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ABSTRACT

Objective(s): Prostate-specific membrane antigen (PSMA) is a valuable target for prostate cancer
imaging and therapy. This study aimed to improve the rapid blood clearance and suboptimal tumor
uptake and retention of radiolabeled PSMA by developing a hyperbranched polyglycerol (HPG)-
based PSMA conjugate.

Materials and Methods: HPG was synthesized via a one-step ring-opening multibranching
polymerization (ROMBP) technique and sequentially functionalized with a PSMA-targeting ligand
and a tris (hydroxypyridinone) (THP) chelator. The final construct was radiolabeled with gallium-68
or technetium-99m. Physicochemical properties, including lipophilicity (log P) and in vitro stability,
were evaluated. In vivo biodistribution and imaging were assessed in LNCaP tumor-bearing nude
mice using PET/SPECT/CT.

Results: The THP-HPGs-PSMA derivative (170 kDa, 5-6 PSMA ligands, and 7-8 THP chelators per
polymer molecule) achieved radiochemical purity >99%. [*®®Ga]Ga THP HPG PSMA had high
stability (>95% after 120 min), and log P of -1.56 + 0.18. Blood uptake was 13.95 + 0.75 and 11.82
+ 0.88 %ID/g at 30 and 120 min, respectively. Tumor uptake reached 7.12 + 0.27, 7.40 + 0.63, and
7.91 + 0.20 %ID/g at 30, 60, and 120 min, respectively. Clearance was predominantly hepatobiliary
with reduced renal excretion. [*™Tc]Tc-THP-HPG-PSMA showed tumor uptake of 8.74 + 0.25, 9.41
+ 0.42, and 9.80 + 0.41 %ID/g at 4, 8, and 16 hr. Blocking studies reduced tumor uptake from 7.12
+0.27 10 0.93 £ 0.53 %ID/g.

Conclusion: Radiolabeled THP-HPG-PSMA demonstrates improved pharmacokinetics, enhanced
tumor uptake, prolonged tumor retention, and favorable tumor-to-blood ratios, indicating strong
potential for PSMA-targeted prostate cancer applications.
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Introduction

Parastate cancer is one of the most critical challenges
for the health of men and public health globally, ranking
as the second leading cause of cancer-related deaths. In
2022, there were about 1.5 million new cases and 396,000
prostate cancer-related deaths worldwide, and it is expected
to be doubled by 2040 (1-3). Therefore, diagnosis and
treatment of prostate cancer at an early stage play a pivotal
role in reducing mortality (4, 5). A promising pathway
to achieve this is the use of radiolabeled targeted ligands.
Recent studies demonstrate that these agents can precisely
locate and destroy prostate cancer cells, enabling more
personalized treatment (6-8).

Prostate-Specific Membrane Antigen (PSMA), as a
type II transmembrane glycoprotein, is one of the most
promising targets for prostate cancer radioligand therapy
due to its significantly high expression in cancer cells
compared to normal tissues (9). PSMA has a molecular
weight of 100-120 kDa and consists of 750 amino acids
(10). Its structural domains include a short intracellular
N-terminus (amino acids 1-19), a transmembrane segment
(amino acids 20-44), and a large extracellular C-terminal
region (amino acids 45-750), which contains an active
site that is valuable for both imaging and targeted therapy.
Recent progress in developing PSMA-targeted radionuclide
theranostics has resulted in the FDA approval of three key
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radiopharmaceuticals: [®Ga]Ga-PSMA-11, [¥F]DCFPyL
for PET imaging, and [""Lu]Lu-PSMA-617 for targeted
therapy (11, 12). These agents incorporate a dipeptide-like
glutamine-urea-lysine pharmacophore, which provides
high selectivity for PSMA, and serve as a common structural
motif for designing novel PSMA-targeted radiotracers.
While these radiopharmaceuticals have demonstrated
promising results, particularly in patients with metastatic
castration-resistant prostate cancer (mCRPC), their use is
associated with high absorbed radiation doses and potential
adverse effects in critical organs such as the kidneys,
salivary glands, and lacrimal glands (13, 14). Consequently,
various efforts have been made to develop PSMA-targeted
agents with improved pharmacokinetic profiles, aiming to
prolong blood circulation time and enhance tumor uptake.
Studies show that the strategy of incorporating albumin-
binding moieties into the structure of PSMA radioligands,
such as 4-(p-iodophenyl) butyric acid (IPBA) and ibuprofen
(IBU), can improve prostate cancer therapeutic efficacy.
These modifications enable reversible binding of these
agents to serum albumin, which results in prolonged blood
circulation time, increasing tumor accumulation, and
tumor retention time (15, 16).To overcome these challenges,
we developed a new PSMA-targeted radiotracer, [**Ga]
Ga/*™Tc-THP-HPG-PSMA (Figure 1), by conjugating the
PSMA pharmacophore to a highly branched polyglycerol
(HPG) polymer to enhance blood circulation time, tumor
retention, and targeting efficiency.

HPGs are dendritic polymers characterized by their facile
one-step synthesis and a highly branched and spherical
architecture rich in terminal hydroxyl groups, which enable
versatile chemical modification (17). Due to their excellent
biocompatibility, low toxicity, and low immunogenicity
(18, 19), HPGs have emerged as promising candidates for
applications in drug delivery, bioimaging, and theranostics
(20-22). High-molecular-weight HPGs (>40 kDa) exhibit

o—

PSMA Chelator (THP)

Figure 1. The suggested chemical structures of the [**Ga]Ga/*™Tc-THP-

HPG-PSMA
®Ga:  Gallium-68; PSMA: Prostate-specific ~membrane antigen; THP: Tris
hydroxypyridinone; HPG: Hyperbranched polyglycerol; TLC: Thin-layer chromatography
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reduced renal clearance, which prolongs the circulation
time (23, 24). Importantly, by tuning the molecular weight
and introducing biodegradable linkages, their in vivo
circulation time can be controlled from several hr to several
days, supporting targeted delivery strategies for oncology
applications (25-27). Tris (hydroxypyridinone) (THP)
was selected as the chelator for its favorable radiolabeling
characteristics. THP facilitates efficient labeling under mild
conditions (room temperature and near-neutral pH) and
exhibits high stability in physiological environments, making
it well-suited for radiopharmaceutical development (28).

In the present study, THP-HPG-PSMA was synthesized
and separately radiolabeled with gallium-68 (®*Ga) and
technetium-99m (®™Tc) under specific conditions to
produce  [**Ga]Ga/*"Tc-THP-HPG-PSMA.  Following
radiolabeling, a series of preclinical assays was carried out to
determine labeling efficiency, radiochemical purity, and in
vitro stability of the radiotracers. Biodistribution, blocking
experiments, and PET/SPECT/CT imaging studies were
subsequently conducted in both healthy mice and LNCaP
tumor-bearing nude mice to evaluate their in vivo behavior.

Materials and Methods
Chemicals and instruments

The chemicals and solvents were purchased from
Sigma-Aldrich (Munich, Germany) or Merck (Darmstadt,
Germany) and used without further purification. The
synthesized compounds were characterized by 'H nuclear
magnetic resonance (NMR) spectroscopy (JNM-ECS
spectrophotometer, JEOL, Tokyo, Japan) and infrared
(IR) spectroscopy. Chemical purity was determined by gel
permeation chromatography (GPC). Gallium-68 ([**Ga]
GaCl;) was obtained by eluting a **Ge/**Ga generator
(Pars Isotope Co., Karaj, Iran) with 0.1 M HCL. Sodium
pertechnetate ([**™Tc]NaTcO,) was similarly eluted from a
*’Mo/**™Tc generator (Pars Isotope Co., Karaj, Iran) using
normal saline. The radioactivity of all eluates was measured
in a dose calibrator (Capintec CRC®-25, Florham Park,
NJ, USA). Radiochemical purity was assessed by instant
thin-layer chromatography (ITLC-SG, Merck) with a
radio-TLC scanner (RAYTEST, Straubenhardt, Germany)
and subsequently confirmed by radio-gel permeation
chromatography (GPC) on an Agilent 1200 system
equipped with a PL aquagel-OH 8 pm MIXED-H column
(300 x 7.5 mm) using deionized water as the mobile phase at
1 ml/min. Detection was performed with a NaI(Tl) gamma
(Raytest, Germany) and a refractive index detector (RID).
The LNCaP (lymph node carcinoma of the prostate) cell line
was obtained from the Avicenna Research Institute of Iran
(Tehran, Iran). Male nude mice (8-week-old; 20-25 g) were
obtained from Royan Institute (Tehran, Iran). All animal
experiments were approved by the Ethics Committee
of Tehran University of Medical Sciences (ethical code:
IR TUMS.MEDICINE.REC.1400.502). Imaging studies
were performed using a Siemens Biograph 6 system for
PET/CT (Siemens Medical Solutions, Erlangen, Germany)
and a Siemens Symbia T scanner for SPECT/CT. The
image reconstruction was conducted using Syngo software
(Siemens Healthineers).

Synthesis and characterization of THP-HPG-PSMA

In summary, the synthesis of THP-HPG-PSMA
was accomplished via a three-step route involving the
synthesis of a high-molecular-weight HPG core, followed
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by the sequential conjugation of the PSMA-targeting
pharmacophore and THP chelator. The intermediates and
final conjugate were purified and subsequently characterized
by 1H-NMR spectroscopy, IR spectroscopy, and GPC.

Synthesis of high-molecular-weight polyglycerol polymer
(HPG) (compound 1)

The high-molecular-weight HPG polymer was
synthesized via anionic ring-opening multibranching
polymerization (ROMBP), wusing trimethylolpropane
(TMP) as the initiator and glycidol as the monomer (29). In
a typical procedure, TMP (0.033 g, 0.25 mmol) and 0.2 ml
of 20% potassium methoxide solution in dry methanol were
added to a round-bottom flask. The mixture was stirred at
room temperature under an argon atmosphere for 45 min,
after which the methanol was removed under vacuum.
Next, 10 ml of anhydrous dioxane was added to the flask,
and the system was heated to 95 °C in a salt bath under
an argon atmosphere. Glycidol (1 ml, 15.7 mmol), diluted
in 9 ml of dioxane, was then slowly added to the reaction
mixture over 3.5 hr. After complete monomer addition,
the reaction was allowed to proceed for an additional 14
hr at 95 °C, followed by 4 hr at room temperature. Dioxane
served as an emulsifying agent to facilitate mixing. Upon
completion, the dioxane was decanted, and the viscous pale-
yellow product was dissolved in methanol and neutralized
by passing it three times through a cation- exchange
resin column. The neutralized polymer was precipitated
by adding excess acetone. The resulting precipitate was
dissolved in deionized water and purified by dialysis using
a membrane with a molecular weight cut-off (MWCO) of
12-14 kDa. The dialysis was conducted over 48 hr with six
water changes. Finally, water was removed under vacuum,
yielding a pale-yellow, oily polymer product. The purified
polymer (compound 1) was characterized by 'H NMR,
IR spectroscopy, and GPC (supplementary data, Figures
S1-§11). Based on GPC results, the molecular weight
of the synthesized HPG polymer was estimated to be
approximately 170 kDa.

Synthesis of HPG-PSMA (compound 2)

The HPG polymer (100 mg, 0.58 pmol) was dissolved
in 5 ml of deionized water. Sodium metaperiodate (300
mg, 1.4 mmol) was then added, and the reaction mixture
was stirred at room temperature in the dark for 3 hr
The reaction was quenched with ethylene glycol (30).
The oxidized polymer was purified by dialysis against
water using a membrane with a molecular weight cut-off
(MWCO) of 12-14 kDa; the water was changed eight times
over 24 hr. The successful introduction of aldehyde groups
was confirmed by IR spectroscopy, and their concentration
was quantified using the hydroxylamine hydrochloride
test (31). The PSMA ligand was conjugated to the oxidized
polymer via reductive amination. First, an aqueous solution
of the oxidized polymer was acidified to pH 3 with dilute
acetic acid. An equal volume of methanol was then added
to improve solubility and reaction kinetics, and the
mixture was warmed to 35 °C. PSMA (2.5 mg, 5.8 umol),
dissolved in 200 ul methanol, was added at a tenfold molar
excess relative to the polymer. The reaction was stirred
for 72 hr to allow imine formation. Subsequently, sodium
cyanoborohydride (NaBH;CN, 0.0116 mmol) was added
as a selective reducing agent, and the mixture was stirred
at room temperature for an additional 12 hr to reduce the
imine linkage to a stable secondary amine. The product
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(compound 2) was purified by dialysis against water using
a membrane with a molecular weight cut-off (MWCO)
of 12-14kDa for 48 hr and characterized by elemental
analysis and IR spectroscopy (Figure S6). The detection of
nitrogen, using CHNS analysis, confirmed successful PSMA
conjugation, with an estimated 5 to 6 PSMA molecules
attached per polymer molecule (Calcd: C, 49.33; H, 6.85; N,
0.36. Found: C, 49.33; H, 6.85; N, 0.18).

Synthesis of THP-HPG-PSMA (compound 3)

In the final step, the THP chelator was conjugated to the
HPG-PSMA conjugate via reductive amination. THP(Bz)s-
NH, (12 mg, 0.0116 mmol), added at a 20-fold molar excess
relative to the polymer, was incubated with the conjugate
at 35°C for three days to form the imine intermediate.
Subsequently, sodium borohydride (NaBH,, 3 mmol)
was added to reduce the imine bonds to stable secondary
amines and to convert any residual aldehyde groups on
the polymer to hydroxyl groups. This reduction proceeded
at ambient temperature for 6 h. Excess NaBH, was then
quenched by the dropwise addition of 0.1 M hydrochloric
acid to the reaction mixture, maintained in an ice bath, until
effervescence ceased (32). The final conjugate was purified
by dialysis (MWCO 12-14 kDa) against deionized water
for 48 hr, with water replacements every 8 hr. The purified
conjugate was collected by freeze-drying. To activate the
THP chelator, the benzyl protecting groups were removed
via acidolysis. For this step, the THP-HPG-PSMA conjugate
was dissolved in a 1:1 (v/v) mixture of glacial acetic acid
and concentrated hydrochloric acid. The solution was
stirred at 50 °C under an argon atmosphere overnight.
After completion, the mixture reaction was cooled, and
the acids were removed under a vacuum. The resulting
conjugate was dissolved in a minimal volume of methanol
and precipitated by adding an excess of acetone(33). The
supernatant was carefully decanted, and the precipitate was
dried under vacuum. Further purification was performed
using an Amicon Ultra centrifugal filter (100 kDa MWCO).
The successful conjugation of the chelator was confirmed by
IR spectroscopy analysis (Figure S7).

Radiolabeling studies
Radiolabeling of HPG-PSMA conjugate with Gallium-68
([**Ga]Ga-THP-HPG-PSMA)

Half a milligram of the conjugate was dissolved in 100 uL
of deionized water in a reaction vial. Gallium-68 was eluted
from a ®Ge/**Ga generator using 3 ml of 0.1 M HCl, and the
eluate (8 mCi, 3 ml) was added to the reaction vial. The pH
of the mixture was adjusted to 6 with 1 M sodium acetate
buffer, and the reaction was incubated at room temperature
for 10 min.

Radiolabeling of HPG-PSMA conjugate with Technetium-
99m ([**™Tc] Tc-THP-HPG-PSMA)

Half a milligram of the conjugate was dissolved in 100 ul
of deionized water. To this solution, 5 pl of fresh SnCl2
solution (1mg/ml 0.1 M HCI) was added, and the pH was
adjusted to 8 with 1 M sodium acetate buffer. Subsequently,
0.5 ml of a freshly eluted sodium pertechnetate solution
(**=TcO,", 3 mCi, 0.5 ml) was added. The reaction mixture
was then incubated at room temperature for 15 min.

Following the incubation, the radiolabeled conjugates
were purified by passage through a 0.22 pm sterile
filter (Merck Millipore) and subsequent size-exclusion
chromatography on a PD-10 column, eluting with deionized
water in 10 x 500 ul fractions. The radioactivity of each
fraction was measured using a dose calibrator (Capintec

1091



Roustaei et al. IJ )}

CRC®-25, Florham Park, NJ, USA). Radiochemical purity
(RCP) of the radiolabeled conjugates was determined
by radio-instant thin-layer chromatography (ITLC) with
a 0.1 M NaEDTA solution as the mobile phase for [**Ga]
Ga-THP-HPG-PSMA and normal saline for [*™Ic]
Tc-THP-HPG-PSMA. Radiochemical purity of the
radiolabeled conjugates was further confirmed by radio-gel
permeation chromatography (GPC) on an Agilent 1200 system
equipped with a PL aquagel-OH 8 pm MIXED-H column (300
x 7.5 mm) using deionized water as the mobile phase at 1 ml/
min. Detection was performed with a NaI(T1) gamma (Raytest,
Germany) and a refractive index detector (RID).

Determination of chelator density per synthesized polymer
unit

The average number of THP chelators per THP-HPG-
PSMA conjugate was determined using a previously
reported procedure (34). Briefly, a defined amount of
nonradioactive GaCl, (in 50-fold excess relative to THP-
HPG-PSMA) was mixed with an amount of radioactive
[*Ga]GaCl, (370 MBq). Subsequently, 1 mg of the THP-
HPG-PSMA conjugate was added to this carrier-added
[*Ga]GaCl, solution, and radiolabeling was carried out
under controlled conditions (pH 6, room temperature, 10
min). After incubation, the reaction mixture was filtered
through a 0.22 pm filter and was analyzed by radio-GPC to
determine labeling efficiency. The number of THP chelators
per THP-HPG-PSMA molecule was then calculated using
the following equation:

Number of chelators per molecule =

moles (Ga) x yield
/mo]es (THP — HPG — PSMA)

This experiment was performed in triplicate, and the results
were reported as mean * standard deviation (SD).

In vitro stability of [*Ga]Ga-THP-HPG-PSMA

The stability of [**Ga] Ga-THP-HPG-PSMA was evaluated
at 37 °C in buffer, a 50 mM cysteine solution (pH 6), and
human serum albumin (HSA). Aliquots were collected at 15,
30, 60, and 120 min post-radiolabeling under mild shaking.
Radiochemical purity at each time point was determined
by radio-gel permeation chromatography (GPC). All
measurements were performed in triplicate, and the results
were expressed as mean + standard deviation (SD).

Determination of partition coefficient (Log P) of [*Ga]Ga-
THP-HPG-PSMA

The partition coefficient (log P) was determined using
a previously reported method (35). A 100 pl aliquot of
[%Ga]Ga-THP-HPG-PSMA was added to a vial containing
equal volumes of normal saline and n-octanol(1:1, v/v).
The mixture was vortexed vigorously for 10 min at room
temperature. After mixing, the phases were separated by
centrifugation at 5000 rpm for 10 min. The radioactivity in
each phase was measured with a dose calibrator. Log P was
calculated from the ratio of counts in the n-octanol phase
to those in the aqueous phase. All measurements were
conducted in triplicate, and the results are reported as mean
log P + standard deviation.

Animal studies
Biodistribution studies and PET/SPECT/CT imaging

The PSMA-positive LNCaP (lymph node carcinoma
of the prostate) cell line was cultured using RPMI-1640
medium (Gibco, USA) supplemented with 10% fetal bovine
serum (Gibco, USA) and 1% penicillin-streptomycin
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solution, and maintained at 37 °C under a humidified 5%
CO, atmosphere. A prostate cancer xenograft model was
established in 8-week-old male nude mice (20-25 g) by
subcutaneous injection of 9 x 10° LNCaP cells suspended
in 200 pl of PBS into the right shoulder. Tumor growth was
monitored regularly, and biodistribution and imaging studies
were performed when tumor volume reached approximately
600-800 mm?® typically two weeks post-injection.
Biodistribution studies of the [®Ga]Ga-THP-HPG-PSMA
and whole-body PET/CT imaging were performed in both
normal and tumor-bearing mice. Tumor-bearing mice are
divided into three groups: 1) [®*Ga]Ga-THP-HPG-PSMA
(100 pL, 7.4 MBq), 2) blocking group (pre-treated with cold
PSMA-11, and 3) [**™Tc]Tc-THP-HPG-PSMA (100 pL, 7.4
MBq). Animals received an intravenous injection of the
radiolabeled conjugates via the tail vein. At 30-, 60-, and
120-minute post-injection, the animals were euthanized,
and blood samples were collected via cardiac puncture. The
desired organs were removed, rinsed with normal saline,
weighed, and imaged within 5 min on a PET/CT scanner
(Biograph 6, Siemens Medical Solutions). Images were
reconstructed with a 168 x 168 matrix and a zoom factor
of 2 using SYNGO software. The results were expressed
as the percentage of the injected dose per gram of tissue
(%ID/g). Blocking studies were conducted to assess the
binding specificity of [®Ga]Ga-THP-HPG-PSMA for the
PSMA receptor. Tumor-bearing mice were pre-treated
with a 200-fold excess of non-radiolabeled PSMA-11 30
min before administration of [*®Ga]Ga-THP-HPG-PSMA.
To assess long-term tumor retention of THP-HPG-PSMA
conjugate, tumor-bearing mice were injected intravenously
with  [®™Tc|Tc-THP-HPG-PSMA (100 ul, 7.4 MBq).
Animals were euthanized at 4-, 8-, and 16-hr post-injection.
The desired organs were removed, rinsed, weighed, and
imaged within 10 min on a SPECT/CT system (Siemens
Symbia, matrix: 256x256; zoom factor: 1.78). Images were
processed using SYNGO software, and the results were
expressed as %ID/g. Moreover, the radioactivity of the
organs was measured using a gamma counter. Whole-body
imaging studies were conducted across all experimental
groups using a Siemens Biograph 6 PET scanner and a
Siemens Symbia T SPECT system. Mice were intravenously
injected with the radiolabeled conjugates, anesthetized
using a ketamine/xylazine mixture, and placed in a prone
position for scanning. PET imaging was performed at 30-
and 60-minute post-injection (over 10-minute acquisition;
matrix: 168x168 and a zoom factor of 2), and SPECT
imaging at 4- and 16-hr post-injection (64x64-pixel matrix,
a zoom factor of 1.45, and 45 sec per view across 64 views).
For anatomical co-registration, CT scans (80 kV, 20 mA,
1.25 mm slice thickness) were acquired for each modality.
Finally, all images were reconstructed using a filtered
back-projection (FBP) algorithm. Image processing and
region-of-interest (ROI) analysis were performed using the
SYNGO software.

Results
Synthesis of THP-HPG-PSMA

The THP-HPG-PSMA conjugate was synthesized in
three sequential steps: (i) preparation of a high-molecular-
weight HPG core, (ii) conjugation of the PSMA-targeting
pharmacophore, and (iii) attachment of the THP chelator
(Figure 2). All intermediates and the final conjugate were
purified and characterized by 1H-NMR, IR spectroscopy,
GPC, and elemental (CHNS) analysis (see Supplementary
Data, Figures S1-S8). The HPG polymer was synthesized
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via anionic ring-opening multibranching polymerization
using TMP as the initiator. Potassium methoxide activated
the initiator by deprotonating the hydroxyl groups by
deprotonation, generating reactive alkoxide (O7) species
that initiated the ring-opening polymerization of glycidol.
Based on GPC analysis, the synthesized HPG polymer had
an estimated molecular weight of approximately 170 kDa
(Figure S3). Aldehyde functionalities were introduced at the
terminal hydroxyl groups of the HPG polymer by oxidation
with sodium metaperiodate. The IR spectrum of the oxidized
polymer (Figure S4) showed a weak absorption band at
1720 cm™, attributed to the C=O stretching vibration of
the aldehyde functional group. The reduced intensity of
this band is likely attributed to the conversion of most of
the aldehyde moieties into acetal and hemiacetal derivatives
(36). The hydroxylamine hydrochloride test indicated an
aldehyde content of 2.5 pmol mg™" of polymer. Elemental
(CHNS) analysis confirmed successful conjugation of the
PSMA pharmacophore to the HPG polymer. The detection
of nitrogen alongside the calculated and observed elemental
composition (Caled: C, 49.33; H, 6.85; N, 0.36. Found: C,

o—
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OH o o
OH OJ?H o% :}\O o B
OH\)\/O\)\/Of 2 OH% Y /;Hf
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OH OHf OH x E

o M, 0 oA, i o
W Hyperbranched Tl
polyglycerols
(HPG) 5

Figure 2. Synthesis pathway for the preparation of THP-HPG-PSMA
The figure illustrates the stepwise synthesis of a high-molecular-weight HPG core, the
sequential conjugation of the PSMA-targeting pharmacophore, and the THP chelator

PSMA: Prostate-specific membrane antigen; THP: Tris hydroxypyridinone; HPG:
Hyperbranched polyglycerol
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49.33; H, 6.85; N, 0.18), indicated an average of 5-6 PSMA
molecules attached per polymer chain. The IR spectrum of
the HPG-PSMA conjugate is shown in Figure S6. The THP-
HPG-PSMA conjugate was characterized by IR spectroscopy
(Figure S7) and evaluated for radiolabeling efficiency.

Radiolabeling of THP-HPG-PSMA with Gallium-68 and
Technetium-99m
[®*Ga]Ga-THP-HPG-PSMA

THP-HPG-PSMA  conjugate  was  successfully
radiolabeled with ®Ga, yielding a radiochemical purity
(RCP%) of more than 99%. Radio-ITLC was developed
with a silica gel stationary phase (ITLC-SG) and a 0.1 M
Na,EDTA solution as the mobile phase. As shown in the
ITLC chromatogram (Figure 3A), free [**Ga]Ga** , which
complexes with EDTA, migrates to the solvent front (R,
=1), while the high-molecular-weight [**Ga]Ga-THP-
HPG-PSMA remains at the origin (R; = 0). Radio-GPC
analysis further confirmed the radiochemical identity,
with a retention time of approximately 6 min for [**Ga]
Ga-THP-HPG-PSMA as detected by an in-line Nal(TI)

gamma detector. Lower-molecular-weight impurities,
A
4/C/mm *1000 TLC
5 «
g S o
1.80 g 2 _nvt,
9 b
160 % o I
60| i
2 g \j:,)? § OS; }\0 O~y O
& oAy { o E
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Figure 3. A) Radiochemical purity profile of [¥Ga]Ga-THP-HPG-PSMA
determined by radio-TLC. [®*Ga]Ga-THP-HPG-PSMA remains at the
origin (R, = 0), while free ®*Ga (as [**Ga]Ga-EDTA) migrates to the solvent
front (R, = 1); B) GPC chromatogram of [*Ga]Ga-THP-HPG-PSMA
compound. [®Ga]Ga-THP-HPG-PSMA eluted with a retention time
of approximately 6 min (the lower panel: gamma detector), while lower
molecular weight impurities, such as salts, appeared at retention times
of 10-11 min in the refractive index chromatogram (The upper panel:
refractive index detector)

PSMA: Prostate-specific membrane antigen; THP: Tris hydroxypyridinone; HPG:
Hyperbranched polyglycerol; TLC: Thin-layer chromatography
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such as residual salts, were observed at 10-11 min in the
corresponding refractive index chromatogram (Figure 3B).

[*°"Tc]Te-THP-HPG-PSMA

The radiolabeling of THP-HPG-PSMA conjugate with
[*"Tc]Tc was performed, achieving a RCP% of more than
99% after purification. For ITLC analysis, silica gel plates
(ITLC-SG) were developed with normal saline as the
mobile phase. In this system, the radiolabeled conjugate
remained at the origin (R = 0), while free *"TcO,” migrated
to the solvent front (R, = 1) (Figure 4A). Radio-GPC further
confirmed the purity. [*™Tc]Tc-THP-HPG-PSMA eluted
with a retention time of approximately 4.52 min, as observed
in Figure 4B.

Number of chelators per THP-HPG-PSMA conjugate

The average chelator density was determined via a
competitive labeling assay, in which excess non-radioactive
Ga®" was added to the radiolabeling reaction. GPC analysis
revealed a corresponding reduction in radiolabeling
efficiency (RCP%: 16.5+2.3), which translated to an
average of 8.07 £ 0.66 THP chelators per THP-HPG-PSMA

100 mm

nRIU*1000

HPG-THP-PSMA

4.0

0.0
250 -

200 |

HPG-THP-PSMA

150 4

100 -

50

T T T T T T T T T T
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 min

Figure 4. A) Radio-TLC profile of [*™Tc]Tc-THP-HPG-PSMA, [*™Ic]
Tc-THP-HPG-PSMA; the [*™Tc]Tc-THP-HPG-PSMA conjugate remains
at the origin (R = 0), while unbound pertechnetate (*"TcO,") migrates
to the solvent front (R, = 1); B) GPC chromatogram of [*"Tc]Tc-THP-
HPG-PSMA, [*"Tc]Tc-THP-HPG-PSMA eluted with a retention time of

approximately 4.52 min
PSMA: Prostate-specific membrane antigen; THP: Hydroxypyridinone; HPG:
Hyperbranched polyglycerol; TLC: Thin-layer chromatography

1094

MS

A new PSMA-targeted radiotracer for cancer imaging

1204 B Buffer E8 Cysteine solution E= HSA

%RCP

30 min 60 min 120 min

15 min

Time (min)

Figure 5. In vitro stability profile of [*Ga]Ga-THP-HPG-PSMA in buffer,
cysteine solution (50 mM, pH 6), and HAS at 15, 30, 60, and 120 min after
the radiolabeling reaction (mean + SD, n =3)

PSMA: Prostate-specific membrane antigen; THP: Hydroxypyridinone; HPG:
Hyperbranched polyglycerol; TLC: Thin-layer chromatography

polymer molecule (Figure S8).

In vitro stability of radioligand

The stability of [**Ga]Ga-THP-HPG-PSMA was evaluated
in three media: buffer, a 50 mM cysteine solution (pH 6),
and HSA over a period of 120 min. The radiochemical
purity was measured by ITLC-SG (mobile phase: 0.1 M
Na,EDTA) at 15, 30, 60, and 120 min after incubation.
The [®*Ga]Ga-THP-HPG-PSMA showed high stability (>
95%) in all conditions throughout the study, supporting its
suitability for in vivo experiments (Figure 5).

Determination of Log P

The partition coefficient (Log P) was obtained using
the incubation of the [®*Ga]Ga-THP-HPG-PSMA in a
1:1 (v/v) mixture of n-octanol and normal saline at room
temperature. The Log P was calculated using the following
equation. The measured log P-value was -1.56+0.18,
confirming the hydrophilic properties of [®Ga]Ga-THP-
HPG-PSMA.

Animal studies
Biodistribution studies

The biodistribution studies were performed in both
normal and tumor-bearing male mice at 30-, 60-, and
120-minute post-injection. Tumor-bearing mice are divided
into three groups: 1) [®*Ga]Ga-THP-HPG-PSMA (100 pL,7.4
MBq), 2) blocking group, pre-treated with an excess of cold
PSMA-11, and 3) [**™Tc]Tc-THP-HPG-PSMA (100 pL, 7.4
MBq). Tissue uptake was quantified as the percentage of
the injected dose per gram of tissue (%ID/g). As shown in
Figures 6A and 6B, [®*Ga]Ga-THP-HPG-PSMA exhibited
slow blood clearance (13.95 + 0.75 %ID/g at 30 min; 11.82 +
0.18 %ID/g at 120 min), and a high initial uptake in the non-
target organs, including the liver, spleen, lungs, intestine,
and kidneys. Moreover, tumor uptake was high and showed
prolonged retention over time (7.12 = 0.27 %ID/g at 30
min; 7.40 + 0.63 at 60 min; 7.91 = 0.2 at 120 min). The
specificity of [®Ga]Ga-THP-HPG-PSMA tumor uptake
was confirmed by the blocking study. Pre-administration
of cold PSMA-11, blocking group, significantly reduced
tumor uptake at 30 min to 0.93 £ 0.53 %ID/g, compared
with 7.12 + 0.27 %ID/g in the unblocked group (P<0.0001),
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Figure 6. Biodistribution of [68Ga]Ga-THP-HPG-PSMA A) in normal and B) prostate tumor-bearing mice at 30, 60, and 120 min post-injection; C) Biodistribution
profile of [*™Tc] Tc-THP-HPG-PSMA in mice bearing prostate tumors at 4, 8, and 16 hr post-injection; D) Tumor-to-organ ratios over time for [**Ga]Ga-THP-
HPG-PSMA (left segment of graph) at 30, 60, and 120 min; [**™Tc] Tc-THP-HPG-PSMA (right segment of graph) at 4, 8, and 16 h; (Mean + SD, n =3)

PSMA: Prostate-specific membrane antigen; THP: Hydroxypyridinone; HPG: Hyperbranched polyglycerol; TLC: Thin-layer chromatography

demonstrating receptor-specific binding (Figure 6B).
The long-term tumor retention profile of the THP-HPG-
PSMA conjugate was assessed using the [**™Tc]Tc-THP-
HPG-PSMA over 16 hr (Figure 6C). The results revealed
sustained and high tumor uptake (8.74 + 0.25 %ID/g at
4h; 9.41 £ 0.42 at 8h; 9.80 + 0.41 at 16 h), supporting its
promising pharmacokinetic properties for PSMA-targeted
therapeutic applications. The tumor-to-organ ratios (tumor-
to-blood, tumor-to-liver, and tumor-to-spleen) for both
radiotracers are shown in Figure 6D. [**™Tc] Tc-THP-HPG-
PSMA showed consistently higher ratios than [**Ga]Ga-
THP-HPG-PSMA across all intervals. Although a gradual
increase in all ratios was observed over time, the [*°™1Tc]
Tc-THP-HPG-PSMA displayed a marked acceleration in its
tumor-to-blood (2.26+ 0.11) and tumor-to-spleen (2.46 +
0.10) ratios at the 16-hour time point.

Imaging studies

PET/CT imaging was performed in both normal mice
and LNCaP tumor-bearing mice following intravenous
injection of 7.4 MBq of the radiolabeled conjugates.
Coronal PET/CT scans were acquired at 30- and 60-minute
post-injection. Figure 7 shows the fused PET/ CT images
for [%Ga]Ga-THP-HPG-PSMA in normal, tumor-bearing
mice, and the blocking group at each time point. As shown
in Figure 7, [®Ga]Ga-THP-HPG-PSMA demonstrated high
uptake in the liver, intestine, lung, and kidneys, as well
as clear accumulation in the inoculated tumor. Blocking
studies revealed a significant reduction in tumor uptake,
confirming the specificity of the radiotracer for PSMA-
expressing tumors (Figure 7C).

SPECT-CT imaging was performed at 4 and 16 hr after
intravenous injection of [**™Tc]Tc-THP-HPG-PSMA into
tumor-bearing mice (Figures 7D). Atthe 4-hour time point, a
high background signal was observed, indicating continued
blood circulation of the radiotracer in the bloodstream. By
16 hr, tumor uptake remained detectable, and the shift of
radioactive signal from the liver to the intestines further
supported a hepatobiliary excretion pathway. These imaging
findings are consistent with the biodistribution data and
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Non-Blocking Blocking

Figure 7. Coronal PET/CT images after intravenous injection of [*Ga]Ga-
THP-HPG-PSMA in A) normal mice (a) at 30 min and (b) 60 min. B) in
LNCaP tumor-bearing mice (the right shoulder) (a) at 30 min and (b) 60
min; (c) blocking study at 30 min. C) A statistical analysis of tumor uptake of
[**Ga]Ga-THP-HPG-PSMA (%ID/g) at 30 min post-injection between non-
blocking and blocking groups (mean + SD, n =3, *** P<0.0001). D) SPECT/
CT images following injection of [**™Tc]Tc-THP-HPG-PSMA at (a) 4 h and

(b) 16 h in LNCaP tumor-bearing mice. The tumor site is marked by an arrow
PSMA: Prostate-specific membrane antigen; THP: Hydroxypyridinone; HPG:

Hyperbranched polyglycerol; TLC: Thin-layer chromatography
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support the radiotracer’s potential for targeted imaging of
PSMA-positive tumors.

Discussion

Prostate cancer is one of the most common cancers in
men and the second leading cause of cancer mortality,
after lung cancer. Incidence rates are increasing worldwide,
particularly in developed countries, due to factors such as
aging populations and lifestyle changes. Early detection and
targeted therapy are crucial for improving outcomes. When
a patient is diagnosed at an early stage, associated with a
five-year survival rate of approximately 100% (37, 38).
Radiolabeled targeted ligands have emerged as a promising
strategy, enabling the accurate detection and destruction
of prostate cancer cells, supporting more personalized
therapeutic interventions (39, 40).

PSMA has emerged as a pivotal theranostic target in
prostate cancer because of its marked overexpression (41,
42). This has led to FDA approvals for [**Ga]Ga-PSMA-11,
[FIDCFPyL (PET imaging), and ['’Lu]Lu-PSMA-617
(therapy) in metastatic castration-resistant prostate cancer
(mCRPCQC). Despite their diagnostic promise performances,
PSMA-targeted radioligands are hindered by major
pharmacokinetic limitations: rapid systemic clearance, short
intertumoral retention, moderate tumor uptake, or intrinsic
tumor resistance mechanisms such as enhanced DNA
repair (43). These issues underlie a >50% treatment failure
rate with ["”Lu]Lu-PSMA-617 and remain central barriers
to effective clinical translation of targeted radioligand
therapy. To address these limitations, several strategies
have been investigated to prolong systemic circulation and
enhance tumor targeting, including the incorporation of
albumin-binding domains, pharmacokinetic modifying
(PKM) linkers, optimized chelators, high-affinity dual-
targeting ligands, and nanostructure-based drug delivery
systems (16, 44). Among nanostructures, polymer-based
systems provide significant advantages for optimizing
pharmacokinetic profiles through both passive and active
targeting mechanisms (45). In passive targeting, tumoral
accumulation is primarily mediated by the enhanced
permeability and retention (EPR) effect. Studies indicate
that effective passive targeting requires the carrier to remain
in circulation for more than six hr to ensure adequate
tumor exposure (46). Polymer-based systems facilitate this
by prolonged circulation time, thereby enhancing the EPR
effect and increasing tumor uptake. In active targeting,
polymers can be readily modified with various targeting
ligands that selectively bind to receptors overexpressed
on tumor cells. This approach enhances the target-to-
background ratios, increase tumor uptake, and reduces
non-target toxicity (47). It is important to note, however,
that excessive ligand density can induce a binding site
barrier (BSB) effect, which limits deep tumor penetration.
Furthermore, the pharmacokinetics of nanostructures are
strongly influenced by key physicochemical parameters
such as size, shape, and surface charge (48).

HPGs are a class of dendrimer-like polymers that
offer several advantages, including synthetic accessibility,
biocompatibility, and versatile surface functionalization.
In contrast to conventional dendrimers, HPGs exhibit a
negative surface charge at physiological pH, a feature that
enhances their interaction profile in biological systems
(22). Since the introduction of HPGs in 1999, synthetic
methodologies have advanced considerably for their
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synthesis. Techniques such as anionic ROMBP enable
precise control over molecular weight and dendritic
architecture (49). These controlled structural features,
combined with their excellent biocompatibility and tunable
pharmacokinetic profiles, make HPGs a particularly
well-suited platform for designing advanced biomedical
agents, such as targeted radiopharmaceuticals (50). The
pharmacokinetic behavior of HPGs is dictated by their
molecular weight. HPGs with molecular weight above
40 kDa display prolonged circulation and minimal renal
clearance, whereas lower-weight HPGs are rapidly excreted
by the kidneys and exhibit minimal organ accumulation.
This molecular-weight dependence enables precise control
of circulatory residence time from hr to days, through
deliberate molecular weight adjustment (51). These
polymers offer a promising platform for enhanced tumor
accumulation, prolonged systemic circulation, and reduced
off-target effects, paving the way for more effective and
personalized oncologic interventions(52).

Based on this rationale, THP-HPG-PSMA was developed
as a prostate-specific theranostic platform by conjugating
the PSMA ligand and THP chelator to the HPG backbone,
thereby integrating precise tumor targeting with optimized
pharmacokinetics. The HPGs backbone was successfully
synthesized using the ROMBP method, achieving a
polymer with a final molecular weight of approximately
170 kDa and high chemical purity (>99%). The synthesis of
high-molecular-weight HPG requires careful optimization,
particularly a high glycidol-to-TMP molar ratio and
the slow, controlled addition of the monomer into the
reaction medium. In this study, an optimized molar ratio of
glycidol to TMP, approximately 60:1, was added dropwise
over 3.5 hr in the vial reaction. In the subsequent step,
terminal hydroxyl groups of the HPGs backbone were
oxidized to aldehyde functionalities. This modification was
essential to enable subsequent conjugations with amine-
containing molecules, specifically, the PSMA-targeting
pharmacophore and the THP chelator. As aldehyde groups
are prone to forming intramolecular hemiacetal structures,
they are difficult to quantify by '"H NMR. Therefore, the
hydroxylamine hydrochloride assay was employed for their
determination. In this assay, the aldehyde groups react with
hydroxylamine hydrochloride to form oximes and release
hydrochloric acid. The produced HCl was then titrated with
0.01 M sodium hydroxide; the volume of NaOH consumed
corresponds to the aldehyde content within the polymer
structure. Elemental analysis estimated the number of
PSMA-targeting ligands attached to each HPG backbone
to be approximately 5-6, which is efficient for targeting, as
previously reported. The THP chelator demonstrates ideal
characteristics for radiolabeling with radiometals, especially
radiogallium-68, enabling rapid, efficient complexation
with high stability at room temperature and near-neutral
pH (53). The number of conjugated THP chelators was
determined by measuring labeling efficiency in the presence
of excess non-radioactive gallium (50-fold excess of GaCls),
yielding an estimate of 7-8 chelators per polymer, which is
efficient for radiolabeling, as previously reported.

THP-HPG-PSMA was successfully radiolabeled with
freshly eluted “GaCl, under an optimized condition (room
temperature,10 min, pH=6.0), yielding high radiolabeling
efficiency and radiochemical purity of more than 99%.
Moreover, radiolabeling with technetium-99m also
proceeded efficiently, achieving a radiochemical purity of
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nearly 100% following purification on a PD10 column to
remove radiochemical impurity. The resulting [**Ga]Ga-
THP-HPG-PSMA exhibited high stability (radiochemical
purity >95%) in various media, including the reaction buffer,
50 mM cysteine solution, and human serum albumin (HSA)
at 37° and over a 120-min period. The partition coefficient
(Log P) of [®*Ga]Ga-THP-HPG-PSMA was determined
to be -1.56 + 0.18, confirming the highly hydrophilic
nature of the radiotracer. This property correlates with the
abundant ether and hydroxyl groups present in the HPG
polymer backbone. The biodistribution profile of the THP-
HPG-PSMA was evaluated in both normal and prostate
tumor-bearing mice across three experimental groups:
1) [®Ga]Ga-THP-HPG-PSMA, 2) a blocking group, pre-
treated with an excess of cold PSMA-11, and 3) [*°™Tc]
Tc-THP-HPG-PSMA. In the [%Ga]Ga-THP-HPG-PSMA
group, the radiotracer exhibited high blood activity and
high retention in circulation, with a blood activity declining
gradually from 13.95 + 0.75 %ID/g at 30 min to 11.82 +
0.88 %ID/g at 120 min. This slow clearance kinetic align
with the extended circulatory half-life imparted by the
high-molecular-weight HPG polymer. [**Ga]Ga-THP-
HPG-PSMA showed a double excretion pathway, with
predominant hepatobiliary clearance and a relatively lower
renal component, leading to high initial accumulation in the
liver, intestine, and kidneys. The shift toward hepatobiliary
excretion is characteristic of high-molecular-weight
polymers like HPG, as previously reported for polymer-
based radiopharmaceuticals (46, 54, 55). Usually, low-
molecular-weight fractions of the HPG polymer, which
are small enough to undergo glomerular filtration was
attributed to an initial renal excretion. In contrast, higher-
molecular-weight polymers accumulated predominantly
in the liver and were excreted via the hepatobiliary system,
confirming the successful synthesis of HPG polymer with a
molecular weight of 170 kDa, and aligns with its expected
pharmacokinetic behavior. At 30 min post-injection, [*Ga]
Ga-THP-HPG-PSMA showed a tumor uptake of 7.12 + 0.27
%ID/g, which increased to 7.91 + 0.2 %ID/g by 120 min,
demonstrating both effective targeting and prolonged tumor
retention. As shown in Figure 6B, 7C, pre-administration
of excess cold PSMA-11 resulted in a significant reduction
(P<0.0001) in tumor uptake of [**Ga]Ga-THP-HPG-PSMA
compared to the unblocked group. This confirms that tumor
accumulation of [®*Ga]Ga-THP-HPG-PSMA is primarily
mediated by PSMA-specific binding, with negligible non-
specific uptake. The long-term pharmacokinetic profile of
the THP-HPG-PSMA was assessed using the [**™Tc]Tc-
THP-HPG-PSMA over 16 hr (Figure 6C). The conjugate
exhibited sustained and high tumor uptake, increasing from
8.74 £ 0.25 %ID/g at 4h to 9.41 + 0.42% ID/g at 8h, and 9.80
+ 0.41% ID/g at 16 h. These results support its promising
pharmacokinetic properties for PSMA-targeted therapeutic
applications. The tumor-to-blood ratio is a critical
parameter for evaluating tumor-to-background contrast
and determining the optimal imaging window. Ioppolo et
al. reported rapid renal clearance for [®*Ga]Ga-PSMA-11 in
LNCaP xenograft mice, with blood radioactivity levels of 0.4
+0.4 %ID/gat 1 hand 0.3 £ 0.2 %ID/g at 2 h post-injection.
Tumor uptake values were reported as 10.4 + 2.3 %ID/g at
1 hand 7.9 + 1.3 %ID/g at 2 h (56). [**™Tc]Tc-THP-HPG-
PSMA showed consistently higher tumor-to-organ ratios
than [*®*Ga]Ga-THP-HPG-PSMA at all time points. The
maximum tumor-to-blood ratios were 0.68 +0.12 at 120
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min for the gallium-68 tracer and 2.26 + 0.11 at 16 hr for
the technetium-99m tracer, indicating specific targeting
and retention within PSMA-expressing tumors and
minimal background activity. PET/SPECT/CT imaging
(Figure 7) visually confirmed the biodistribution data.
Both radiotracers showed prominent uptake in the liver,
intestines and lungs, with clear visualization of tumor
sites. Blocking studies revealed negligible tumor uptake,
confirming the specificity of the radiotracer for PSMA-
expressing tumors. At the 4-hour post-injection, [**™Tc]
Tc-THP-HPG-PSMA showed a high background signal,
indicating continued blood circulation of the radiotracer
in the bloodstream. By 16 hr, tumor uptake remained
detectable, while a visible shift of signal from the liver to the
intestines supported a predominant hepatobiliary excretion
pathway. The imaging results corroborate the quantitative
biodistribution findings, confirming a dual excretion
pathway (predominantly hepatobiliary with a secondary
renal component). This strong correlation highlights
how the structural modification conferred by the HPG
backbone successfully alters the pharmacokinetic profile
of the radiotracer, underpinning its promising potential for
theragnostic applications in PSMA-positive tumors.

Conclusion

This study demonstrates the successful development
of  THP-HPG-PSMA, a  high-molecular-weight
PSMA-targeted radioligand based on an HPG polymer
platform. The conjugation of PSMA ligand to the HPG
backbone conferred optimized pharmacokinetics, including
prolonged circulation, enhanced tumor targeting, and
retention. The THP-HPG-PSMA conjugate was efficiently
radiolabeled with both radioisotopes ®Ga and *™Tc,
achieving high radiochemical purity and great in vitro
stability. Biodistribution and imaging studies confirmed
specific tumor uptake mediated by targeting PSMA
receptors, along with extended blood circulation time, a
favorable excretion profile (predominantly hepatobiliary
with reduced renal clearance), and increased tumor-to-
background contrast over time. These pharmacokinetic
characteristics are particularly advantageous for therapeutic
applications. Notably, reduced renal clearance minimizes
the risk of nephrotoxicity, a common concern in current
PSMA-targeted radioligand therapies. These findings
indicate that THP-HPG-PSMA conjugate can be considered
a promising theranostic agent for prostate cancer.
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