the
FDA has approved eleven radiopharmaceuticals, including
five metal radiopharmaceuticals. Additionally, more than
two-thirds of radiopharmaceuticals registered in Clinical
Trials phase III are the radiometal-labeled drug conju-
gates. Normally, radiometal needs a bifunctional chelator
and proper linker to targeting molecules, such as peptides,
antibodies, or small molecules, to achieve specific binding
with tumor tissue in vivo [5, 6]. At present, the selection
of bifunctional chelator is mainly considered from many
aspects such as pharmacokinetics, thermodynamic stabil-
ity, tumor targeting affinity, and most of time depending on
the commercial availability [7-9].

Bifunctional chelating agents can be divided into two
categories: chain and cyclic chelators in terms of structure
[10, 11]. Chain chelators, including DTPA and DFO, are the
most commonly used for radiometal chelation, with DFO as a
prominent chelating agent for *Zr-radiolabeled targeted mole-
cule in PET imaging [12, 13]. In general, macrocyclic analogs
are more thermodynamically stable than the acyclic chelat-
ing agents, even if their coordinating donors are similar, due
to the macrocyclic effect [10, 14, 15]. For example, chang-
ing the DFO structure into a ring-shaped chelator improves
the stability, such as FSC and TAFC [16-18]. At present, the
structural modification is mainly based on the cyclic chelating
agent itself [19, 20]. On the other hand, NOTA and DOTA are
the two most widely used macrocyclic chelators used for the
coordination of ®Ga and !"’Lu [21-25]. DOTA derivatives
need to be heated over 95 °C to complete radiolabeling with
897r, which is not suitable for temperature-sensitive targeting
molecules such as antibodies [26, 27]. Current bifunctional
chelating agents are only used for similar radioactive metals,
and do not have the ability to coordinate radioactive metals
with different valence states under mild conditions. Therefore,
it is in need to invent a new class of bifunctional chelating
agent for multiple types of radiometals to serve rapidly grow-
ing radiopharmaceutical application.

Studies back to the late 1990s reported a series of mac-
rocyclic compounds synthesized to mimic the function of
biological enzymes [28, 29]. This type of cyclic chelators
had been designed to have multiple donors such as phenolic
oxygen, pyridine nitrogen, and aliphatic nitrogen to chelate
different kinds of metal ions. The resurgence of interest in
radionuclide theranostics necessitates a more convenient
bifunctional chelator to accommodate various metals. In the

present study, we reported a new structure by introducing
additional four carboxyl groups into the basic structure of a
macrocyclic compound to form a new bifunctional chelating
agent, named Dar, (2,2,2",2""-(5%,13%dihydroxy-5°,13%-di-
methyl-3,7,11,15-tetraaza-1,9(2,6)-dipyridina-5,13(1,3)-
dibenzenacyclohexadecaphane-3,7,11,15-tetrayl) tetraacetic
acid). This new class of bifunctional macrocyclic chelator is
designed to be used to coordinate with a variety of radioac-
tive metal ions through four kinds of coordination donors:
phenolic oxygen, carboxyl oxygen, pyridine nitrogen, and
aliphatic nitrogen. The newly introduced four carboxyl
groups also provide coupling sites for targeting molecules.
With PSMA-617 as a tool compound of small molecule/
peptide and a nanobody as a tool biologic protein [30, 31],
the Dar was conjugated and used to mediate the radiolabe-
ling with %Ga, Zr, or '"Lu. The radiochemistry and the
properties of the resultant products were tested both in vitro
and in vivo on mouse models with relevant xenografts.

Materials and methods
Materials and instruments

Radionuclide ®®Ga was obtained from ®3Ge-%®Ga generator
(Cyclotron Co., Ltd., Russia). 897 was obtained from an
onsite accelerator (HM-20, Sumitomo Heavy Industries,
Ltd., Japan). !”’Lu was purchased from Isotopen Technolo-
gien Miinchen AG (Germany).

Mice-bearing LNCaP xenografts were obtained from
Biocytogen (Beijing, China). LNCaP cell line was pur-
chased from ATCC. SD rats and C57BL/6 N mice were
obtained from Charles River Laboratories (Zhejiang, China).
MC38&MC38-hPD-L1 tumor-bearing mice were con-
structed from C57BL/6 N mice and provided by Mitro Bio-
technology Co., Ltd. (Nanjing, China). All animal studies
were performed in accordance with the protocols provided
in the Guide for the Care and Use of Medical Laboratory
Animals (Ministry of Health, China).

Micro-PET (SNPC-103, Pingseng Healthcare Inc., Kun-
shan, China) and micro-SPECT (NanoScan, Mediso Medi-
cal Imaging Systems, Budapest, Hungary) experiments were
performed using pre-clinical imaging scanners for small-
animal imaging. A y-counter (GC-1200) was purchased from
Anhui UstcZonkia Scientific Instruments Co., Ltd. X-ray dif-
fraction analysis was performed on a Rigaku Synergy X-ray
diffractometer (CuK, 41=1.54184 A radiation).

Preparation and characterization of Dar

The Dar molecule was synthesized by coupling of compound
A [28] with benzyl bromoacetate followed by hydrolysis, as
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shown in Fig. 1 and Supplementary Information. The chemi-
cal structure of Dar was confirmed and characterized by 'H
and 1>C NMR spectroscopy and LC-MS analysis (Supple-
mentary Information).

Preparation and crystal structure analysis of Ga-Dar
and Lu-Dar complexes

The complexes of Dar with gallium and lutetium were pre-
pared, recrystallized, and analyzed by X-ray diffraction, as
described in the Supplementary Information.

Synthesis of Dar-PSMA-617 and Dar-KN035

The structures and synthetic routes of Dar-PSMA-617 and
Dar-KNO035 are shown in Fig. 1. The detailed preparation
and characterization of these two precursors for labeling of
radiometals are provided in the Supplementary Information.

Radiolabeling with %Ga, *Zr, and '’Lu

Dar-PSMA-617 (0.010 mg) was mixed with [**Ga]GaCl,
or ['7"Lu]LuCl, solution (370 MBq) in acetate buffer (pH
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4.5) and incubated for 10 min at room temperature, respec-
tively. Dar-PSMA-617 (0.10 mg) was incubated with [*Zr]
ZrCl, (370 MBq) in sodium oxalate buffer solution (pH
7.0) and incubated for 2 h at room temperature. Subse-
quently, the reaction solution was purified by C18 cartridge
to obtain the radiolabeled products. All radiolabeled pep-
tides were analyzed with radio-HPLC. The in vitro stability
of ®Ga/*Zr/'""Lu-Dar-PSMA-617 was tested with PBS
(pH 7.0) and BSA (pH 7.0) at 37 °C. The compounds were
analyzed by radio-TLC (AR-2000, Bioscan) at different
time points ([**Ga]Ga-Dar-PSMA-617 at 1, 3, 5, and 6 h,
[¥Zr]Zr-Dar-PSMA-617 at 1, 3, 5, 7, and 9 days, [!""Lu]
Lu-Dar-PSMA-617 at 1, 3, 6, 9, and 10 days). The parti-
tion coefficients of [!7"Lu]Lu-Dar-PSMA-617 and ['"'Lu]
Lu-DOTA-PSMA-617 were determined in a 50%:50%
(v/v) mixture of n-octanol and 25 mM phosphate buffer
(pH=17.4).

To prepare [¥Zr]Zr-Dar-KN035, 37 MBq ¥Zr oxalate
stock solution was added to Dar-KNO035 solution (10 mg).
The mixture was adjusted to pH 7.0 with 0.1 M Na,CO,
solution, and reacted at room temperature for 2 h. The crude
product was purified with saline through PD-10 column, and
the [¥Zr]Zr-Dar-KN035 solution was obtained.
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Fig. 1 Synthetic and radiolabeling scheme of Dar-PSMA-617 and Dar-KN035

@ Springer



European Journal of Nuclear Medicine and Molecular Imaging (2022) 49:2618-2633 2621

Micro-PET imaging studies

Micro-PET experiments of radiolabeled Dar-PSMA-617 were
conducted using mice-bearing LNCaP xenografts, which were
administered intravenously with approximately 3.7 MBq of
tracer through the tail vein. MC38&MC38-hPD-L1 bilateral
colon cancer model mice were used for micro-PET imaging
of radiolabeled Dar-KNO35. The mice were positioned in the
scanner after anesthetizing with isoflurane and performed
whole-body scan at different time points after intravenous
injection with tracers, respectively. The scan time points of
[**Ga]Ga-Dar-PSMA-617 were 5, 15, 25 min, 2, 3,4, and 6 h.
The scan time points of [XQZr]Zr-Dar-PSMA-617 were 5, 15,
25, 35,45 min, 1, 4, 24, 48, 72, 96, 168, and 216 h and that
of [*¥Zr]Zr-Dar-KN035 were 4, 24, 72, and 168 h. The time
point of the control group corresponds to the experimental
group. The mice were scanned for 10—30 min at 350-650 keV
of photopeak window. At each time point, CT scans were
conducted before/after PET scans. The images were recon-
structed and decay-corrected using the PMOD software.
The region of interest (ROI) was manually drawn over major
organs and tumor. For quantification of radiotracer accumu-
lation in lesions, the target mean-to-background mean ratios
were calculated. The results are shown as the percentage of
the injected dose per gram (%ID/g). Data are presented as the
average + standard deviation (SD).

Ex vivo biodistribution

LNCaP tumor-bearing mice were injected via the tail vein
with 3.7 MBq of [*Zr]Zr-DFO-PSMA-617 and [*Zr]Zr-
Dar-PSMA-617 (n=3), and then sacrificed by cervical
dislocation at 96-h post injection. LNCaP tumor-bearing
mice were injected via the tail vein with 37 MBq of [!"7Lu]
Lu-DOTA-PSMA-617 and ['"’Lu]Lu-Dar-PSMA-617
(n=3), and then sacrificed by cervical dislocation at 72-h
post injection. MC38&MC38-hPD-L1 tumor-bearing mice
were injected via the tail vein with 3.7 MBq of [**Zr]Zr-
DFO-KNO035 and [¥Zr]Zr-Dar-KN035 (n=3), and then
sacrificed by cervical dislocation at 168-h post injection.
Blood was withdrawn from the heart for approximately
0.2-0.5 mL, and the selected organs/tissues of the heart,
liver, spleen, lungs, kidneys, pancreas, stomach, small intes-
tine, large intestine, muscle, brain, tibia, arthrosis, and tumor
were collected. The collected organs/tissues were weighted
and counted using an automated gamma counter (GC-1200,
Anhui Ustc Zonkia Scientific Instruments Co., Ltd).

Pharmacokinetics
A total of 2.96 MBq of [¥Zr]Zr-Dar and [3°Zr]Zr-Dar-

PSMA-617 was injected intravenously into male SD rats (n=12)
respectively, and 100-200 pL of jugular bulb blood was drawn

at1,2,3,4,5,6,8, 12,24, 48,72, 96, 120, 144, and 168 h after
intravenous injection. At each time point, 6 males were collected
from each group, and 12 animals were cross-collected. Radioac-
tivity for collected blood samples was counted for 30 s by using
the y-counter. The values are expressed as %ID/g.

Cell uptake, internalization, and efflux studies

For cell uptake and internalization studies, 10® LNCaP cells
were seeded in poly (L-lysine)-coated 24-well cell culture
plates at 37 °C in an environment of humidified air contain-
ing 5% CO, for 24 h. The medium was removed and 250 pL
of radiolabeled ['""Lu]Lu-Dar-PSMA-617 was replaced for
45 min. One plate was incubated at 37 °C and the second one at
4 °C to inhibit the internalization. The specificity of the ligands
was proofed by adding 500 pM of 2-(phosphonomethyl)-pen-
tanedioic acid (2-PMPA, Axxora, Loerrach, Germany). After
incubation, the cells were washed three times with 1 mL ice
cold PBS. To determine the surface-bound activity, cells were
incubated twice with 0.5 mL of glycine—HCl in PBS (50 mM,
pH 2.8) each for 5 min at room temperature.

Micro-SPECT imaging studies

['""Lu]Lu-Dar-PSMA-617 and ['7"Lu]Lu-DOTA-PSMA-617
SPECT scans were performed at 2, 24, 72, and 120 h after i.v.
injection (37 MBq per mouse) on LNCaP tumor-bearing mice.
At each time point, the mice were positioned in the scanner after
anesthetizing with isoflurane and scanned for 10-30 min. CT
scans were conducted before/after SPECT scans. The images
were reconstructed and decay-corrected using the PMOD soft-
ware. The tracer uptake quantified as percentage injected dose per
gram (%ID/g) in major organs/tissues and tumor was determined
by regions of interest (ROI) analyses on the images.

Efficacy studies

LNCaP tumor-bearing mice were used for efficacy evalu-
ation of ['"’Lu]Lu-Dar-PSMA-617 vs. ['""Lu]Lu-DOTA-
PSMA-617. The mice were divided into 6 groups (7-10
mice for each group): saline group, 9.25 MBq ['7’Lu]Lu-
Dar-PSMA-617, 18.5 MBq [!"'Lu]Lu-Dar-PSMA-617,
37 MBq ['""Lu]Lu-Dar-PSMA-617, 18.5 MBq [!""Lu]
Lu-DOTA-PSMA-617, and 37 MBq [!"’Lu]Lu-DOTA-
PSMA-617 groups. Body weights and tumor volumes were
measured every day.

Statistical analysis
Quantitative data are expressed as mean + standard deviation
(SD). Mean between different groups were compared using

Student’s #-test, and P < 0.05 indicates statistical significance
(*P<0.05, **P<0.01, and ***P<0.001).
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Results
Chemistry and radiochemistry

The bifunctional chelator Dar was synthesized and char-
acterized by '"H NMR, '3C NMR, and LC-MS (Supple-
mentary Figs. 1-3). The Dar-PSMA-617 was obtained as
a white solid with HPLC purity >95% and characterized
by 'H NMR and LC-MS (Supplementary Figs. 4-5). The
Dar-KNO035 was obtained as a solution of 1.438 mg/mL

in NaOAc buffer (0.1 M, pH 6.5). Dar-PSMA-617 was
successfully radiolabeled with %8Ga, 89Zr, and '""Lu at
room temperature in high radiochemical purity (> 97%)
as determined by radio-HPLC and radio-TLC. [%8Ga]
Ga-Dar-PSMA-617 was determined by HPLC and its
structure was confirmed by LC-MS of [N%Ga]Ga-Dar-
PSMA-617 (Supplementary Figs. 6-9). The radiometal-
labeled complexes are stable in normal buffers and serum
(Fig. 2). The radiochemical purity of [**Zr]Zr-Dar-KN035
was 96%.

Fig.2 Radio-TLC chro-
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The Log P values of ['"’Lu]Lu-Dar-PSMA-617
and ['7"Lu]Lu-DOTA-PSMA-617 were —2.42 +0.04
and —3.12+0.16, respectively.

Crystal structure analysis

The crystal structure of Ga-Dar complex reveals the coor-
dination mode of a pair of Ga** cations in the 24-mem-
bered macrocyclic chelator Dar (as shown in Fig. 3a). The
two gallium atoms are located within two cavities of the
large macrocyclic ring as a single Ga-Dar complex, which
demonstrates a symmetrical structure. Each gallium atom
is six-coordinated to one phenolic hydroxyl oxygen, one

Fig.3 Crystal structure of
metal Dar complex. a Ga-Dar.
b Lu-Dar

pyridine nitrogen, two aliphatic nitrogen, and two car-
boxyl oxygen. Crystal data are given in Supplementary
Tables 2-3. The coordination distance of Ga-O is in a
range of 1.856-1.986 A, in which the shortest distance is
Ga-phenolic oxygen and the longest is Ga-carboxyl oxy-
gen. The coordination distance of Ga-N is in a range of
2.008-2.104 A, in which the pyridine nitrogen atom is
closer to the metal ion Ga** than the aliphatic nitrogen
atom.

The crystal structure of Lu-Dar complex reveals the coor-
dination mode of a Lu** cation in the 24-membered macro-
cyclic chelator Dar (as shown in Fig. 3b). A lutetium atom is
coordinated to two phenolic hydroxyl oxygen, one pyridine
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nitrogen, two aliphatic nitrogen, and three carboxyl oxygen,
forming an eight-coordinated crystal structure. Crystal data
are given in Supplementary Tables 4—-5. The coordination
distance of Lu-O is in a range of 2.139-2.453 A and that of
Lu-N is in a range of 2.462-2.539 A.

Micro-PET imaging and pharmacokinetics studies
of Dar-PSMA-617

[**Ga]Ga-NOTA-PSMA-617, [*Ga]Ga-DOTA-PSMA-617,
and [®®Ga]Ga-Dar-PSMA-617 PET images demon-
strated favorable tumor uptake and differentiate uptakes in

other organs in vivo (as shown in Fig. 4a-b). The tumor
uptake of [®Ga]Ga-NOTA-PSMA-617, [®Ga]Ga-DOTA-
PSMA-617, and [*®*Ga]Ga-Dar-PSMA-617 peaked with
values of 8.48 +0.61%ID/g at 2 h p.i., 3.15+ 1.22%ID/g at
25 min p.i., and 7.77 +£1.15%ID/g at 4 h p.i., respectively.
The tumor uptakes of [®8Ga]Ga-Dar-PSMA-617 from 2 to
6 h p.i. were almost twice than that of [%3Ga]Ga-DOTA-
PSMA-617, showing that [**Ga]Ga-Dar-PSMA-617 has a
higher detection ability on tumor diagnosis imaging than that
of [*®*Ga]Ga-DOTA-PSMA-617, especially at later time points
(Fig. 4c). The kidney uptakes were higher as shown on [*3Ga]
Ga-Dar-PSMA-617 images than that on [**Ga]Ga-DOTA-
PSMA-617 PET images. The kidney uptake of [*®Ga]
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Fig.4 Micro-PET imaging studies of [*®Ga]Ga-NOTA-PSMA-617,
[**Ga]Ga-DOTA-PSMA-617, and [*Ga]Ga-Dar-PSMA-617 in
LNCaP tumor-bearing nude mice. a and b Representative small-ani-
mal PET/CT fusion images and in vivo biodistribution of three trac-
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«Fig.5 Micro-PET imaging and pharmacokinetics studies of [¥Zr]
Zr-Dar-PSMA-617. a Representative small-animal PET/CT fusion
images of [¥Zr]Zr-DFO-PSMA-617 and [%Zr]Zr-Dar-PSMA-617
in LNCaP tumor-bearing nude mice. b Time-dependent uptake and
retention of radioactivity in the main source organs after injection of
[¥Z1]1Zr-DFO-PSMA-617 and [*Zr]Zr-Dar-PSMA-617 from 1 to 216
h in LNCaP tumor-bearing nude mice. ¢ and d Time-activity curves
of tumor and kidney uptake from 5 to 60 min in LNCaP tumor-bear-
ing nude mice. e Time-activity curves of heart uptake from 5 min
to 216 h in LNCaP tumor-bearing nude mice. Data are presented as
%ID/g+SD (n=4-6). f Blood clearance of [*Zr]Zr-Dar and [*Zr]
Zr-Dar-PSMA-617 after a single intravenous administration in male
SD rats (n=12). *P<0.05 and **P <0.01

Ga-Dar-PSMA-617 (24.10 £ 8.56%1D/g) was equivalent to
that of [**Ga]Ga-NOTA-PSMA-617 (24.36 + 13.64%ID/g)
at 25 min p.i., but [**Ga]Ga-NOTA-PSMA-617 showed fast
clearance in kidneys (Fig. 4e). There is little difference in the
heart uptake of these three tracers (Fig. 4d).

PET images of [¥°Zr]Zr-DFO-PSMA-617 and [%°Zr]Zr-
Dar-PSMA-617 are depicted in Fig. 5a. The tumor uptakes
of [¥Zr]Zr-DFO-PSMA-617 and [¥Zr]Zr-Dar-PSMA-617
both peaked at 1 h p.i., which were 9.29 + 1.26%ID/g and
6.68 + 1.82%ID/g, respectively (Fig. 5b and Fig. 5c). The
tumor retention of [3°Zr]Zr-Dar-PSMA-617 from 4 to
216 h p.i. was from 6.58 +£2.20 to 2.01 +0.46%ID/g, and
that of [**Zr]Zr-DFO-PSMA-617 was from 8.90 + 1.39
to 4.21 £0.79%ID/g (Fig. 5b). The kidney uptake of
[39Zr]Zr-Dar-PSMA-617 was 13.94 + 1.78%ID/g at
1 h p.i., which is half of [*Zr]Zr-DFO-PSMA-617
(38.99 + 5.70%ID/g). The blood half-life of [3°Zr]Zr-
Dar-PSMA-617 was 1.27 h calculated by Fig. 5e. [¥Zr]
Zr-Dar-PSMA-617 displayed rapid blood clearance over
the 6-day time course, with 1.04 +£0.08%ID/g at 0.5 h
and 0.09 +0.02%ID/g at 12 h p.i.. The blood half-lives
of [¥Zr]Zr-Dar and [*Zr]Zr-Dar-PSMA-617 were 0.21
and 4.57 h, respectively (Fig. 5f).

Cell uptake, internalization, and efflux studies

['""Lu]Lu-Dar-PSMA-617 showed much higher cell uptakes
than that of ['""Lu]Lu-DOTA-PSMA-617 at 4 and 24 h of
incubation. The high uptake in the LNCaP cells was nearly
completely blocked by 2-PMPA for both radiolabeled pep-
tides (Fig. 6a). Internalization studies of both radiolabeled
peptides were followed of incubation at 4 h and 24 h. Within
the first 4 h of incubation, ['”’Lu]Lu-DOTA-PSMA-617
internalized a little faster than ['""Lu]Lu-Dar-PSMA-617,
while ['""Lu]Lu-Dar-PSMA-617 showed increased internali-
zation at 24 h and later (Fig. 6b). Furthermore, the efflux
rates of ['7’Lu]Lu-DOTA-PSMA-617 were similar to that
of ['""Lu]Lu-DOTA-PSMA-617 (Fig. 6¢).

@ Springer

Antitumor efficacy in vivo

To assess the therapeutic efficacy of [!”’Lu]Lu-Dar-
PSMA-617, different dosimetry was administered to rand-
omized mice model. In vivo biodistribution experiments on
LNCaP tumor-bearing mice were also performed along with
the efficacy study. As shown in Fig. 7a, the SPECT imaging
of ['""Lu]Lu-Dar-PSMA-617 exhibited more favorable tumor
accumulation than that of ['"’Lu]Lu-DOTA-PSMA-617. The
tumor uptake of [""Lu]Lu-Dar-PSMA-617 increased over
time and exceeded 5%ID/g at each time point, while that
of ['""Lu]Lu-DOTA-PSMA-617 only reached the peak of
3.56+0.90%ID/g at 24 h p.i. (Fig. 7b). Interestingly, even
the low-dose [!”’Lu]Lu-Dar-PSMA-617 treatment group
(9.25 MBq) showed slower tumor growth than that of both
middle-dose and high-dose [!"’Lu]Lu-DOTA-PSMA-617
treatment groups (18.5 MBq and 37 MBq) (Fig. 7c), indicat-
ing that the efficacy of ['""Lu]Lu-Dar-PSMA-617 at the low
dose was remarkable. With the same middle dose (18.5 MBq),
the tumor volumes of ['7"Lu]Lu-Dar-PSMA-617 treatment
group were less than 120 mm? from day 12 all the way to
the end of study, which were well below that of the ['7"Lu]
Lu-DOTA-PSMA-617 treatment group which is over 500
mm?®. Furthermore, there was no significant difference in
body weight among the treatment groups except the high-
dose ['""Lu]Lu-Dar-PSMA-617 (37 MBq) (Supplementary
Fig. 10). However, the survival period of the high-dose ['""Lu]
Lu-Dar-PSMA-617 group (37 MBq) was significantly shorter,
indicating that there were unknown side effects at the high
dose of ['""Lu]Lu-Dar-PSMA-617 treatment. The area under
curve (AUC) of tumor uptakes of ['7"Lu]Lu-Dar-PSMA-617
and ['""Lu]Lu-DOTA-PSMA-617 is calculated and depicted
in Fig. 7d, which is 645.5 and 330.2%ID/g-h, respectively.
Collectively, ['"Lu]Lu-Dar-PSMA-617 provided better phar-
macokinetics than that of ['"’Lu]Lu-DOTA-PSMA-617 in
xenograft models and might be clinically applied for cancer
therapy at low-dose level.

Micro-PET imaging studies of Dar-KN035

Micro-PET imaging scans of MC38&MC38-hPD-L1 tumor-
bearing mice were performed after i.v. administration of
[¥Zr]Zr-DFO-KNO035 (Fig. 8a) and [*°Zr]Zr-Dar-KN035
(Fig. 8¢). [*Zr]Zr-Dar-KN035 was mainly distributed in the
liver and kidneys, followed by the heart, spleen, MC38-hPD-
L1 tumor, lungs, MC38 tumor, bone, joint, and intestine,
with low distribution in the muscle, tibia, and brain. The
liver uptake of [39Zr]Zr-Dar-KN035 was half of that of [*°Zr]
Zr-DFO-KNO35 and declined progressively. The liver uptake
of [¥Zr]Zr-DFO-KNO035 was over 20%ID/g during the
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observed period (Fig. 8b), while that of [**Zr]Zr-Dar-KN035
declined from 12.57 +1.07 to 7.42+0.78%ID/g (Fig. 8d).
[3Zr]Zr-Dar-KN035 uptake in the tumor of MC38-hPD-L1
model was higher than that in MC38 model at each time
point. The uptake of MC38-hPD-L1 tumor reached the peak
at24 h p.i. (5.82+1.21%ID/g), and MC38 tumor uptake also
peaked at 24 h p.i. (4.21 £ 0.48%ID/g) (Fig. 8d).

Ex vivo biodistribution studies

The ratios of kidneys-to-blood, liver-to-blood, tibia-to-
blood, tumor-to-blood, tumor-to-muscle, and tumor-to-kid-
neys were calculated. The ex vivo biodistribution data of
[39Zr]Zr-Dar-PSMA-617 showed that the tumor uptake was
the highest tissue except the kidneys. The calculation showed
that the tumor-to-blood ratio of [¥Zr]Zr-Dar-PSMA-617
was 7.84 +0.39 and tumor-to-muscle ratio of [**Zr]Zr-Dar-
PSMA-617 was 68.48 +21.24 at 96 h p.i. The tumor-to-
blood ratio of [*Zr]Zr-DFO-PSMA-617 was 28.90 + 13.16
and the tumor-to-muscle ratio of [¥Zr]Zr-DFO-PSMA-617
was 14.03+0.01 at 96 h p.i..

The ex vivo biodistribution data of ['7’Lu]Lu-DOTA-
PSMA-617 and ['7’Lu]Lu-Dar-PSMA-617 in LNCaP tumor-
bearing nude mice at 72 h p.i. showed that the tumor uptakes
were 3.85+ 1.06%ID/g and 4.00 +4.52%1D/g, respectively.
Since the uptake value of muscle and blood is close to the
background, the deviation of tumor-to-muscle ratio and
tumor-to-blood ratio is too large for reference only.

The ex vivo biodistribution data of [3°Zr]Zr-DFO-
KNO35 and [*Zr]Zr-Dar-KN035 in MC38&MC38-hPD-
L1 tumor-bearing nude mice at 168 h p.i. were obtained.
[%Zr]Zr-DFO-KNO35 uptake in the tumor of MC38-hPD-L1
model was 3.13 +£0.35%ID/g and that of MC38 model was
2.45+0.03%ID/g. [¥Zr]Zr-Dar-KN035 uptake in the tumor
of MC38-hPD-L1 model was 3.99 +0.62%ID/g and that of
MC38 model was 3.48 +0.60%ID/g. The ex vivo biodis-
tribution data are consistent with the in vivo ROI analysis.

Discussion

To our knowledge, there is lack of bifunctional chelator that
can radiolabel with multiple types of radionuclides at ambi-
ent temperature. Here, we tried to construct a novel chelator
to achieve the purpose for using the same precursor labe-
ling multiple radionuclides without heating process. In this
study, the capability of designed Dar to coordinate ®3Ga,
897r, and '""Lu was achieved in high radiolabeling yield at
room temperature. From a coordination point of view, Dar
contains phenolic oxygen, carboxyl oxygen, pyridine nitro-
gen, and aliphatic nitrogen which are able to act as donor
atoms in metal complexes. Two phenolic oxygen atoms
and two pyridyl nitrogen atoms orient toward the center

of the macrocycle. The four amino nitrogen atoms cova-
lently linked to four carboxyl oxygen lie on each corner of
a square plane around the center of Dar coordinating to the
positive charged metal ion. The selection of the appropri-
ate both “hard and soft” combination of donor atoms with
a relatively proper charge density and the geometry of the
chelator itself impart complexes with more flexibility for
different kinds of metal ions, mainly contributing to thermo-
dynamic stability. In addition, the macrocyclic nature of Dar
with high geometric and topological rigidity makes metal
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LNCaP tumor cells. Data are presented as mean + SD, ***P <(.001
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complexes kinetically inert in vivo. The unique property of
Dar explains the mechanism of coordination between Dar
and radionuclide with high stability, which is confirmed by
in vitro stability study (Fig. 2) and the low uptake of tibia
in vivo (Fig. 4, Fig. 5, and Fig. 7). The designed structure of
Dar with enriched donors and flexible size can be expanded
or twisted to allow more kinds of radiometal ions coordinat-
ing into the cavities inside Dar, including divalent, trivalent,
and tetravalent radionuclides [28, 29, 32]. Therefore, Dar
is proven capable on radiolabeling a variety of diagnostic
and therapeutic radionuclides for precision theranostics of
cancer.

PSMA-617 was chosen as a tool compound of small
molecule targeting carrier for its well-validated in vitro and
in vivo tumor targeting properties. Three most representa-
tive nuclides, 8Ga®*, 87r**, and '""Lu’*, were selected to
radiolabel Dar-PSMA-617. Radiolabeled [*® Ga]Ga-Dar-
PSMA-617 was used for PET diagnosis, [89Zr]Zr-Dar-
PSMA-617 was used for prolonged biodistribution study,
and ['"Lu]Lu-Dar-PSMA-617 was used for tumor treatment

Fig.7 Micro-SPECT imaging a
studies and therapeutic efficacy
of ['"Lu]Lu-DOTA-PSMA-617
and ['""Lu]Lu-Dar-PSMA-617
in LNCaP tumor-bearing

mice. a and b Representative
small-animal SPECT/CT fusion
images and in vivo biodistri-
bution of ['7’Lu]Lu-DOTA-
PSMA-617 (37 MBq) and
["""Lu]Lu-Dar-PSMA-617

(37 MBq) (n=4). ¢ Mean vol-

["’LulLu-DOTA-PSMA-617

efficacy evaluation. These three preclinical experiments pro-
vided a preliminary basis for later clinical exploration using
the high quantitative PET imaging for prolonged monitoring,
and optimizing therapeutic dosimetry in cancer patients.

It can be seen from Fig. 4c that the tumor uptake of
[8Ga]Ga-Dar-PSMA-617 peaked at 4 h p.i. with a value
of 7.77 £1.15%ID/g. As a comparison, the tumor uptake of
[%8Ga]Ga-NOTA-PSMA-617 peaked at 2 h p.i. with a value
of 8.48+0.61%ID/g and that of [**Ga]Ga-DOTA-PSMA-617
peaked at 25 min p.i. with a value of 3.15 +1.22%ID/g. All
three compounds showed good tumor uptake and retention
ability in the period of 2—6 h p.i. Taken together, [**Ga]Ga-
Dar-PSMA-617 tumor uptake capacity is between [**Gal]
Ga-NOTA-PSMA-617 and [*®*Ga]Ga-DOTA-PSMA-617,
which means that different chelators can partially modulate
the tumor uptake property and organs/tissue retention of
the target molecule. With these results, we find that NOTA
is still the best-fit chelator for ®*Ga** nuclide with a small
radius (ion radius 62 pm) [9, 33]. Dar is a universal chela-
tor with large cavity and multiple coordinating donors for
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Fig.8 Micro-PET imaging studies of [¥Zr]Zr-Dar-KN035 and [*°Zr]
Zr-DFO-KNO035 in MC38&MC38-hPD-L1 tumor-bearing nude mice
(arrows on the left side, positions of MC38 tumors; arrows on the
right side, positions of MC38-hPD-L1 tumors). a and ¢ Representa-

radiometals of large radius, but it is not a good option for
8Ga’* labeling.

On the other hand, [¥*Zr]Zr-Dar-PSMA-617 achieved
equivalent tumor uptake against that of [3°Zr]Zr-DFO-
PSMA-617 as shown in Fig. 5, both peaked around 1 h p.i.
and gradually declined over time, where the almost iden-
tical uptake values were observed between 24 and 216 h
p.i. (3-5%ID/g). Meanwhile, the kidney uptake of [*°Zr]
Zr-Dar-PSMA-617 showed a lower early phase uptake than
that of [*°Zr]Zr-DFO-PSMA-617 within 24 h p.i.. The tibia
uptakes of both tracers were low enough to indicate their
good stability in vivo. The ex vivo biodistribution data of the
two ¥7Zr-labeled compounds (Table 1) are consistent with
the in vivo ROI analysis. The results of in vivo and ex vivo
experiments demonstrated that the Dar is a qualified alter-
native to DFO for radiolabeling with ¥Zr nuclide. This will
waiver an additional chelator conjugation when researchers

b
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tive small-animal PET images. b and d Time-dependent uptake and
retention of radioactivity in the main source organs. Data are pre-
sented as %ID/g+SD (n=4). *P <0.05

intend to use 3°Zr to have a prolonged observation with more
sensitive and quantitative PET imaging study for conjugated
biomolecule, or even small molecules such as PSMA-617.
Probably most advantage of the Dar demonstrated here
is that when the chelator is used for labeling TTLu3+, the
therapeutic lanthanide radionuclide with large ion radius
(84.8 pm), the complex ['"’Lu]Lu-Dar-PSMA-617 can
be formed at room temperature. The in vitro uptake study
demonstrated a higher tumor cell-associated proportion
for ['"Lu]Lu-Dar-PSMA-617 (Fig. 6) but similar inter-
nalization and efflux rate, compared to the data from using
['""Lu]Lu-DOTA-PSMA-617 as control. The superior tumor
uptake/retention for ['"Lu]Lu-Dar-PSMA-617 was extended
to in vivo in mice-bearing LNCaP xenografts (Fig. 7a, 7b,
and 7d). This superior tumor uptake/exposure led to a more
efficacious inhibition on tumor growth (Fig. 7c). It has not
escaped our notice that using Dar as chelator also resulted in
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an elevated persistent radioactivity retention in the kidneys,
liver, and other organs. The high tumor cell uptake both
in vitro and in vivo may be attributed to the superior stability
of Dar-mediated '""Lu labeling, i.e., that more intact 177 u-
labeled targeting molecule available for re-uptake, which
also resulted in a more efficacious tumor growth inhibition.

Dar introduces bisphenol hydroxyl and bipyridine moie-
ties to improve the lipophilicity of [!”’Lu]Lu-Dar-PSMA-617,
resulting in prolonging blood circulation time and improving
tumor uptake and retention [34, 35]. This result is similar to the
mechanism of ['"’Lu]Lu-EB-PSMA-617 and ['""Lu]Lu-L14
[23, 36]. Sequentially, the kidney uptake of ['”’Lu]Lu-Dar-
PSMA-617 increased due to the introducing aromatic moieties
in the chelator. The same result was observed on ['7"Lu]Lu-
EB-PSMA-617 that had a high radiation dose in the kidneys
[36, 37]. However, the latest research shows that even in the
treatment of mCRPC patients with chronic renal failure or
renal dysfunction, no negative effects on renal function caused
by PSMA-RLT were observed [38]. In our efficacy study, the
body weight of testing mice had not been changed significantly
for ['""Lu]Lu-Dar-PSMA-617 treatment, indicating a control-
lable renal toxicity in mouse tumor model.

The success of Dar’s ability radiolabeling metals at room
temperature was also extended to radiolabel the temperature-
sensitive biologics. The results in which we used a nanobody
as a tool biologic molecule are convincing for using Dar as a
universal chelator for radiolabeling both small molecule/pep-
tide and large biologic molecule that may not tolerate heating
process required by commonly used cyclic chelators such as
DOTA and NOTA. Dar was also designed to have potential
as a universal bifunctional chelator for radiolabeling various
radiometals (at least ®Ga, ""Lu, and ¥Zr tested) commonly
used for clinical imaging and therapy, especially for labeling
radiometals with large radius, such as 3°Zr** (80 pm) and
7TLu* (84.8 pm).

The last but not the least, there still are several imperfect
aspects of this novel chelator needing to be investigated for
future improvement. Those include the potential tendency
of having two small metal nuclides into the same chelator
cavity and the possible high uptake/retention in normal
organs/tissue, especially in the kidneys. Based on current
experiment results, NOTA for ®*Ga** and DOTA for !""Lu’**
are still the golden-standard chelators for peptide receptor
radionuclide therapy (PRRT).

Table 1 biodistribution data in the unit of %ID/g +SD
Organs and tissues [¥Zr] [3°Zr|Zr-Dar- ['"Lu] ['""Lu]Lu-Dar- [%°Zr]Zr-DFO- [¥Zr]Zr-Dar-KN035

Zr-DFO- PSMA-617 Lu-DOTA- PSMA-617 KNO035

PSMA-617 PSMA-617

96 h 96 h 72h 72h 168 h 168 h
Kidneys 6.63+1.93  7.59+1.50 0.29+0.11 8.37+2.67 12.25+10.35 25.62+8.31
Spleen 0.01+0.01  1.00+0.12 0.05+0.01 1.62+0.41 4.25+1.04 3.66+0.40
Tibia 1224051  0.85+0.38 0.03+0.01 0.49+0.12 2.58+0.96 4.86+0.52
Liver 0.19+0.02  0.68+0.07 0.03+0.01 1.67+0.11 19.8+2.07 791+1.11
Arthrosis 1.49+0.67  0.58+0.06 0.03+0.01 0.65+0.12 2.99+1.11 5.58+1.63
Heart 0.01+0.01  0.39+0.21 0.02+0.01 0.18+0.06 3.56+0.67 1.92+0.34
Lungs 0.36+0.05  0.21+0.06 0.02+0.01 0.30+£0.04 2.50+0.04 2.47+0.48
Pancreas 0.01+0.01  0.20+0.05 0.01+0.01 0.10+0.03 3.40+0.80 2.14+0.81
Stomach 0.01+0.01  0.16+0.03 0.01+0.01 0.16+0.04 1.12+0.56 1.21+0.23
Large intestine 0.10+0.01  0.13+0.05 0.01+0.01 0.15+0.02 1.03+0.03 0.74+0.05
Brain 0.01+0.01  0.10+0.06 0.01+0.01 0.02+0.01 0.23+0.05 0.20+0.05
Small intestine 0.07+0.04  0.07+0.01 0.01+0.01 0.10+0.02 0.84+0.14 0.60+0.09
Blood 0.27+0.08 0.77+0.14 0.01+0.01 0.04+0.01 2.21+0.14 2.36+0.18
Muscle 0.46+0.05  0.10+0.01 0.01+0.01 0.04+0.01 0.65+0.22 0.69+0.26
Tumor (Left) / / / / 2.45+0.03 3.48+0.60
Tumor (Right) 8.77+2.58  6.10+1.34 3.85+1.06 4.00+4.52 3.13+0.35 3.99+0.62
Kidneys/Blood 2473+1599 9.85+1.53 3434227 226.18 +45.35 5.45+4.49 10.12+4.32
Liver/Blood 0.76+0.22  0.88+0.09 2.89+1.33 47.23+13.24 8.98+0.83 3.10+0.52
Tibia/Blood 492+4.02  1.06+0.30 2.87+1.48 14.32+7.51 1.16+0.36 2.09+0.12
Tumor/Blood 28.90+13.16 7.84+0.39 433.23+260.77 93.62+83.18 1.43+0.23 1.66+0.23
Tumor/Muscle 14.03+0.01 68.48+21.24 385.17+105.57 108.2+120.21 5.14+1.57 571+2.11
Tumor/Kidneys ~ 1.34+0.25  0.81+0.11 13.66+2.37 0.40+0.35 1.65+2.57 0.19+0.08
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Conclusion

A novel macrocyclic ligand Dar and its Dar-PSMA-617 con-
jugate were successfully synthesized and fully character-
ized by NMR spectra and crystallography. The in vitro and
in vivo data demonstrated that Dar has potential to consti-
tute a useful platform in radiopharmaceutical research and
application on radiometal-labeling targeted molecules under
physiological condition for theranostics of cancer.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00259-022-05750-8.
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