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Abstract

Objective This study aims to investigate the efficacy and safety of prostate-specific membrane antigen (PSMA) radiolabeled
with copper-64 (**Cu) using the bifunctional chelating agents (BECAs) NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid)
and DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid). As widely utilized BFCAs in the development of
radiopharmaceuticals, NOTA and DOTA play a critical role in ensuring stable chelation with ®*Cu. This study evaluates the
stability, bioavailability, and therapeutic potential of these radiolabeled compounds in preclinical models and initial clinical
trials.

Methods %“Cu-DOTA-PSMA-3Q and **Cu-NOTA-PSMA-3Q were synthesized by manual labeling. The radiochemical
purity, stability, specificity and biological distribution of the product were evaluated by preclinical studies. In 23 patients
with suspected prostate cancer, PET/CT imaging was used to evaluate the potential and differences in biological distribution
of **Cu-DOTA-PSMA-3Q and **Cu-NOTA-PSMA-3Q in clinical diagnosis.

Results The radiochemical purities of **Cu-DOTA-PSMA-3Q and **Cu-NOTA-PSMA-3Q are more than 98% and have
good stability in vitro. Biodistribution studies in healthy mice revealed that both tracers primarily underwent renal excre-
tion post-injection. Liver uptake of **Cu-DOTA-PSMA-3Q was significantly higher than that of *Cu-NOTA-PSMA-3Q at
1 h after injection (P<0.05). Micro-PET/CT imaging in 22Rv1 tumor-bearing mice demonstrated similar tumor uptake for
both tracers at 1 h after injection (P>0.05). However, after 24 h, *Cu-DOTA-PSMA-3Q exhibited significantly better tumor
retention compared to **Cu-NOTA-PSMA-3Q (P<0.05). In clinical PET/CT imaging involving 23 patients with suspected
prostate cancer, no adverse reactions or significant changes in vital signs were observed, underscoring the safety of both
tracers. Notably, *Cu-NOTA-PSMA-3Q demonstrated higher uptake in the lacrimal glands (17.73 vs. 10.84), parotid glands
(20.98 vs. 16.30), and submandibular glands (20.26 vs. 17.28) compared to **Cu-DOTA-PSMA-3Q. Conversely, uptake in
the sublingual glands was lower for **Cu-NOTA-PSMA-3Q (7.10 vs. 7.49). Of particular clinical relevance, liver uptake of
%4Cu-NOTA-PSMA-3Q was significantly lower than that of **Cu-DOTA-PSMA-3Q (4.04 vs. 8.18), highlighting a key dif-
ference in their biodistribution profiles.

Conclusions Both NOTA and DOTA are suitable chelators for the development of **Cu-labeled PSMA-3Q tracers for PET/
CT imaging. DOTA showed better tumor retention 24 h after injection, while NOTA showed lower uptake in the liver, in
addition, NOTA was higher uptake in the salivary glands, while DOTA was lower uptake in these tissues. Overall, these find-
ings highlight the importance of selecting the right chelating agent to optimize clinical imaging outcomes.

Trial registration Chinese Clinical Trial Registry ChiCTR2300072655, Registered 20 June 2023.
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Introduction

Prostate cancer (PCa) ranks as one of the most common
malignancies among men globally and is the second leading
cause of cancer-related death among men worldwide. It con-
tinues to pose a significant health burden, with an estimated
1.4 million new cases and around 400,000 deaths annually.
These high incidence and mortality rates are largely driven
by advancements in diagnostic and therapeutic technolo-
gies. The management landscape of PCa is undergoing rapid
evolution, with imaging playing a crucial role in early diag-
nosis, treatment planning, treatment response monitoring,
and follow-up of patients [1, 2]. Prostate-specific membrane
antigen (PSMA) positron emission tomography (PET)/
computed tomography (CT) is increasingly becoming the
preferred imaging modality for PCa worldwide, offering
improved staging accuracy across nearly all disease stages.
PSMA-PET imaging is progressively supplanting tradi-
tional imaging methods [3, 4]. Furthermore, the inclusion
of PSMA-PET in clinical guidelines and consensus docu-
ments as a first-line option for the staging and restaging of
primary prostate cancer underscores its growing importance
in the personalized management of PCa [5]. However, the
enhanced sensitivity of this imaging modality presents new
challenges in clinical management. Although PSMA PET
imaging has been recognized in clinical guidelines and con-
sensus documents for its superior diagnostic accuracy com-
pared to conventional imaging, it remains uncertain whether
this enhanced sensitivity and earlier detection will translate
into significant improvements in patient outcomes [6].

In addition to advances in imaging, the therapeutic
landscape for PCa is being reshaped by the development
of PSMA-targeted drugs and radiotracers. Several promis-
ing agents, including '®F-DCFPyL, ®*Ga-PSMA-11, ®Ga-
PSMA-617, 'SF-PSMA-1007, and **Ga-PSMA-I&T, have
either received FDA approval or are currently undergoing
clinical evaluation [7]. While these agents have significantly
improved the detection of primary tumors and metastases,
radiotracers capable of extending the imaging window are
still needed to accommodate growing clinical needs. This
is where the radioactive labeling of PSMA tracers with
the positron-emitting isotope **Cu presents a compelling
advantage [8]. **Cu is a positron emitter with a half-life
of 12.7 h, significantly longer than that of commonly used
imaging isotopes like '*F (T,,, = 109 min) and ®*Ga (T, , =
68 minutes). This extended half-life allows for more flex-
ible scheduling of PET scans and the possibility of imaging
sites far from cyclotron facilities, thereby improving access
to advanced imaging technology. Furthermore, **Cu has a
versatile decay profile that includes 18% positron (f+) and
39% beta (f—) emissions, making it suitable for both diag-
nostic PET imaging and radionuclide therapy. Its decay via

electron capture also results in the emission of Auger elec-
trons, which contribute to cytotoxic effects at the cellular
level [9]. This unique combination of decay mechanisms
provides an opportunity for ®*Cu to function as a theranostic
agent, offering both diagnostic and therapeutic applications.
Notably, **Cu can be paired with its therapeutic counterpart,
87Cu, to form a theranostic pair, enabling integrated imaging
and targeted radiotherapy for prostate cancer [10].

1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic
acid (DOTA) is one of the most extensively studied bifunc-
tional chelators (BFCs) for radiolabeling with **Cu. Despite
its widespread use, several studies have highlighted the
relatively low thermodynamic and kinetic stability of ®*Cu-
DOTA complexes in vivo. This instability can result in
demetallation, leading to off-target accumulation of *Cu
in non-target tissues, particularly the liver [11-15]. Such
accumulation poses a challenge for clinical applications
where high tracer specificity and minimal background sig-
nal are essential. Recent comparative studies have provided
valuable insights into the performance differences between
DOTA and 1,4,7-triazacyclononane-1,4,7-triacetic acid
(NOTA) as chelators for *Cu in prostate cancer imaging.
Lee, Inki, et al. reported that **Cu-labeled DOTA (**Cu-
cudotadipep) exhibited higher uptake in target tissues than
its NOTA-labeled counterpart (%*Cu-cunotadipep). How-
ever, this benefit was offset by a significant increase in liver
uptake for the DOTA chelator. Conversely, the NOTA che-
lator demonstrated higher in vivo kinetic stability, resulting
in minimal dissociation of **Cu and reduced hepatic accu-
mulation [11]. These findings underscore the significant
role that chelator structure plays in determining the in vivo
stability and biodistribution of radiopharmaceuticals, high-
lighting the importance of chelator selection during radio-
tracer development [16].

Building on these insights, we recently conducted a clini-
cal study utilizing **Cu-DOTA-PSMA-3Q to facilitate real-
time diagnosis during image-guided biopsies of prostate
cancer [17]. This radiation-guided approach offers a sig-
nificant advancement in PSMA-PET image-guided biopsy
procedures, enabling real-time verification of lesion sam-
pling during the biopsy process. By providing immediate
confirmation of sample accuracy, this technique enhances
the reliability of biopsy results, reduces the likelihood of
missed targets, and ultimately optimizes clinical outcomes.
Our initial findings demonstrated the diagnostic efficacy
of ®Cu-DOTA-PSMA-3Q; however, liver uptake associ-
ated with the in vivo instability of the **Cu-DOTA complex
remains a concern. Although this limitation did not com-
promise diagnostic performance, it underscores the need
for improvements in chelator selection to enhance imaging
specificity and reduce off-target uptake.
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To address this challenge, we propose the use of NOTA
as an alternative chelating agent for labeling PSMA-3Q
with *Cu. Given the superior kinetic stability and reduced
dissociation of ®*Cu observed with NOTA in previous stud-
ies, we hypothesize that NOTA-labeled **Cu-PSMA-3Q
will exhibit lower liver uptake and improved biodistribution
compared to its DOTA-labeled counterpart. These potential
enhancements could have significant clinical implications
for prostate cancer imaging, particularly in reducing off-
target signal and improving tumor-to-background ratios in
PET/CT imaging.

This study focuses on the development and evaluation of
64Cu-labeled PSMA tracers using the bifunctional chelating
agents (BFCAs) NOTA (1,4,7-triazacyclononane-1,4,7-tri-
acetic acid) and DOTA (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid). These chelators play a critical role
in ensuring strong and stable chelation of *Cu, a prerequi-
site for effective PET imaging and therapy. By leveraging
the unique properties of NOTA and DOTA, this study aims
to assess the stability, biodistribution, imaging efficacy, and
safety of **Cu-DOTA-PSMA-3Q and **Cu-NOTA-PSMA-
3Q in both preclinical and clinical settings. The ultimate
goal is to identify the optimal chelator for **Cu-based PSMA
tracers, thereby enhancing the clinical utility of PSMA-PET
imaging for prostate cancer management.

Materials and methods

All chemicals, solvents, and reagents used were of analyti-
cal grade and procured from McLink Biochemical Technol-
ogy Co., Ltd. (Shanghai, China). The **Cu radionuclide was
supplied by Guangdong Huashuo Molecular Imaging Tech-
nology Co., Ltd. (Guangdong, China). Radioactivity mea-
surements were conducted using a CRC-25R dose calibrator
(Capintec.INC, USA) and a y-Counter (AMG 425-601,
Hidex, Finland). The radiochemical purity were assessed
using a high-performance liquid chromatography (HPLC,
Waters, USA). Small-animal PET scans were performed
with a Super Nova PET/CT scanner (Ping sheng Medi-
cal Technology Co., Ltd.). BALB/c nude mice, aged 34
weeks and weighing 13—15 g, were procured from Charles
River Laboratory (Beijing, China). About 5 x 10° cells were
implanted into the right shoulder of each mouse. Imaging
experiments were conducted on tumor-bearing mice once
the tumor volume reached 200-300 mm?>. All procedures
involving animals were performed in compliance with the
protocols approved by the Animal Protection and Utiliza-
tion Committee of the First Medical Center of the Chinese
People’s Liberation Army General Hospital (approval num-
ber: S2023-295-01). The experimental animals were kept
in a temperature of 22+2°C, humidity of 50-70%, 12-hour
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light and dark cycle, good ventilation and hygiene manage-
ment to ensure the health of animals and the reliability of
experimental results.

64Cu-labelled NOTA-PSMA-3Q and DOTA-PSMA-
3Q, quality control, in vitro stability and partition
coefficient

Detailed information on reagents, chemicals, high-perfor-
mance liquid chromatography (HPLC), liquid chromatogra-
phy-mass spectrometry (LC-MS), and synthesis flowcharts
for NOTA-PSMA-3Q and DOTA-PSMA-3Q is available in
the supplementary materials previously published by our
research group [17, 18]. Detailed information on radioac-
tive synthesis and quality control procedures is provided in
the supplementary material.

Radiotoxicity of 64Cu-NOTA-PSMA-3Q,
biodistribution and micro-PET imaging

Healthy BALB/c male mice were administered either
%4Cu-NOTA-PSMA-3Q (37 MBgq, 150 uL) or normal saline
(150 pL) to assess radiotoxicity.

In biodistribution experiments, These mice were
randomly divided into four groups (n=3 per group)
and received injections of ®Cu-DOTA-PSMA-3Q or
$4Cu-NOTA-PSMA-3Q (1.48 MBgq, 100 pL). Mice were
sacrificed at 1, 4, 12, and 24 h post-injection (p.i.). Tissues
and organs of interest were collected, weighed, and their
radioactivity was measured using a gamma counter. The
radioactive uptake rate (%ID/g) for each tissue and organ
was calculated after radioactivity decay correction.

In Micro-PET imaging experiments, groups of 22RV1
tumor xenograft models (n=3) were injected via the tail
vein with **Cu-DOTA-PSMA-3Q or **Cu-NOTA-PSMA-
3Q (ranging from 5.55 to 7.4 MBq, 150 pL per mouse).
Ten-minute static PET scans were conducted at 1, 4, 12,
and 24 h after injection. ZJ-43 ((S)-2-(3- ((S)-1-carboxy-
3-methylbutyl)ureido), pentanedioic acid) was utilized as a
blocking agent for PSMA((Fig. S3). (for all of the details
see the supplementary materials).

Preliminary clinical PET/CT imaging in humans

Preliminary clinical research was approved by the Eth-
ics Committee of the First Medical Center of the Chinese
People’s Liberation Army General Hospital (approval
number: S2023-208-02) and registered at the Chinese
Clinical Trial Registry (ChiCTR2300072655). The study
recruited 23 patients with suspected prostate cancer who
provided informed consent. Patients were divided into
two groups: 11 patients underwent PET/CT scans with
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%4Cu-NOTA-PSMA-3Q, and 12 patients underwent scans
with **Cu-DOTA-PSMA-3Q, as outlined in Table 1. Each
patient received an intravenous injection of 148 MBq of the
respective tracer, followed by PET/CT imaging 2 h post-
injection. The scans, covering the region from the base of
the skull to the upper thigh, were performed using a uEX-
PLORER scanner (United Imaging Healthcare, China).
Image reconstruction utilized the ordered subsets expec-
tation maximization (OSEM) algorithm with time-of-
flight (TOF) and point spread function (PSF) corrections.
Reconstruction settings included 3 iterations, 20 subsets, a
256 x 256 matrix, a 600 mm field of view, a 1.443 mm slice
thickness, Gaussian post-filtering, and a 2 mm full width
at half maximum (FWHM). PET/CT images were indepen-
dently analyzed by two experienced physicians, who mea-
sured the maximum standardized uptake value (SUVmax)
for each lesion as well as for normal organs, ensuring reli-
able and unbiased evaluation of tracer uptake.

Statistical analysis

Statistical analyses were conducted using SPSS version
26.0 (New York, USA, May 2019) and GraphPad Prism ver-
sion 8.0 (San Diego, USA). A p-value <0.05 was considered
indicative of statistical significance. Data that conformed
to a normal distribution were reported as mean=standard
deviation (SD), while non-normally distributed data were
presented as median and interquartile ranges (IQR) to accu-
rately capture dispersion. For comparisons involving nor-
mally distributed data, independent sample t-tests and tests
for homogeneity of variance were applied. In cases where
the data did not follow a normal distribution, the Wilcoxon
rank sum test was used as a non-parametric alternative to
assess differences between groups. This comprehensive
statistical approach ensured appropriate analysis of the

data, accounting for both parametric and non-parametric
distributions.

Results

Radiolabeling, quality control and characterization
of the 64Cu-labelled NOTA-PSMA-3Q and DOTA-
PSMA-3Q

The radiochemical purity of **Cu-NOTA-PSMA-3Q and
4Cu-DOTA-PSMA-3Q was more than 98%. The log P val-
ues for #Cu-NOTA-PSMA-3Q and *Cu-DOTA-PSMA-3Q
were determined to be -2.61+0.03 and —2.34+0.08, respec-
tively, indicating that ®*Cu-NOTA-PSMA-3Q exhibits
greater hydrophilicity compared to **Cu-DOTA-PSMA-3Q.
High performance liquid chromatography (HPLC) analysis
showed that 64Cu-NOTA-PSMA-3Q showed good stability
during the test (Fig. S2). Additional information on the qual-
ity control procedures can be found in the Supplementary
Materials (Fig. S1). The stability of 64Cu-DOTA-PSMA-
3Q has been demonstrated in previous studies.

Radiotoxicity of 64Cu-NOTA-PSMA-3Q,
biodistribution and Micro-PET imaging

Mice injected with **Cu-NOTA-PSMA-3Q or normal saline
exhibited no mortality within 14 days, with no significant
differences observed between the two groups in terms of
body weight, diet, excretion, activity level, mental status,
or skin condition throughout the observation period. His-
tological analysis of major organs, visualized using H&E
staining, showed no detectable pathological changes or
differences between the two groups (Fig. S2), supporting
the safety of **Cu-NOTA-PSMA-3Q in vivo, The safety

Table 1 Quantification results of PET imaging and biodistribution studies of **Cu-DOTA-PSMA-3Q and **Cu-NOTA-PSMA-3Q. Health organi-
zation data from biodistribution study; tumor and Tumor/Muscle data from PET imaging. Data is presented as Mean=SD) (% ID/g)

Organ %Cu-DOTA-PSMA-3Q %4Cu-NOTA-PSMA-3Q
1h 4h 12h 24h 1h 4h 12h 24 h

Blood 0.62+0.19 0.42+0.08  0.37+0.01 0.30+0.06 0.36+0.07 0.19+0.01 0.13+0.00 0.11+0.02
Brain 0.07+0.03 0.07+£0.00  0.09+0.01 0.08+0.02 0.03+0.01 0.03+0.01 0.03+0.00 0.03+0.00
Liver 2.92+0.44 2474028  1.71+0.04 1.14£0.29 0.83+0.06 0.58+0.14 0.31+0.04 0.29+0.13
Spleen 1.28+0.44 0.90+0.31  0.81+0.33 0.56+0.33 0.73+£0.25 0.44+0.14 0.16+0.03 0.13+0.06
Kidney 59.79+3.18  3.65£1.05  1.42+0.20 0.92+0.20 27.25+7.55  1.10+0.21 0.35+0.02 0.22+0.03
Stomach 1.48+0.79 1.14+0.62  0.49+0.08 0.49+0.09 0.22+0.04 0.23+0.08 0.14+0.02 0.15+0.07
Intestine 1.82+0.57 0.87+£0.69  0.70+0.29 0.70+£0.12 0.25+0.06 0.29+0.11 0.26+0.01 0.22+0.05
Heart 0.96+0.46 0.65+0.07  0.66+0.09 0.52+0.05 0.18+0.03 0.15+0.03 0.14£0.00 0.14+0.03
Lung 1.84+0.77 1.11£0.10  0.96+0.30 0.83+£0.32 0.52+0.03 0.2740.09 0.28+0.02 0.18+0.04
Bone 0.57+0.16 0.46+0.02  0.47+0.06 0.41+0.08 0.36+0.03 0.33+0.06 0.33+0.04 0.33+0.01
Muscle 0.27+0.07 0.18+0.02  0.14+0.01 0.16+0.00 0.13+£0.02 0.07+0.01 0.07+0.02 0.09+0.00
Tumor 8.64+1.39 9.56+1.71  9.80+0.65 10.05+0.46  8.22+0.73 7.41+1.01 6.55+1.29 5.38+1.06
Tumor/Muscle  8.39+0.13 8.94+1.19  10.22+£029  7.88+1.41 24.06+4.57 2587+572  19.78+2.67  15.44+2.08
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of #*Cu-DOTA-PSMA-3Q has been confirmed in previous
studies [17].

The biodistribution of ®Cu-NOTA-PSMA-3Q and
%4Cu-DOTA-PSMA-3Q in healthy BALB/c male mice
is presented in Table 1. Both tracers exhibited rapid
clearance from the blood, with radioactivity levels at
I-hour post-injection measured at 0.36+0.07% ID/g
for **Cu-NOTA-PSMA-3Q and 0.62+0.19% ID/g for
%4Cu-DOTA-PSMA-3Q, indicating faster blood clearance
for the former. Liver uptake was significantly higher for
%4Cu-DOTA-PSMA-3Q compared to **Cu-NOTA-PSMA-
3Q (2.924+0.44% ID/g vs. 0.83+£0.06% ID/g, P=0.027),
suggesting that **Cu-NOTA-PSMA-3Q may exhibit lower
hepatobiliary excretion. Spleen uptake was also higher
for **Cu-DOTA-PSMA-3Q (1.28+0.44% ID/g) than for
84Cu-NOTA-PSMA-3Q (0.73+0.25% ID/g), but this dif-
ference did not reach statistical significance (P=0.134).
Both tracers showed high initial kidney uptake, which
decreased significantly over 24 h. For **Cu-DOTA-PSMA-
3Q, kidney uptake declined from 59.79+3.18% ID/g to
0.92+0.20% ID/g, while for %Cu-NOTA-PSMA-3Q,
uptake decreased from 27.25+7.55% ID/g to 0.22+0.03%
ID/g, demonstrating rapid renal clearance for both trac-
ers. Furthermore, **Cu-NOTA-PSMA-3Q exhibited lower
accumulation in the lungs, stomach, and intestines com-
pared to Cu-DOTA-PSMA-3Q, while other organs
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$4Cu-NOTA-PSMA-3Q

1h 4h 12h 24 h

showed minimal radioactive accumulation and rapid clear-
ance, highlighting the favorable pharmacokinetic profile of
%4Cu-NOTA-PSMA-3Q.

The Micro-PET imaging of 22RV1 tumor-bearing mice,
as depicted in Fig. 1, revealed notable uptake of both
%4Cu-NOTA-PSMA-3Q and **Cu-DOTA-PSMA-3Q trac-
ers within tumor tissues. Following intravenous administra-
tion, the temporal tracer uptake was quantified as follows: at
1 h, uptake was 8.22+0.73% ID/g for **Cu-NOTA-PSMA-
3Q and 8.64+1.39% ID/g for %Cu-DOTA-PSMA-3Q
(P=0.669); at 4 h, uptake was 7.41+1.01% ID/g versus
9.56+1.71% ID/g (P=0.134); at 12 h, it was 6.55+1.29%
ID/g versus 9.80+0.65% ID/g (P=0.018); and at 24 h,
uptake decreased to 5.38+1.06% ID/g versus 10.05+0.46%
ID/g (P=0.002), respectively. Additionally, the tumor-
to-muscle ratio for **Cu-NOTA-PSMA-3Q was signifi-
cantly higher across all measured time points, with values
of 24.06+4.57 at 1 h, 25.87+5.729 at 4 h, 19.78+2.67 at
12 h, and 15.44+2.08 at 24 h. In contrast, the tumor-to-
muscle ratios for **Cu-DOTA-PSMA-3Q were consistently
lower, recorded as 8.39+0.13, 8.94+1.19, 10.22+0.29, and
7.88+1.41 at the respective time points. The differences in
tumor-to-muscle ratios between the two tracers were sta-
tistically significant at all time points (P<0.05). One-hour
post-injection, liver uptake of **Cu-DOTA-PSMA-3Q was
notably higher than that of **Cu-NOTA-PSMA-3Q, with

10%INig
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12h
24h

3 o2 8
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Fig. 1 Representative static PET imaging and quantification results in 22RV1 tumor-bearing mice with **Cu-NOTA-PSMA-3Q and

%Cu-DOTA-PSMA-3Q
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uptake values of 24.00+4.73% ID/g and 3.28+1.04%
ID/g, respectively, representing a 7.27-fold increase for
%4Cu-DOTA-PSMA-3Q. This observation was consistent
with the biodistribution data, which also highlighted signifi-
cant tracer accumulation in the kidneys and bladder, while
only minimal radioactivity was observed in other normal
tissues. These findings underscore the superior tumor selec-
tivity of **Cu-NOTA-PSMA-3Q over **Cu-DOTA-PSMA-
3Q and highlight its potential as a more favorable imaging
agent for PSMA-expressing tumors.

Preliminary clinical PET/CT imaging in humans

The preliminary clinical research, approved by the Eth-
ics Committee of the First Medical Center of the People’s
Liberation Army General Hospital, was conducted from
May 2023 to May 2024. The study enrolled a total of 23
patients suspected of having prostate cancer (PCa), with 12
patients undergoing **Cu-NOTA-PSMA-3Q PET/CT scans
and 11 patients undergoing **Cu-DOTA-PSMA-3Q PET/
CT scans. No adverse reactions or significant changes in
vital signs were reported during any of the PET/CT imag-
ing sessions, indicating good tolerability and safety of both
tracers. Of the 23 participants, 18 underwent biopsy pro-
cedures, resulting in 15 pathological confirmations of PCa

Table 2 Individual patient characteristics and tumor lesion uptake

and 3 diagnoses of benign prostatic hyperplasia (BPH). An
additional 5 patients were confirmed to have PCa through
follow-up evaluations, bringing the total number of con-
firmed PCa cases to 20 patients. Among these cases, 10
were imaged with ®*Cu-NOTA-PSMA-3Q and 10 with
%4Cu-DOTA-PSMA-3Q, ensuring an equal distribution of
PCa cases across the two imaging groups. The analysis
of tumor burden and tumor lesion uptake values, detailed
in Table 2, revealed that the mean maximum standardized
uptake values (SUVmax) for primary tumor detection were
18.89+7.38 for **Cu-NOTA-PSMA-3Q and 19.54+10.65
for ®*Cu-DOTA-PSMA-3Q. These findings underscore the
diagnostic utility of both tracers for the detection of PCa,
with comparable SUVmax values observed between the two
imaging agents.

The representative maximum intensity projection images
of the two radiopharmaceuticals are illustrated in Figs. 2 and
3. The range and mean of the maximum standardized uptake
value (SUVmax) for the primary organs of the patients are
summarized in Table 3. As depicted in the figure, both radio-
pharmaceuticals are predominantly excreted via the kid-
neys. While both radiopharmaceuticals exhibit high activity
in organs with elevated PSMA expression (e.g., lacrimal
glands, parotid glands, submandibular glands, sublingual
glands, and kidneys), a notable distinction is observed: the

Patient No Age PSA(ng/mL) Primary tumor ~ Lymph node Bone metastases Gleason 84Cu-NOTA-
(SUVmax) metastases (SUVmax) score PSMA-3Q(NOTA)
(SUVmax) or #Cu-DOTA-
PSMA-3QDOTA
1 71 10.00 42.68 None None 4+3 NOTA
2 81 21.34 6.40 None None None NOTA
3 76 41.63 54.15 None None 4+4 NOTA
4 70 21.28 19.92 None None 4+3 NOTA
5 65 18.49 14.46 None None 4+3 NOTA
6 79 50.00 9.51 None None 3+4 NOTA
7 67 21.25 13.37 None None None NOTA
8 67 8.52 6.08 None None 3+3 NOTA
9 67 21.31 27.64 5.26-27.05 3.83-33.54 None NOTA
10 65 15.15 NE None None None NOTA
11 68 5.00 10.82 None None None NOTA
12 80 10.30 14.87 None None 4+3 DOTA
13 69 15.06 40.19 None None 4+3 DOTA
14 70 23.10 54.65 None None 4+3 DOTA
15 65 15.43 12.30 None None 4+3 DOTA
16 67 9.71 22.47 None None 3+4 DOTA
17 76 23.14 24.58 None None 3+5 DOTA
18 68 45.12 24.46 None None 4+3 DOTA
19 66 18.23 29.29 None None 4+4 DOTA
20 65 18.12 27.64 None None None DOTA
21 72 18.26 NE None None None DOTA
22 84 4.58 7.99 None None 3+4 DOTA
23 61 12.46 NE None None None DOTA

NE: Negative expression
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Fig.2 Shows the representative maximum intensity PET/CT projection
images of **Cu-DOTA-PSMA-3Q (A, B) and **Cu-NOTA-PSMA-3Q
(C, D) in prostate cancer patients 2 h after injection. A: Male, 70 years
old, PSA=23.1 ng/mL, lacrimal gland (SUVmax=13.56), parotid
gland (SUVmax=21.004), submandibular gland (SUVmax=19.406),
liver (SUVmax=11.084), spleen (SUVmax=6.239), primary lesion
(SUVmax=54.65). B: Male, 68 years old, PSA=45.12 ng/mL, lac-
rimal gland (SUVmax=14.38), parotid gland (SUVmax=18.21),
submandibular gland (SUVmax=17.19), liver (SUVmax=9.045),

uptake of **Cu-NOTA-PSMA-3Q is higher in the lacrimal
glands (17.73 vs. 10.84), parotid glands (20.98 vs. 16.30),
and submandibular glands (20.26 vs. 17.28) compared to
%4Cu-DOTA-PSMA-3Q, whereas the uptake in the sublin-
gual glands is lower (7.10 vs. 7.49). In the liver, which is of
particular interest, the uptake of **Cu-NOTA-PSMA-3Q is
significantly lower than that of *Cu-DOTA-PSMA-3Q (4.04
vs. 8.18). Additionally, the uptake of **Cu-NOTA-PSMA-
3Q in the brain, lungs, and muscles is also lower than that
of ®Cu-DOTA-PSMA-3Q (0.12 vs. 0.28), (0.47 vs. 0.65),
and (0.52 vs. 0.79), respectively. No statistically significant
differences were observed in the uptake of the two radio-
pharmaceuticals in other normal human organs.

Discussion

In this study, we conducted a preliminary investiga-
tion using PET/CT imaging to assess the performance of
%4Cu conjugated with PSMA-3Q via the NOTA chela-
tor (**Cu-NOTA-PSMA-3Q). We specifically focused on
comparing the in vivo biodistribution differences between
PSMA-3Q labeled with two bifunctional chelators, DOTA
and NOTA.

4Cu has emerged as a highly effective PET imaging
radionuclide, offering unique advantages in diagnostic
imaging and therapeutic applications. Recent advancements
have led to the development of several **Cu-labeled PSMA

@ Springer

spleen (SUVmax=5.99), primary lesion (SUVmax=24.46). C:
Male, 70 years old, 65 kg, PSA=21.28 ng/mL, lacrimal gland (SUV-
max=11.74), parotid gland (SUVmax=15.12), submandibular gland
(SUVmax=18.25), liver (SUVmax=3.86), spleen (SUVmax=3.35),
primary lesion (SUVmax=19.92). D: Male, 68 years old, 59 kg,
PSA=5.00 ng/mL, lacrimal gland (SUVmax=21.11), parotid gland
(SUVmax=26.46), submandibular gland (SUVmax=29.07), liver
(SUVmax=5.01), spleen (SUVmax=4.57), primary lesion (SUV-
max=10.82), The red arrow shows the tumor

radiotracers [19—-22], which have shown significant potential
for the early detection of recurrent disease and local recur-
rences [23]. One of the most noteworthy benefits of **Cu is
its role in the theranostic pair (**Cu/®’Cu), which enables a
dual diagnostic-therapeutic approach. As a diagnostic agent,
84Cu provides critical information for precision oncology,
while ®’Cu serves as a therapeutic radioisotope, making this
pairing particularly valuable in personalized medicine. The
physical properties of **Cu further enhance its utility in PET
imaging. Its extended half-life allows imaging at later time
points, improving the delineation of tumors with greater
accuracy and detail. This feature also facilitates the decen-
tralized production and distribution of radiotracers, reduc-
ing logistical constraints on production sites [15]. Another
unique advantage of **Cu-labeled PSMA-targeted agents
is the ability to incorporate ®’Cu for therapeutic purposes
within the same compound. This capability streamlines the
transition from imaging to treatment, thereby supporting the
development of dual-function theranostic agents. Despite
the growing interest in ®’Cu, its availability is currently
more limited compared to the widely used !"’Lu. However,
efforts are underway to enhance global access to ®’Cu [24].
Given its shorter half-life of 2.58 days relative to !""Lu’s 6.7
days, ®’Cu is particularly suited for pharmacokinetic stud-
ies of peptide-based drugs that are rapidly excreted [25].
Efficient chelation is essential for ensuring the stability and
efficacy of radiotracers. Among available chelators, DOTA
and NOTA are widely regarded as effective for various
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Fig. 3 The MIP image, low-dose axial CT image, and fused PET/CT
image (A) of patient no. 12 at 2 h post-injection of **Cu-DOTA-PSMA-
3Q in an 80-year-old primary PCa patient with a rising PSA level of
10.3 ng/mL and a Gleason score of 4+3=7. From left to right, they
are the parotid gland (SUVmax=7.49), submandibular gland (SUV-
max=12.97), liver (SUVmax=28.09), spleen (SUVmax=4.36), and
primary lesion (SUVmax=14.87). The MIP image, low-dose axial CT

Submandibular gland

Liver Primary tumor

L PET

CT

PET/CT
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PET/CT

image, and fused PET/CT image (B) of patient no. 5 at 2 h post-injec-
tion of **Cu-NOTA-PSMA-3Q in a 65-year-old primary PCa patient
with a rising PSA level of 18.49 ng/mL and a Gleason score of 4+3=7.
From left to right, they are the parotid gland (SUVmax=19.83), sub-
mandibular gland (SUVmax=24.97), liver (SUVmax=4.57), spleen
(SUVmax=4.76), and primary lesion (SUVmax = 14.46)

Table 3 The SUVmax of *Cu-NOTA-PSMA-3Q and **Cu-DOTA-PSMA-3Q imaging in various human organs

Organ %Cu-NOTA-PSMA-3Q(n=11) %Cu-DOTA-PSMA-3Q(n=12) P value
Average Range Average Range
Lacrimal Gland 17.73 11.35-24.48 10.84 5.35-16.00 <0.001
Parotid Gland 20.98 13.37-38.63 16.30 7.49-21.82 0.064
Submandibular Gland 20.26 14.26-29.07 17.28 12.39-24.32 0.140
Sublingual Gland 7.10 4.27-15.71 7.49 3.12-14.97 0.801
Brain 0.12 0.04-0.32 0.28 0.08-0.61 0.009
Heart 1.23 0.84-1.59 1.51 1.18-1.82 0.004
Liver 4.04 2.94-5.01 8.18 5.99-11.08 <0.001
Spleen 475 3.12-7.64 5.96 3.88-9.72 0.093
Lung 0.47 0.30-0.76 0.65 0.52-0.99 0.007
Stomach 1.48 0.94-2.18 1.54 0.88-2.05 0.713
Intestine 5.73 1.56-13.87 5.45 2.75-9.84 0.848
Kidney 43.95 25.04-67.10 41.69 20.27-74.10 0.738
Bone 0.45 0.12-1.07 0.45 0.31-0.93 0.993
Muscle 0.52 0.34-0.95 0.79 0.57-1.09 0.001
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radionuclides due to their favorable geometry and thermo-
dynamically stable metal-binding sites. DOTA is considered
the “gold standard” chelator, capable of forming stable com-
plexes with a broad spectrum of isotopes, such as **’Ac,
8620y, 177Ly, ""In, and */*’Sc [26]. Its versatility makes
it the preferred choice for chelating isotopes used in both
imaging and radioligand therapy.

However, specific challenges arise when DOTA is used
with ®Cu. One of the primary issues is the high liver and
gallbladder uptake observed with ®*Cu-labeled compounds.
Research suggests that this uptake is caused by the disso-
ciation of copper from its chelator, which is mediated by
the action of superoxide dismutase (SOD) in the liver [27].
This dissociation leads to the redistribution of free copper
ions, contributing to higher off-target activity. While DOTA
maintains good stability with other isotopes, its in vivo
kinetic stability with ®*Cu is relatively lower compared to
NOTA.

NOTA, on the other hand, offers a more stable chela-
tion for *Cu. Its superior kinetic stability minimizes cop-
per release, leading to reduced hepatic uptake. For imaging
applications where minimizing radiation dose to the liver
is a priority, NOTA is the preferred chelator for ®*Cu-based
radiopharmaceuticals. However, for therapeutic purposes—
especially when working with isotopes that require extended
stability, such as *°Y or !"”’Lu—DOTA is more appropriate
due to its ability to maintain long-term complexation [11].
The choice of chelator, therefore, depends on the specific
clinical objective: if liver sparing and reduced background
uptake are essential, NOTA should be used. Conversely, for
radioligand therapy, where isotopes must remain bound for
longer durations, DOTA remains the preferred choice.

In this study, both DOTA and NOTA were demonstrated
to be effective bifunctional chelating agents (BFCAs) for the
preparation of ®*Cu-labeled PSMA radiopharmaceuticals
used in PET/CT imaging of prostate cancer patients. How-
ever, a key distinction was observed: **Cu-NOTA-PSMA-
3Q exhibited significantly lower liver uptake compared to
%4Cu-DOTA-PSMA-3Q, consistent with prior studies that
have directly compared these chelators [28]. This reduction
in hepatic uptake is clinically relevant, as it enhances image
clarity by reducing background signal, thereby facilitating
the detection of liver lesions.

The enhanced in vivo stability of **Cu-NOTA-PSMA-3Q
can be attributed to the chelation properties of NOTA. Pre-
vious studies have established that **Cu-NODAGA-PSMA
ligands exhibit greater stability than their DOTA-based
counterparts, leading to improved diagnostic performance
characterized by higher tumor-to-background ratios. Com-
parative analyses have shown that NOTA provides superior
stability for %*Cu-labeled compounds compared to DOTA
[29]. This increased stability is likely due to the smaller
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cavity size of NOTA relative to DOTA [30], which allows
for a more tightly bound copper complex, thereby minimiz-
ing dissociation and off-target uptake.

From a clinical perspective, the reduced liver uptake
of ®Cu-NOTA-PSMA-3Q has significant implications for
prostate cancer imaging, particularly in patients with sus-
pected liver metastases. Visceral metastases, especially in
the liver, are known to be strong predictors of poor progres-
sion-free survival (PFS) and increased mortality risk [31].
As a result, the ability of **Cu-NOTA-PSMA-3Q to provide
clear, high-contrast imaging of the liver may improve the
early detection and localization of metastatic lesions. This
advantage could play a critical role in patient management
by enabling more accurate staging and facilitating timely
therapeutic intervention. Hence, ®*Cu-NOTA-PSMA-3Q
offers a clinically valuable diagnostic tool for the assess-
ment of prostate cancer with potential liver involvement,
supporting more precise and individualized patient care.

This study identified significant differences in the uptake
of %Cu-labeled compounds in organs with high PSMA
expression, including the lacrimal, parotid, and subman-
dibular glands. Notably, the uptake of **Cu-labeled DOTA
in these glands was substantially lower than that of ®*Cu-
labeled NOTA. This finding aligns with prior research by
Niels J. Rupp et al. (2019), who observed that the accumu-
lation of PSMA-targeted radiopharmaceuticals in salivary
gland tissue is predominantly nonspecific [32]. Understand-
ing the mechanisms behind this differential uptake is critical
for the future design of PSMA-targeted radiopharmaceuti-
cals, particularly in therapies using a-particle emitters with
high linear energy transfer (LET).The notable difference in
salivary gland uptake between **Cu-DOTA and **Cu-NOTA
may be attributed, in part, to the pH environment of the
saliva, which typically ranges from 6.5 to 7 [33]. The kinetic
stability of copper chelates is known to be pH-dependent,
with studies showing that Cu-NOTA exhibits greater stabil-
ity than Cu-DOTA at a pH of 4.6 [11]. However, at the neu-
tral pH found in saliva, DOTA may provide a more stable
binding environment for copper, potentially resulting in
reduced dissociation and uptake in the salivary glands. This
pH-driven stability difference offers a plausible explana-
tion for the observed disparity in glandular uptake between
%4Cu-DOTA and **Cu-NOTA.

From a clinical perspective, the accumulation of PSMA-
targeted radiopharmaceuticals in the salivary glands has sig-
nificant implications for patient well-being, particularly in
the context of radionuclide therapy. Radiation-induced dam-
age to salivary glands can result in xerostomia (dry mouth),
a debilitating side effect that significantly impacts quality of
life [34]. While xerostomia induced by B-emitting radionu-
clides like '7’Lu is often reversible, irreversible gland dam-
age has been reported with a-emitters such as **Ac [35].
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This irreversible damage poses a major challenge for dose
escalation in PSMA-targeted radioligand therapy (RLT)
for prostate cancer. Given these concerns, DOTA may be
the preferred chelator over NOTA in therapies involving
a-emitting nuclides, as its lower uptake in salivary glands
could reduce the risk of radiation-induced xerostomia. For
future clinical applications, particularly in intravenous
radionuclide irradiation therapy, DOTA may offer a safer
option when using ®’Cu as the therapeutic radionuclide.
By limiting uptake in non-target organs like the salivary
glands, DOTA-labeled PSMA-targeted radiopharmaceuti-
cals may enable higher therapeutic doses while mitigating
adverse effects. Interestingly, the higher uptake of NOTA-
labeled ligands in salivary glands may present a potential
advantage for targeting tumors that originate or metastasize
to these glands [36]. This dual role highlights the need for
more targeted strategies to balance effective tumor targeting
with reduced off-target toxicity. Further studies are required
to better understand the mechanisms driving salivary gland
uptake and to explore potential solutions for mitigating
toxicity. These efforts are crucial for optimizing PSMA-tar-
geted RLT protocols, particularly in patients with prostate
cancer who are at risk of xerostomia due to salivary gland
irradiation.

It is noteworthy that the uptake of **Cu-NOTA-PSMA-
3Q and **Cu-DOTA-PSMA-3Q in the brain is minimal,
a finding that aligns with the known properties of PSMA
radioligands. This minimal uptake can be attributed to the
molecular weight of PSMA, which, without the radionu-
clide label, ranges from 400 to 500 Da. This exceeds the
typical mass transport limit of the blood-brain barrier,
thereby restricting its passive diffusion into the brain. As a
result, any detectable brain uptake of **Cu-PSMA could be
indicative of a disruption or compromise in blood-brain bar-
rier integrity [23]. Despite the valuable insights provided by
this study, certain limitations must be acknowledged. The
most prominent limitation is the relatively small sample
size, which calls for further validation using a larger cohort
to confirm the generalizability of these findings. Expand-
ing the sample size would increase the statistical power and
provide a more comprehensive understanding of the biodis-
tribution and pharmacokinetics of %*Cu-NOTA-PSMA-3Q
and *Cu-DOTA-PSMA-3Q. Another key limitation is the
absence of biodistribution data from healthy volunteers.
While patient-based studies are often more reflective of real-
world clinical conditions, the inclusion of healthy volunteers
could offer critical baseline data for comparison. Establish-
ing a healthy biodistribution profile for these radiophar-
maceuticals would provide context for interpreting patient
results, particularly when assessing potential variations in
uptake caused by disease-related changes, such as altera-
tions in PSMA expression or blood-brain barrier integrity.

Future research should consider the inclusion of healthy vol-
unteer data to enhance the robustness of study conclusions
and enable a more holistic assessment of the biodistribution
patterns of **Cu-labeled PSMA radiopharmaceuticals.

Conclusion

In summary, this study confirmed that both NOTA and DOTA
are effective chelating agents for ®*Cu-labeled PSMA-3Q
in PET/CT imaging. Each chelator exhibited distinct bio-
distribution characteristics, with **Cu-NOTA-PSMA-3Q
showing significantly lower uptake in the liver compared to
%4Cu-DOTA-PSMA-3Q. Conversely, **Cu-DOTA-PSMA-
3Q demonstrated reduced uptake in the salivary glands rela-
tive to **Cu-NOTA-PSMA-3Q. These findings highlight the
differential kinetic stability and biodistribution properties of
the two chelators, which may have important implications
for selecting the optimal chelator based on the specific clini-
cal objectives of PET imaging or radionuclide therapy.
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