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Abstract

Prostate-specific membrane antigen-targeted radioligand therapy is a potent new treatment that improves survival and quality
of life in metastatic castration-resistant prostate cancer patients. However, these require high radiation doses and frequent
delivery; hence, innovative strategies to develop future therapeutic agents are needed. Gold nanoparticles’ ability to deliver
a large payload of radionuclides, favorable bioavailability, modifiable surfaces, and ability to induce hyperthermia could
potentially enhance efficacy when combined with targeted radioligand therapeutic agents. Recent advances in targeted gold
nanoparticles and their radiolabeling with potential radioligands, radiobiology, and photothermal effects to facilitate com-
bination therapies are discussed in this review.

@ < Yoki Yulizar

yokiy @sci.ui.ac.id

Sumandi Juliyanto
sumandi.juliyanto @brin.go.id

o I Research Center for Radioisotopes, Radiopharmaceuticals,
and Biodosimetry Technology, National Research
and Innovation Agency (BRIN), Kawasan Puspiptek, Setu,
Tangerang Selatan 15314, Indonesia

Department of Chemistry, Faculty of Mathematics
and Natural Sciences, Universitas Indonesia, UI-Campus,
Beji, Depok, West Java 16424, Indonesia

Laboratory of Pharmaceutical Chemistry, Faculty
@ of Pharmacy, Universitas Muslim Indonesia, J1. Urip
Sumihardjo Km.5, Kampus I UMI, Makassar, Indonesia

Published online: 04 November 2025 @ Springer
Z"-.I turnitin Page 9 of 33 - Integrity Submission Submission ID  trn:oid:::1:3477779026


http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-025-10494-4&domain=pdf

zﬂ turnitin Page 10 of 33 - Integrity Submission

bm‘ssiodn f\?uctlrn:oie'::1:347 779026

. S
Journal of Radloanaly%ca an ear Chiemistry

Graphical abstract

Gold nanoparticles 0
(AuNP) OH
NAN\g— OH
PEG linkers containing
terminal-free thiol — —_
OH
NH
HO O
03,0 .
HO H
L °
Glu-urea-Lys
@ Radiolabeled PSMA-targeted AuNP
Radionuclide
complex 1
X
‘\’\Q}\ (V]
N @
¥ 2
9 ¢ -
¢ 5 8 *
uts v
— oo —
& ° Celluler
uptake
*  Hypertermia .
heat & ionizin
Cancer cells  Jon'zing ” ®
radiation
death Prostate cancer cells

Keywords Gold nanoparticle - Metastatic castration-resistant prostate cancer - Prostate-specific membrane antigen -

Targeted radioligand therapy

Introduction

Based on the oncology database GLOBOCAN 2022,
prostate cancer is the second most prevalent cancer, and
it remains a major concern in terms of public health [1,
2]. The statistics from Cancer Statistics 2025 further con-
firm that prostate cancer was the most prevalent diagnosed
cancer among men in the United States in 2025, account-
ing for 30% of new cases [3]. Effective and appropriate
management of prostate cancer has become a critical
approach to reducing the number of deaths. Additionally,
the accurate and sensitive method for staging the disease
also plays a crucial role in the selection of the therapeutic

@ Springer
zﬂ turnitin Page 10 of 33 - Integrity Submission

approach [4, 5]. To determine the stage of prostate can-
cer suffered by patients, diagnostic modalities have been
developed based on prostate-specific antigen (PSA) lev-
els, the Gleason score derived from prostate biopsy, and
advanced imaging modalities such as magnetic resonance
imaging (MRI), positron emission tomography (PET),
PET/MRI, and PET/computed tomography (PET/CT) for
patients with high-risk characteristics [5-7].

Prostate cancer therapy options are classified as low-
risk, intermediate-risk, high-risk, and end-stage prostate
cancer [5]. Localized low-risk patients can be treated with
radical prostatectomy and brachytherapy, while localized
intermediate-risk and high-risk patients can be treated
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with external-beam radiation therapy (EBRT) or in con-
junction with androgen deprivation therapy (ADT) [5,
7, 8]. In cases of high-risk metastatic disease, it can be
treated with second-generation ADT (abiraterone or enzal-
utamide), and chemotherapy (docetaxel or cabazitaxel) can
be used when ADT is ineffective [1]. In end-stage prostate
cancer, the patient’s testosterone levels remain low despite
receiving abiraterone or enzalutamide and chemotherapy
using docetaxel or cabazitaxel, become resistant, and PSA
begins to rise again, which is known as metastatic castra-
tion-resistant prostate cancer (mCRPC) [1, 7]. Most cases
of prostate cancer progress to this stage, and mCRPC is
the second most common cause of cancer-related death in
adult males [5, 9]. mCRPC presents a significant social
and economic challenge, necessitating effective therapeu-
tic alternatives.

In recent years, targeted radioligand therapy (TRLT) has
been widely developed and is a promising new therapeutic
approach for mCRPC [5, 9, 10]. TRLT’s primary system
consists of a radionuclide complex/particle linked to a vec-
tor molecule (ligand) that selectively binds to tumor-specific
receptors [9, 11]. Immediately after the ligand complex’s
internalization, the radionuclide particle is released intracel-
lularly, resulting in DNA damage and cell death. Radionu-
clides utilized in TRLT for mCRPC comprise alpha () and
beta () emitters [11]. This is due to radionuclides emit-
ting o or f~ particles being more effective for treating solid
tumors, while those emitting Auger electrons are utilized for
targeting individual cancer cells or small clusters of cancer
cells due to their short-range biological effectiveness (the
path length of most Auger electrons is <1 pm) [12-14].
TRLT for mCRPC treatment has the advantage of naturally
accumulating or being designed to target and deliver a spe-
cific amount of cytotoxic radiation to prostate cancer cells
without affecting the surrounding normal tissue. This allows
for the treatment of multiple bone and extraskeletal metas-
tases at the same time [10]. However, research is ongoing
to find ways to maximize the advantages of TRLT while
remaining safe and effective for each mCRPC patient.

Prostate-specific membrane antigen (PSMA) is a type
II transmembrane glycoprotein with 750 amino acids, also
known as folate hydrolase I or glutamate carboxypeptidase 11
[15, 16]. PSMA is expressed at all stages of prostate cancer,
with levels 100-1000-fold higher (correlated with cancer
grade) compared to the kidneys, small intestine, duodenal
mucosa, salivary gland, liver, spleen, neuroendocrine cells
in the colonic crypts, and brain [6, 15-17]. PSMA exhibits
high tissue specificity for prostate cancer, making it a crucial
target for prostate cancer therapy and diagnosis, especially
for mCRPC [7].

Initial PSMA-TRLT was the capromab pendetide labeled
with yttrium-90 (°°Y), but a phase II study discovered 75%
of cases of hematologic toxicity when treated with [*°Y]

ZI'-_I turnitin Page 11 of 33 - Integrity Submission

Y-capromab without lowering serum prostate-specific anti-
gen levels [16, 18]. To enhance targeting, a humanized mon-
oclonal antibody, J591, was developed that targets the extra-
cellular domain of PSMA and was labeled with lutetium-177
(*""Lu) for therapeutic use [19, 20]. However, long blood
circulation time, lowered vascular permeability, and poor
penetration of large solid tumors by antibodies may result in
heterogeneous tumor doses and a lower likelihood of tumor
control [16, 21, 22]. To address this issue, numerous stud-
ies of PSMA-TRLT were conducted with small-molecule
PSMA inhibitors serving as radioligands and demonstrating
higher penetration in large solid tumors and lower hemato-
toxicity than monoclonal antibodies [15, 16]. The utilization
of small-molecule PSMA inhibitors may provide numer-
ous benefits over larger entities in the production of TRLT,
including diminished immunogenicity and lower scale-up
expenses. These inhibitors have favorable pharmacokinetic
properties, high affinity and specificity for PSMA, and rapid
uptake in PSMA-expressing cancer cells [22, 23].

TRLT-based small-molecule PSMA inhibitors (sPS-
MAI-TRLT) have been shown to have a significant impact
on mCRPC treatment [23, 24]. In this regard, PSMA-617
and PSMA I&T (Fig. 1) are prominent examples of small-
molecule PSMA inhibitors [25-27]. PSMA-617 and PSMA
I&T are the most utilized ligands for the development of
radiolabeled pharmaceuticals targeting PSMA in mCRPC
[9, 28]. They are constructed of three parts: a binding motif
or pharmacophore (glutamate-urea-lysine [Glu-urea-Lys]), a
radiolabeled moiety (chelator) for complexing radionuclide,
and a linker that connects these two entities [22, 26, 29]. The
Glu-urea-Lys binding motif, as shown in Fig. 1, derived from
PSMA’s natural substrate, N-acetyl-L-aspartyl-L-glutamate
(NAAG), is incorporated into small molecule inhibitors to
increase their binding affinity and specificity for PSMA [22].
The high level of binding affinity of the Glu-urea-Lys motif
to PSMA depends on interactions of the glutamic acid resi-
due with the S1-binding pocket as well as the binding of the
urea functionality to the Zn** active center [23, 30]. Further-
more, lipophilic interactions of the Glu-urea-Lys motif with
the hydrophobic S1-accessory pocket and the arene-binding
site further enhance the PSMA binding affinity and selectiv-
ity [24]. Meanwhile, the Glu-urea-Lys motif’s lysine residue
serves as a binding site for a linker [22].

The radiopharmaceutical SPSMAI-TRLT has been used
in clinical settings and has received approval from the Euro-
pean Medicines Agency (EMA) and the US Food and Drug
Administration (FDA) for the treatment of mCRPC adult
patients who have been treated with ADT and docetaxel-
based or taxane-based chemotherapy [5, 7, 28, 31]. How-
ever, the use of SPSMAI-TRLT has limitations that lead to
adverse side effects for patients, such as the need for high
radiation doses and frequent administration [9, 26]. To over-
come these limitations, it is necessary to develop a delivery
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system that can potentially increase the effective dose of
sPSMAI-TRLT while also combining it with other thera-
peutic strategies that provide a synergistic effect, increasing
the therapeutic efficacy.

Gold nanoparticles (AuNPs) are a versatile material
that can be processed into a variety of shapes and sizes.
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Taking advantage of their unique physicochemical prop-
erties, AuNPs are frequently utilized as contrast agents,
radiosensitizers in cancer diagnosis and therapy, and photo-
thermal agents [32]. The use of AuNPs as radiosensitizers
provides a significant advantage in their application in TRLT
for theranostic agents. Radiosensitizers are compounds or
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particles that increase the effective dose of radiotherapy
in cancer cells [33]. The high atomic number of AuNPs
(Z="19) enhances radionuclide dose deposition, increasing
the efficacy of internal radionuclide therapies [33, 34]. In
addition to their ability to increase radionuclide dose depo-
sition, AuNPs can have biological effects on cancer cells.
AuNPs can catalyze the production of reactive oxygen spe-
cies (ROS) and interfere with antioxidant defense systems.
As a result, oxidative stress can lead to mitochondrial dys-
function, DNA damage, autophagy, apoptosis, and arrest
of the G2/M cell cycle, the most radiosensitive phase [35].
This AuNP’s biological effects potentially cause cancer cells
to have a reduced ability to respond adequately to ionizing
radiation, making them more sensitive to TRLT.

The ability of AuNPs to deliver a variety of medically
relevant radionuclides expands their application in TRLT.
The surface of AuNPs has been modified with chelators
containing radionuclides and targeted to cell surface recep-
tors using various targeting moieties [36]. There are three
main advantages of using AuNPs as therapeutic radionuclide
carrier agents: obtaining much higher payloads of radioac-
tivity as compared to a conventional radiopharmaceutical
agent, can effectively extravasate through the interstices
between endothelial cells of the leaky and immature blood
vessels into the tumor but the retention in the tumor tissue
is enhanced, and the large surface area-to-volume ratio of
AuNPs provides the biofunctionalization of the AuNPs sur-
face with multiple cancer-targeting molecules through the
high affinity for thiols and amino groups [35, 37, 38]. There-
fore, the surface of AuNPs can be easily modified to bind
targeting molecules such as small-molecule PSMA inhibi-
tors [39, 40]. Furthermore, AuNPs have been demonstrated
to have low or no cytotoxicity due to their relatively inert
characteristics when compared to other types of nanostruc-
tures, making them ideal for therapeutic use [41].

AuNPs, which are both biocompatible and photostable,
are excellent photothermal agents that have been exten-
sively studied for their ability to generate hot electrons via
localized surface plasmon resonance (LSPR) [42]. LSPR is
caused by the restricted oscillation of free electron clouds
in their lattice when irradiated with resonant frequency light
[37, 43]. Furthermore, surface plasmon waves resonate
with electromagnetic waves from the light source, leading
to plasma decay into excited primary electrons via Landau
damping, resulting in inelastic scattering of electrons. The
secondary electrons formed are captured on the AuNPs sur-
face, resulting in non-radiative damping relaxation of the
energetic electrons, which causes excessive heat in the par-
ticles and the surrounding microenvironment [43, 44]. On
a picosecond time scale, electron relaxation on the AuNPs
surface converts into heat [45]. Utilizing a light frequency at
or near the surface plasmon resonance absorption of AuNPs
generates a hyperthermic environment efficiently, which
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holds significant potential for the selective ablation of tumor
tissue in photothermal therapy (PTT) applications [37].

The localized hyperthermia heat from PTT application
via AuNPs can potentially enhance the efficacy of TRLT
for cancer treatment [46]. PTT has advantages as a cancer
treatment modality, including the fact that it is non-invasive
and has the potential to reduce adverse side effects on nor-
mal cells while increasing toxicity to tumor cells [47]. Fur-
thermore, PTT has other advantages, such as the ability to
induce the formation of cytotoxic species solely through the
control of light at specific wavelengths and a low prevalence
of resistance phenomena [43].

This review aims to provide a brief and specific overview
of AuNPs’ potential for improved sPSMAIi-RLT efficacy,
which is particularly useful for addressing mCRPC in the
future. We will investigate the conjugation mechanism and
surface modification of AuNPs that could potentially be used
to produce PSMA-targeted AuNPs that are conveniently
radiolabeled with radionuclides. Furthermore, the concept of
combination therapy based on the photothermal properties
of AuNPs, which can simultaneously target multiple cancer
proliferation pathways, shows great promise for improving
treatment outcomes and dealing with cancer cell resistance
from TRLT. This comprehensive strategy is essential to con-
trol the dynamic process of prostate cancer and ultimately
improve patient survival rates. By overcoming the barriers
of TRLT, we aim to contribute to the advancement of future
prostate cancer treatment, especially in the mCRPC stage,
providing hope and better outcomes for patients impacted
by the disease.

Current research studies on sPSMAIi-RLT
for mCRPC treatment

The development of SPSMAi-RLT agents is inextricably
linked to the advancement of high-affinity small-molecule
PSMA inhibitor-based imaging agents. Early generations
of sSPSMAI-RLT agents were created simply by replacing
imaging agents’ radionuclides with therapeutics. Later,
extensive structure—activity relationship studies were carried
out to address the safety and efficacy issues raised by initial
patient data [22]. Small-molecule PSMA inhibitors have
been labeled with beta- (f7) and alpha (a)-emitting radio-
nuclides. Therefore, this section will divide the description
of sSPSMAI-RLT agent studies into two sections based on the
two types of ionizing radiation.

a-particle-emitting radionuclide-based sPSMAi-RLT
Alpha (a) particle-emitting radionuclides have special

characteristics that make them extremely effective at kill-
ing cancer cells, which is high linear energy transfer (LET)
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[22]. The amount of energy deposited per unit length by
ionizing radiation is referred to as LET, and high LET in
a-emitting radionuclides indicates that a particles are more
damaging than other types of ionizing radiation at the same
dose [21]. This high LET is due to the particle’s physical
properties, notably a heavy helium nucleus and a short path
length of up to 100 pm in water-equivalent tissue and 40 um
in bone (with LET values ranging from 50 to 230 keV/um),
which lead to localized cell killing [21, 22]. These char-
acteristics may cause more direct DNA damage with no
spillover to nearby cells, reducing side effects on normal
tissue and causing more double-strand breaks that are more
difficult to repair, making a-emitting radionuclides more
effective in hypoxic tissues [21, 48]. However, a-emission
is a high-energy process associated with the recoil of the
daughter radionuclide. This recoil may lead to radiolysis
in the radiopharmaceutical, resulting in the release of the
daughter radionuclide. If the recoil occurs inside the cell,
it can contribute to overall cytotoxicity by remaining in the
tumor; conversely, if the recoil happens outside the cell, the
circulating daughter radionuclide could harm healthy organs
such as the kidney [21, 49].

The rapid tumor uptake with small-molecule PSMA
inhibitors has been proposed as one way to address the recoil
effect and was employed to mitigate its negative effects [21,
50]. Rapid uptake permits daughter radionuclides to be emit-
ted and retained intratumorally without entering the circula-
tion. Few a-emitting radionuclides have been evaluated for
efficacy and safety in treating mCRPC by complexing with
small-molecule PSMA inhibitors, as shown in Table 1. In
mCRPC clinical trials, only bismuth-213 (*"3Bi)- and actin-
jum-225 (**Ac)-based sSPSMAi-RLT have been studied. [10,
21, 22].

Sathekge and colleagues observed the inaugural human
therapeutic efficacy of [*!1°Bi]Bi-PSMA-617 in a patient with
progressive mCRPC undergoing standard treatment. The
total activity of 592 MBq administered across two cycles
produced a favorable biochemical response, evidenced by
a PSA reduction exceeding 80% [51]. However, clinical tri-
als of [21*Bi]Bi-PSMA-617 stopped after Kratochwil and
colleagues discovered that it had a lower therapeutic index
and a higher radiation dose to the kidney than [?>*Ac]Ac-
PSMA-617. This happens because [>'*Bi]Bi-PSMA-617
experiences more perfusion-dependent off-target radiation,
and the biological half-life of PSMA-617 in dose-limiting
organs is longer than the physical half-life of 2!*Bi, mak-
ing this radionuclide a second choice for a-particle-emitting
radionuclide-based PSMA-RLT [52].

Among the developed a-particle-emitting TRLTSs based
on the glu-urea-lysine targeting motif, [**>Ac]Ac-PSMA-617
has been evaluated in multiple clinical retrospective stud-
ies [21]. Kratochwil et al. conducted the first human study
of [*Ac]Ac-PSMA-617, evaluating two mCRPC patients

@ Springer

ZI'-_I turnitin Page 14 of 33 - Integrity Submission

with challenging clinical situations treated with 100 kBq/
kg at bimonthly intervals as salvage therapy after [**Ga]
Ga-PSMA-11 PET/CT validated the presence of a PSMA-
positive tumor phenotype. As a result, both patients’ PSA
levels declined below measurable levels, but both had
xerostomia as dose-limiting toxicity [53]. Kratochwil et al.
also investigated the efficacy of [?2>Ac]Ac-PSMA-617 in
40 mCRPC patients who received extensive pretreatment
with chemotherapy, radiotherapy, and androgen deprivation
therapy (abiraterone (85%) and enzalutamide (60%)). The
investigation found that 63% of patients had a PSA decline
of more than 50%, with a median overall survival of more
than 12 months [54]. Ballal et al. studied the long-term sur-
vival outcomes of salvage [ Ac]Ac-PSMA-617 therapy in
63 mCRPC patients who had received a total of 204 cycles.
The findings revealed that 91% of patients had a decline in
PSA, with patients having a PSA decline of more than 50%
and a median overall survival of 15 months [55].

The efficacy of a-emitting radionuclide-based sPS-
MAI-RLT in prostate cancer therapy, such as [2Ac]
Ac-PSMA-617, could potentially be greater than that of
f~-emitting radionuclide-labeled small-molecule PSMA
inhibitors, such as ['"’Lu]Lu-PSMA-617, but it has a
higher toxicity profile, and comparative data confirming its
claimed efficacy are lacking [1, 64]. Given the physiological
expression of PSMA in the kidneys and the primary renal
excretion of [**’Ac]Ac-PSMA-617, there is apprehension
regarding potential radiation toxicity to the kidneys. It has
been reported that after [**>Ac]Ac-PSMA-617 therapy, kid-
ney function deteriorated in a patient with one functional
kidney, and chronic kidney disease was discovered in two
patients with mCRPC [65, 66]. This is mostly because the
radioactive daughter products of 225 A¢, but not the [**°Ac]
Ac-PSMA-617, can accumulate in tubular cells and irradiate
the kidney, causing kidney damage [66].

In a study investigated by Feuerecker et al. with [>*Ac]
Ac-PSMA-617, all patients experienced some degree of dry
mouth, and six patients (23%) requested that treatment be
discontinued due to this side effect [67]. In another study,
Sathekge et al. applied [’ Ac]Ac-PSMA-617 and found that
81% (43/53) of patients had grade 1 or 2 xerostomia [68].
These can happen due to alpha radiation, which can increase
the occurrence of xerostomia in the 2>>Ac ligand [1]. In par-
ticular, 100 kBq/kg was determined to be the maximum tol-
erable activity of 22 Ac]Ac-PSMA-617, with xerostomia
serving as the dose-limiting toxicity [21]. This undoubtedly
presents challenges in the future advancement of a-particle-
emitting radionuclide-based sPSMAi-RLT.

B-particle-emitting radionuclide-based sPSMAi-RLT

B™-emitting radionuclides are ionizing particles that increase
reactive oxygen species (ROS)-mediated DNA damage
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(70%) and direct DNA damage (30%) [69, 70]. They have
a low LET and may induce single-strand DNA breaks over
a longer range, making them ideal for larger tumors [31,
71]. p-emitting radionuclides interfere with cell cycle and
signaling, resulting in tumor regression with minimal off-
target effects on surrounding tissues. They inhibit cancer
cell proliferation by causing apoptosis and cell cycle arrest
[70]. Low doses of f-emitting radionuclides enhance toxic-
ity and induce apoptosis in cancer cells, while high doses
cause cell cycle arrest in the GO/G1 phase [70, 72]. The list
of radionuclides that have desirable properties that enable
them to be complexed with small-molecule PSMA inhibitors
is summarized in Table 2.

In terms of therapeutic application, only yttrium-90
(°°Y), iodine-131 ('*'1), and lutetium-177 (”’Lu) are FDA-
approved among the ™-radiating radionuclides [70]. Previ-
ously, °°Y and '*'T were used in preclinical studies because
they were readily available. The main issue with *°Y is its
long-range and higher f™-energy radiation in comparison
with 7"Lu, which could raise the risk of off-target radiotox-
icity in kidneys and other normal tissues [22, 73]. Likewise,
one limitation of '*'I-based therapeutics is their inherent
metabolic instability in vivo, which leads to accumulation
in tissues such as the thyroid, making '*'I-based radiophar-
maceutical therapy dose-limited [22].

7"Lu is the most frequently utilized radionuclide in
preclinical and clinical therapy studies due to its relatively
long half-life and cost-effectiveness, and due to its wide-
spread availability [22, 28, 74]. Therapy with !”’Lu-labeled
small-molecule PSMA inhibitors is an option for patients
with advanced mCRPC [5]. The macrocyclic chelator
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) is frequently employed for the development of
small-molecule PSMA inhibitors (PSMA-617 and PSMA
1&T), especially for the complexation of trivalent (4 3) ions
like ['"7Lu]Lu**, which resulted in a thermodynamically and
kinetically stable complex binding [23, 75].

DOTA chelator and ['7"Lu]Lu’* ion form a nine-coor-
dinated complex with a stability constant of approximately
25.4 [76, 77]. The ['""Lu]Lu-DOTA complex has a higher
stability constant value than the ['”’Lu]Lu’*" ion complex

with the chelators diethylenetriaminepentaacetic acid
(DTPA), ethylenediaminetetraacetic acid (EDTA), nitrilo-
triacetic acid (NTA), 1,4,7,10-tetraazacyclododecane-1,4,7-
triacetic acid (DO3A), and 1,4,7-triazacyclononane-1,4,7-
triacetic acid (NOTA), with values of 12.5, 19.8, 22.4, 23.0,
and 15.3, respectively [76]. This suggests that ['7’Lu]Lu-
DOTA is the most stable complex and is unable to easily dis-
sociate and release the [!”’Lu]Lu’" ion under physiological
conditions. Our research group developed the radiolabeling
of antibodies, including Trastuzumab and Nimotuzumab,
utilizing the [177Lu]Lu-DOTA complex, demonstrating
favorable in vitro and in vivo stability [78, 79]. DOTA’s four
arms, which each contain a carboxylate functional group,
form a stable binding with (7Ll [77]. Chemically, the
DOTA can form a strong complex with ['”’Lu]Lu*" in the
center following one hydration; the basal plane is occupied
by four macrocycle amine nitrogens, the capped plane by
four carboxylic residue oxygens, and the capping position by
a water molecule, resulting in close square antiprism geom-
etry coordination, as shown in Fig. 2 [75, 76].

The radiolabeling method of small-molecule PSMA
inhibitors with the radiometal cation ['"’Lu]Lu’* was a
simple complexation reaction. In the instance of DOTA
chelators with slow reaction kinetics for metal complexa-
tion, heating the labeling mixture is frequently required
to ensure quantitative binding of the radiometal and thus
replicate quantitative radiochemical yields [24]. This is
in line with the PSMA-617 (0.5-5 nmol) radiolabeling
method with [""Lu]Lu** (20 MBq) reported by Benesova
et al., which employed a reaction temperature of 95°C for
20 min [26]. Chakraborty et al. reported radiolabeling of
["""Lu]Lu** with PSMA-617 by adding 20 pL of ['7"Lu]
LuCl; (185 MBq, 19.1 nmol) solution to 20 pL of PSMA-
617 (conc. 1 mg/mL) and 0.1 M ammonium acetate buffer
of pH 5, followed by reaction for 30 min at 90 °C [29].
Furthermore, C.A. Wieczorek Villas Boas et al. performed
a complexation reaction with PSMA-617 (10 pg) diluted in
200 pL of 0.52 M ascorbate buffer, pH 4.7, and 740 MBq of
['""Lu]LuCl; (23 pL) for 30 min at 90 °C [80].

The radiolabeling reaction of [""Lu]Lu®** with PSMA-
617 requires acetate or ascorbate buffer due to the acidic

Table 2 B~ -emitting radionuclides appropriate for radiolabeling on small-molecule PSMA inhibitors for targeted prostate cancer therapy

Radionuclide Half-life Eﬁ(mm (keV) Range in tissue Radiopharmaceutical (radiation activity) References
max (mm)

By 2.67d 2284 11.3 [*°Y]Y-PSMA-617 (2.8-3.7 GBq) [22, 81]

1311 8.02d 606 2.1 [*I-DCIBzL (3.7-8.4 GBq) [12, 22, 82]

7L 6.73d 497 1.8 ["""Lu]Lu-PSMA-617 (2.0-8.0 GBq), (22, 24, 31]

["""Lu]Lu-PSMA-I&T (3.3-7.8 GBq)

5Cu 2.58d 575 2.1 [7Cu]Cu-RPS-085 (2.0-8.0 GBq) [22, 83]

161 Tp 6.90d 589 22 ['*'Tb]Tb-PSMA-617 (5.5 GBq) (22, 84, 85]
@ Springer
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Fig.2 Representative chemical structure of the ['""Lu]Lu-DOTA
complex

properties of the radiometal solution ([177Lu]LuC13) and the
pH dependence of the reaction [24]. After the reaction was
completed, the reaction mixture was allowed to cool to room
temperature before the radiolabeled conjugate was purified
from uncomplexed ['7’Lu]Lu** with a C,4 Sep-Pak cartridge
[24, 29].

The radiochemical purity was determined using thin-layer
chromatography on a silica gel 60 plate (TLC-SG) as the sta-
tionary phase with 0.1 M citrate buffer pH 5.0 as the mobile
phase. The TLC-SG strips were evaluated using a radio
TLC scanner; within this system, the ['’Lu]Lu-PSMA-617
revealed Rf 0.1-0.2, while the free lutetium-177 Rf was
0.9-1.0. Radiochemical purity can also be determined using
the radio-HPLC method, which uses a C-18 column eluted
at a flow rate of 0.4 mL/min by (A) water 0.1% TFA and (B)
acetonitrile in the following gradient mode: 0-2 min 17%
B; 2.01-5.99 min 30% B; 6-20 min 17% B. In this system,
free lutetium-177 and ['"’Lu]Lu-PSMA-617 were eluted in
around 4.3 and 12.17 min, respectively [80].

Radiopharmaceutical therapy targeting PSMA with -
particle emitting radionuclides, especially small-molecule
PSMA inhibitors, ['7"Lu]Lu-PSMA-617, is a life-prolonging
treatment option for patients with mCRPC [22, 86]. It has
demonstrated low toxicity profiles compared to the standard

@ Springer
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of care and has received regulatory approval [22, 86, 87].
Initial clinical investigations with ["""Lu]Lu-PSMA-617
showed that PSA levels decreased in both a multicenter ret-
rospective cohort and a single-arm phase 2 trial [88, 89].
Sartor et al. discovered that [!”’Lu]Lu-PSMA-617 signifi-
cantly increased survival, delayed symptomatic skeletal
events, prolonged the time to worsening health-related qual-
ity of life and pain, and delayed biochemical progression
when compared to patients who received standard care only
[86]. According to the international randomized open-label
phase III VISION clinical trial, ['7’Lu]Lu-PSMA-617 was
administered at a dose of 7.4 GBq for 4 to 6 cycles every
6 weeks and demonstrated that adding ['""Lu]Lu-PSMA-617
to the standard of care improved both radiographic progres-
sion-free survival (rPFS) and overall survival (OS) [90].
Based on the findings of this trial, the European Medicines
Agency and the US FDA approved [!""Lu]Lu-PSMA-617 for
the treatment of adult PSMA-positive mCRPC patients who
have previously received androgen receptor pathway inhibi-
tors (ARPIs) and taxane-based chemotherapy [28].

However, based on toxicity observation, the [17Lu]
Lu-PSMA-617 group discovered higher side effects, with
52.7% having grade >3 adverse occurrences and involving
23.4% with hematological toxicity compared to 38.0% and
6.8% in the standard care group. Mild dry mouth (grade < 3)
was experienced by 39.3% of patients in the ['”’Lu]Lu-
PSMA-617 group, compared to 1.0% in the standard care
group [16, 86]. This adverse effect is largely caused by high
radiation doses administered frequently [9]. Therefore, for
future development, it is necessary to create a delivery sys-
tem that increases the effective dose of ['"’Lu]Lu-PSMA-
based radiopharmaceuticals while also combining it with
other therapeutic strategies that have a synergistic effect,
increasing therapeutic efficacy.

Discussion and future perspectives

sPSMAIi-RLT based on a-emitting radionuclides, repre-
sented by [**Ac]Ac-PSMA-617, and sPSMAi-RLT based
on P -emitting radionuclides, represented by [!"’Lu]Lu-
PSMA-617, have both been clinically proven to be effective
in treating mCRPC [55, 91]. However, both have negative
side effects such as xerostomia and other potential toxici-
ties as a result of the high radiation doses administered fre-
quently during mCRPC treatment [9, 21]. As a result, an
innovative approach is required to improve the efficacy of
sPSMAi-RLT-based mCRPC therapy while minimizing
potential negative side effects. sSPSMAIi-RLT agents can
be developed or modified using the structure of [**>Ac]Ac-
PSMA-617/['""Lu]Lu-PSMA-617, which is made up of a
binding motif, a radiolabeled moiety (chelator), and a linker
[22]. Among the three components, modifying the linker
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has the greatest potential to improve SPSMAi-RLT efficacy.
A linker in the SPSMAI-RLT agent is essential for bridging
between a binding motif and a chelator, as well as sustaining
peptide affinity for the receptor and avoiding steric hindrance
[92]. It can induce a variety of effects by altering the size,
shape, solubility, stability, and molecular weight of chemi-
cal structures to improve metabolic stability and modulate
biodistribution [93].

Modifying the linker may improve the therapeutic poten-
tial of sSPSMAIi-RLT by influencing its pharmacokinetic
properties [26]. Benesova et al. found that both in vitro and
in vivo experiments with 18 synthetic PSMA inhibitor vari-
ants revealed that structured chemical modification of the
linker has significant effects on the in vivo tumor-targeting
and pharmacokinetic properties, including cellular uptake,
PSMA inhibition potencies, and biodistribution behavior of
the DOTA conjugates [94]. In their study, Liu et al. discov-
ered that utilizing the right linker is critical in the develop-
ment of PSMA detection probes and therapeutic agents that
specifically target PSMA-overexpressing cells [95]. There-
fore, modifying the linker that bridges the DOTA chelator
and the Glu-urea-Lys binding motif opens up novel oppor-
tunities for increasing the efficacy of prostate cancer therapy
through the development of a new sPSMAIi-RLT agent.

Nanoparticles, which have been extensively researched
in recent years for use as therapeutic agents, diagnostics,
and drug delivery systems [38, 96, 97], hold great promise
as linker candidates in the development of SPSMAi-RLT
agents. One of the most significant effects of nanoparticles’
small size in biological systems is increased permeability
and retention, as well as the high surface-to-volume ratio,
which allows for the implementation of various desired
manipulations [38]. Many types of biocompatible polymer
nanoparticles, such as dendrimers, can potentially be applied
as a linker. However, they are not heat stable and cannot
withstand the high radiolabeling temperatures required to
perform radionuclide chelation [36]. The role of the linker
can be replaced by AuNPs, which are resistant to high tem-
peratures. In terms of TRLT, AuNPs, particularly those with
spherical morphology, have the advantage of efficiently
transporting the total dose of radioactivity to cancer cells
[35]. This is because of their large surface area, which allows
for the binding of multiple radioligands and targeting mol-
ecules [35, 97].

Dziawer et al. reported a study on AuNPs labeled with
21At, utilizing [2''At]At-AuNP-PEG-Trastuzumab as a
therapeutic agent in the HER2-overexpressing human ovar-
ian SKOV-3 cell line [98]. The findings indicated that the
cytotoxic efficacy of [>'' At]At-AuNP-PEG-Trastuzumab is
sevenfold superior to that of ["""Lu]Lu-DOTA-Trastuzumab,
although the 22-fold shorter half-life of 2!'At relative to
770 [98, 99]. These results demonstrate a heightened
therapeutic efficacy of decorated AuNPs in comparison to
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free ligands. Another advantage of using gold nanospheres
in therapeutic applications is their photostability, resistance
to light bleaching, low toxicity, and ease of bioconjugation,
which allows them to accumulate precisely in tumor cells
and cause local hyperthermia [97, 100]. This hyperthermia
heat can accelerate intratumoral blood flow, resulting in
enhanced oxygen levels in the tumor microenvironment and
allowing it to overcome hypoxia [101], thereby potentially
reducing the resistance of cancer cells to sSPSMAi-RLT.
However, no study has been conducted to date on the devel-
opment and testing of SPSMAIi-RLT agents that use AuNS
as a linker to improve the efficacy of mCRPC treatment.

In summary, future research on SPSMAi-RLT agents
using gold nanoparticles for the treatment of mCRPC is
essential, and it should address appropriate AuNP synthesis
methods for therapeutic purposes, strategies for radiolabe-
ling and conjugation of small molecule PSMA inhibitors
to AuNPs, radiobiology and dosimetry, and potential com-
bination with photothermal therapy to improve therapeutic
efficacy.

Development of spherical AuNPs
for therapeutic purposes

Traditional AuNP synthesis methods frequently use toxic
substances such as strong acids and unsafe reducing agents,
which are harmful to the environment and human health
[97]. Although the Brust-Schiffrin method can produce
AuNPs with controlled spherical size and low polydisper-
sity, there are still some concerns, such as the use of NaBH,,
which is toxic and unsuitable for therapeutic purposes, lead-
ing to additional purification processes that may reduce yield
[96, 102]. As a result, a more convenient and safe synthesis
method is required to overcome the limitations of the previ-
ous one. The phytosynthesis method using plant extract for
spherical AuNP production provides multiple benefits, such
as a facile method, eco-friendliness, lower toxicity, facilita-
tion of a controlled synthesis with a well-defined size as well
as good stability, and less likelihood of causing adverse reac-
tions when dealing with biological systems, making them
particularly useful in medical applications such as medicine
delivery as well as cancer therapy [97, 102, 103]. Further-
more, plant extracts consisting of biological compounds with
high antioxidant activity can significantly improve the phar-
macological effects of cancer treatment [104].

Plant extracts can replace reducing agents and synthetic
chemical stabilizers or capping agents that are toxic and
less biocompatible, eliminating the need for a complicated
and imperfect separation process at the end of the synthesis
process. Polyphenols, flavonoids, and alkaloids are biomol-
ecules derived from plant extracts that play an important role
in the bioreduction and stabilization of AuNPs [105]. The
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toxicity of AuNPs may differ depending on their size and
surface composition. Smaller nanoparticles may be more
poisonous because they can penetrate cells more easily. To
reduce the risk of toxicity, surface modifications such as cov-
ering AuNPs with biocompatible compounds can be applied.
The phytochemicals extracted from plant parts can act as
natural capping agents, covering the surface of AuNPs in
biocompatible materials, increasing their stability and bio-
compatibility while decreasing AuNP toxicity [97, 106].

Good stability is an important consideration when devel-
oping nanoparticle synthesis methods for therapeutic appli-
cations, particularly if the preparation is for intravenous
injection [107, 108]. In the phytosynthesis method using
plant extracts, the reaction temperature and plant extract
concentration have a direct impact on nanoparticle stability
[105, 109]. Applying a reaction temperature of 30°C—60°C
can quickly convert gold ions into gold atoms, resulting in
smaller, more uniform particles. However, a further increase
in reaction temperature causes the formation of larger nano-
particles with a high polydispersity. This is due to the aggre-
gation of nanoparticles caused by the extremely high reduc-
tion rate, which prevents the capping of newly generated
particles and causes particle agglomeration [105, 110]. Uti-
lization of low concentrations of plant extracts results in the
formation of nanoparticles with anisotropic forms and large
and non-uniform particle sizes, indicating that the low quan-
tity of plant extracts is ineffective in capping particles and
is unable to prevent particle aggregation or agglomeration,
resulting in poor stability of the nanoparticles. In contrast,
the higher concentration of plant extracts used promotes the
formation of nanoparticles with smaller and more uniform
sizes and improved stability [111].

Based on the information above, our research group
developed a phytosynthesis method for ['*®Au]AuNPs using
an aqueous extract of turmeric rthizome (Curcuma longa)
at a reaction temperature of 60°C, resulting in AuNPs with
uniform spherical morphology and an average particle diam-
eter of 41 nm, which remained stable for 14 days [102].
This stability is greater than that of the traditional method
for synthesizing [!°>Au]AuNPs using citrate as a reducing
and capping agent, which only remained stable for 7 days
[112]. The presence of alkaloids and phenolic groups in C.
longa rhizome extract served as a capping agent, stabilizer,
or template, while flavonoids, which have strong antioxidant
properties, served as a reducing agent for the reduction of
Au** ions to Au® in the formation of spherical AuNPs [102].

Radiolabeling and small-molecule PSMA inhibitor
conjugation of AuNPs

Radionuclide degradation from the radio-conjugate due to

the in vivo instability can result in its accumulation in non-
targeted tissues. Consequently, establishing a stable link
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between the radionuclide and AuNPs is critical for the suc-
cessful use of radiolabeled AulNPs in cancer therapy [35,
96]. In this context, there are several synthetic methods able
to functionalize AuNPs, including (i) using bifunctional che-
lators that attach to AuNPs via thiolated linkers or a cova-
lent bond to the vector molecule in the AuNP’s surface [36,
113]; (ii) directly conjugating amino/thiolated molecules to
preformed AuNP surfaces [114]; and (iii) chemical modifi-
cations of molecules that are existing in the AuNP structure
[96, 115]. The most frequent one of these strategies is the
use of bifunctional chelators, which form strong complexes
with radiometals [35]. In radiopharmaceutical development,
an effective bifunctional chelator reduces the dissociation
of radionuclides from the chelator in vivo, thereby prevent-
ing the trans-chelation of the radiometallic ion, which could
result in radioisotope accumulation in non-target tissues.
This is determined by the bifunctional chelator’s thermo-
dynamic stability (direction of dissociation reaction) and
kinetic inertness (rate of dissociation reaction) [35, 116].

The success of radiolabeling of AuNPs can be determined
through radiochemical yield and radiochemical purity. The
radiochemical yield is the amount of activity in the product
expressed as a percentage of the initial activity and a high
radiochemical yield is necessary to achieve high specific
activity, which is ideal for therapeutic applications [116,
117]. Meanwhile, radiochemical purity measures the pres-
ence of other radionuclides in a radiopharmaceutical sample,
and high radiochemical purity is a key characteristic of radi-
olabeled nanopharmaceutical products used as diagnostic or
therapeutic agents [35]. The radiochemical yield of radio-
nuclides attached to AuNPs via bifunctional chelators can
range from 30% to>90%, while the radiochemical purity
after purification remains greater than 95% [35, 118, 119].

The radiolabeling of AuNPs with a bifunctional chelator
can be accomplished through two methods: attaching the
chelator to the nanoparticle surface before coupling with the
radioisotope, or coordinating the radiometal with the bifunc-
tional chelator and subsequently binding the complex to the
AuNPs [128]. Our research group has started a preliminary
study on radiolabeling AuNP-PEG-Lys-urea-Glu with the
['7"Lu]Lu-DOTA complex, using PEG linkers with terminal-
free thiols, yielding satisfactory radiochemical efficiency.
The resulting radioconjugate was further purified to a radio-
chemical purity of more than 95% (data not shown). The
method of functionalizing AuNPs with PEG linkers con-
taining terminal-free thiols that readily bind to Au has been
widely used to generate highly stable Au—S bonds, especially
for AuNP radiolabeling, as shown in Table 3. The other side
of the PEG linker can be modified by conjugation with a
chelator or a chemical group capable of conjugating with a
targeting moiety [36, 129].

Given the significance of interactions with plasma pro-
teins in the biological fate of nanoparticles, it is essential

Submission ID trn:oid:::1:3477779026



Submission ID  trn:oid:::1:3477779026

Rtear enemasty

33
and

PoAIasSqoO sem KJ1oTX0)

ONSST) [EWIOU OU pUe ‘SJNNY pI[oqe[un
YIIm pajean s[[d 03 paredwod ploj-¢41
£q syea1q puens-o[qnop YN( paseaour
‘S[[99 ONT-1 G UT [BATAINS DIUAZOUO[D
padnpar (sgNNY |01 X ‘DIIN 0°7)

[oz1] dNnv-°v1-*(vioa-nilny,,, Dnod-5ad

suonIpuod orxodAy Iopun s[[ao

OHD UI [[oM AJoWId1IX9 918[NWINOE SIO

-nredoueu WIN-Z-dANNV-VO-VLOA-T

[zl

SIUI [[99 9T T.LOH

PUB ‘89p-GIN-VAIN ‘SLOH Ul UONBULIO)

Kuo[05 peonpar qewIxnd)-NgJ-dNNY

[ve1l
suonoafur aurpes
[ewIou SUIATOII A0TW [01)U0d 0) pared
-WO0d UayM SABp 9] JOAO [)MOI3 J0Wn)
Ul UonNoNpPaI JUBOYIUSIS © UI Paj[nsal
JUQUI)BAI) STYJ, "S1FeISOUSX IoOUuRd JS8aIq
uewny [9¢-gN-VAIN paruerdur Asno
-aue)naqgns Sutreaq 201 JIDS/AON Ul
A[TeIowInienur paId)surupe sem (JNNIY
101 XSS Bw G1°0 ‘bgIN ¢) qewnzny

-Sei[-DAd-dNV-Dad-vIoanInT, ]
J3ewep uedio
[eurIou ou SUTSNEd S[IYM 9JTW JTWAYIe
[-dD Ul SIOWN) JOOUED ISBAIq JO [IMO0IT
QU3 SunNIqIYUI Ul 9ATOYS A[QWANXI Sem
ATeIownyenur pajod(ur gewnwnjrueg

-Ddd-dN"V-Ddd-v1od-n[nT,,, ]
suuSar ()g(n)o
Surssardxa siown) ur Adeoy) aprjonuoiper
Pa1aSI1e) 10J SONSLINOLIRYD J[qeIoAL] SUT
-JeI}SUOUSP ‘PIONpUI JOU Sem KIIOTX0)
[eual pue ‘oyeldn [ewIuIw pAIQIYXD
sueg10 ja81e)-uoN "uoIssaIdxa auad
ADHA PUB ‘S[OSSQA [RIOWNIENUI ‘A)IATIOR
s1joqelw ‘uorssardord Jowny ur uonoNpar
JueoyIuSIs € pajensuowop DHPADY)?
0} pare3nfuod sgNny-n[ny,, ] Y
Pajearn) siown) BWOI[S Y)IM S[OpOW

asnowr oTwAyye SUIZIIIN SAIPNJS OATA U]

[ezT]

[ze]

(121 “oTtl

[n,,,] 3ol PA[BaASI SIIPMIS ONIA U]

wu ¢+ €7

VT (VLONDA-OFd  Jo 2z1s ojonied aferoae ue yim a1oydsouen

(ININ-7) S[ozeprwioniu-g /(v

-VIOQ-V1) Proe dnaseln(JAn-L 4 T-oued

-9popodAdezeenal-(1 ‘L4 1-(1Ainqoxo-
-Kxoqred-1 -(ourwe([Ay1e(oprureuejuad

wugrFGI

(IK-€-Ue[orpIP-7°1)-6)-2))4)-01)-7°T°T IO 9z1s ajonted a5e1oe ue yim aroydsoueN

qewrxnio))

-DAd-VLOd-MI[NT,,,] yim Juswieal], /VAS-¥DHAd-SSO ‘V10d-'  *Ddd-SSdO

qewnzmsel], /Y10d-"*DAd-SSdO

qewnwniued /(VAS) 21eI1a[ea [Ap
-IWuINS-HNHJ-SSdO ‘VILOd-Ddd-SSdO

SKD(SAT
-oUd-q-dsy-A1D-81v)0104d /sK)-A1D-41D

wu G Jo azr1s a[onted e yim o1aydsoueN

wu ()¢ Jo azr1s a[onted e yim axaydsoueN

wu ()¢ Jo 9z1s 9ponted e yim areydsoueN

wu ()g Jo 9z1s oponed e yim a1oydsoueN

dANOY-°yT-H(vLoa-n1lng,,  Dand-o4ad

(IIN-?) 910z
-epruiontu-z-dNNV-vo-vioda-nnT, I

qeur
X3 -DAd-dNNY-DHd-VLOd- N[0T, ]

qewnzm

-Sei[-DAd-dNV-DAd-VI1Ood-"1[nT, ]

gqewnunj
-led-0dd-dNnv-0dd-v1od-nnT, ]

SKD(SAT-9Ud-q-dsy-A[1D-31vy)0[0Ad
-ANNY-SED-A1D-A1D-v10a-n1(nT, ]

SQOURIYYY syinsax Apms

Kyorowr FuneSre], /roxury

A3oroydiowr gNNY

Jrednluoo-orpey

o Z"-I tHFIQ' i%dioa%%%t%éaq

CWwN
M ©

uoneordde onnaderay 10y Surjoqejorper NNV Jo ApmiS € 3jqel

pringer

As

Page 21 of 33 - Integrity Submission Submission ID trn:oid:::1:3477779026

7 turnitin



. Submjssiol rn:oid:::1:3477779026
Journal of Radioanaly Iasid Nudesr ehicinie ry

0 z'l-_l turnitin Page 22 of 33 - Integrity Submission

8 to investigate the stability of radiolabeled AuNPs in bio-
5| logical media. Mittal et al. examined the in vitro stability
@ ﬁ S of ['""Lu]Lu-DOTA-AuNP-PEG,-(2-NIM) nanoparticles

in PBS and human serum over one week using radio-TLC.
During this period, the radiochemical purity of radiola-
beled AuNPs in PBS decreased slightly from 98 +2.5% to
96.41 + 1.89%, while in human serum it decreased from
98.01 +£2.68% to 94.12 + 1.95% [125]. Luna-Gutiérrez et al.
investigated the in vitro stability of ['’’Lu]Lu-DOTA-Gly-
Gly-Cys-AuNP-c[RGDfK(C)] in human serum. After 24 h,
the radiochemical purity of radiolabeled AuNPs was meas-
ured at 92.0+ 1.1%. The 522 nm surface plasmon resonance
characteristic of AuNPs remained stable, with a slight shift
to higher energy at 524 nm [130]. These results demon-
strate the high stability of radiolabeled AuNPs in biological
media. However, when exposed to heat, oxidizing agents, or
other thiol-containing molecules like glutathione (GSH) or
dithiothreitol (DTT), the binding of monothiol-containing
ligands to AuNP becomes unstable. This can lead to insta-
bility in vivo of AuNP structures made from monothiol-
containing PEG ligands [129].

One method for improving the stability of thiol-function-
alized ligands binding to AuNP is to increase the number of
thiols per ligand, resulting in more avid multivalent binding
to the gold surface [129, 131, 132]. Yook et al. investigated
the comparative stability of AuNP conjugated to a !"’Lu-
chelating polymer via a single thiol [DOTA-PEG-ortho-
pyridyldisulfide (OPSS)], a dithiol [DOTA-PEG-lipoic acid
(LA)], and a multithiol end-group [PEG-pGlu(DOTA ),-
LA,] (the structure of !7"Lu-chelating polymer-AuNP conju-
gates is shown in Fig. 3) and determined its elimination and
biodistribution in mice. The in vitro stability of radiolabeled
AuNPs was assessed by incubating ['"’Lu]Lu-DOTA-PEG-
OPSS-AuNP, ['7’Lu]Lu-DOTA-PEG-LA-AuNP, and PEG-
pGlu(["""Lu]Lu-DOTA )g-LA ,-AuNP with 1 mL of human
plasma at 37°C for durations of 0.2, 0.5, 1, 3, 5, 24, 48,
and 72 h in low-binding microcentrifuge tubes. After 72 h
in plasma, PEG—pGlu([177Lu]Lu—DOTA)S—LA4 remained
bound to AuNP at 59.2 +8.4%, while ['"'Lu]Lu-DOTA-
PEG-OPSS-AuNP and ['7’Lu]Lu-DOTA-PEG-LA-AuNP
had significantly lower binding (17.6 +£3.1%; P=0.001 and
16.6 +4.3%; P=0.001, respectively). These results exhib-
ited that PEG-pGlu(['""Lu]Lu-DOTA)-LA,-AuNP out-
performed ['""Lu]Lu-DOTA-PEG-LA-AuNP and [!""Lu]
Lu-DOTA-PEG-OPSS-AuNP in terms of in vitro aggrega-
tion stability [129].

In athymic mice, PEG-pGlu(['""Lu]Lu-DOTA)g-LA,-
AuNP and ['Lu]Lu-DOTA-PEG-LA-AuNP revealed
slower elimination from the body and less radioactivity
excretion into the urine, indicating that these conjugates
were less easily dissociated from AuNP in vivo. More than
90% of '"Lu was eliminated from the body through urine,
with much lower amounts excreted in feces. Furthermore,

RO
8

even though only very low activities were

injection in U87MG tumor-bearing mice,
injected per mouse

macrocyclic chelator TADOTAGA
inhibited tumor growth after intratumoral

AuNPs radiolabeled with 2 Ac via the

Study results

4-oxobutyl)-1,4,7,10-tetraazacyclodode-

cane-1,4,7-triyl)triacetic acid

(TADOTAGA)

2,2,2-(10-(4-((2-(5-(1,2-dithiolan-3-yl)
pentanamido)ethyl)amino)- 1-carboxy-

Linker/ Targeting moiety

Nanosphere with an average particle size
of 5-9 nm

AuNP morphology

Table 3 (continued)

Au@TADOTAGA nanoparticles radiola-

Radio-conjugate
beled with 2Ac
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Fig.3 Schematic depicting the formation of '""Lu-chelating polymer-AuNP conjugates

PEG-pGlu(['"Lu]Lu-DOTA )¢-LA,-AuNP had the lowest
liver uptake, whereas spleen uptake was greater than ['7’Lu]
Lu-DOTA-PEG-LA-AuNP or ['""Lu]Lu-DOTAPEG-OPSS-
AuNP [129].

These findings show that AuNP binds more strongly to
multithiol end-groups, resulting in more stable conjugates
than to AuNP-dithiol or AuNP-monothiol, both in vitro and
in vivo. Moreover, the AuNPs radiolabeling technique uti-
lizing bifunctional chelators has one major challenge: the
trans-chelation of radiometallic ions, which may lead to
radioisotope accumulation in non-target tissues.
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The integration of AuNPs with PSMA-targeting ligands
for prostate cancer cell-surface biomarkers is a viable frame-
work for facilitating selective transport and absorption into
target cells [40]. In contrast to antibodies, small-molecule
PSMA inhibitors can be attached to nanoparticle surfaces in
adjustable orientations that maintain their affinity for target
prostate cancer cells [40, 133].

Kasten et al. developed and investigated the first AuNP
system with a small molecule phosphoramidate peptidomi-
metic inhibitor for targeted administration to PSMA-express-
ing prostate cancer cells. The overall strategy comprised

@ Springer
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conjugating streptavidin-coated AuNPs with a biotin-linked
small-molecule PSMA inhibitor, CTT54, to create PSMA-
targeted AuNPs. PSMA inhibitor-mediated binding was
assessed in vitro by incubating AuNP-streptavidin—biotin-
PEG,,-CTT54 with PSMA-positive LNCaP and PSMA-neg-
ative PC3flu cells. AuNP-streptavidin-biotin-PEG,-CTT54
demonstrated significantly higher binding to LNCaP cells
than that of non-targeted AuNP-streptavidin. These findings
supported the idea that small-molecule PSMA inhibitors
could facilitate the delivery of AuNPs to prostate cancer
cells. AuNP-streptavidin-biotin-PEG,,-CTT54 and non-tar-
geted AuNP-streptavidin bound significantly less to PC3flu
cells than AuNP-streptavidin—biotin-PEG,,-CTT54 bound to
LNCaP cells. Therefore, the enhanced delivery of inhibitor-
targeted AuNPs in LNCaP cells was attributed to PSMA
binding mediated by the inhibitor, rather than non-specific
cell interactions [40].

Mangadlao et al. developed a theranostic agent using
small-molecule PSMA inhibitors, PSMA-1-targeted AuNPs
loaded with the fluorescent photodynamic therapy (PDT)
drug Pc4. PSMA-1 is a Glu-urea-based ligand with a high
binding affinity (IC5,=2.30 nM) for the PSMA receptor.
The PSMA-1 ligand was first conjugated to thiol-terminated
PEG to form SH-PEG-PSMAT1, which was then grafted
to the dodecylamine (DDA)-stabilized AuNPs surface via
ligand exchange reaction facilitated by the strong interac-
tion between gold and thiol. Furthermore, the amphiphilicity
of PEG allows it to encapsulate water-insoluble Pc4 in the
nanoparticle’s corona. Pc4 loading was carried out by adding
a 40-fold excess of Pc4 to a chloroform solution of AuNP-
PEGs,-PSMAL. Because of the amphiphilic nature of PEG,
chloroform swells the corona, allowing Pc4 molecules to dif-
fuse into the PEG coating [134]. The effectiveness of these
nanoparticles against PSMA-positive PC3pip and PSMA-
negative PC3flu cells was evaluated in vitro and in vivo.

In vitro cellular uptake tests were performed by incu-
bating PSMA-expressing PC3pip cells with various con-
centrations of AuNP-PEGs-PSMA-1, PSMA-1, and the
parent ligand, ZJ24, in the presence of 12 nM H-labeled
ZJ24. A scintillation counter was used to measure radio-
activity and determine cell-associated uptake. The results
revealed that PSMA-positive PC3pip cells uptake AuNP-
PEG5-PSMA-1 (IC5,=0.17 nM) significantly more than
PSMA-1 (IC5,=2.01 nM). In vitro phototoxicity studies
were performed by incubating PSMA-expressing PC3pip
cells and nonexpressing PC3flu cells with Pc4-containing
AuNP-PEGg,-PSMA-1. The percentage of cell viability was
determined 24 h later using the 3-(4,5-dimethylthiazol-2-yl)-
5-(3carboxymethoxyphenyl)-2-(4sulfophenyl)-2H-tetrazo-
lium (MTS) assay. Furthermore, when exposed to light at
various doses of Pc4-containing AuNP-PEG4-PSMA-1,
PC3pip cells showed more cell ablation than PC3flu cells,
indicating active targeting followed by Pc4 delivery [134].
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In vivo PDT experiments were carried out on athymic
nude mice bearing a PC3pip tumor labeled with a green
fluorescent protein (GFP). When tumors were large
enough, the mice were injected with 0.07 mg/kg Pc4-
containing AuNP-PEG5k-PSMA-1 through the tail vein.
The efficacy of the treatment was assessed by measuring
tumor growth with a digital caliper, GFP fluorescence by
Maestro, and body weight loss 14 days after PDT. The
result of in vivo PDT studies showed that treated animals
experienced tumor remission 14 days after PDT, and Pc4-
containing AuNP-PEGs-PSMA-1 can selectively deliver
the payload that enables tumor visualization and destruc-
tion when exposed to light [134].

Luo et al. reported the conjugation of SH-PEG,,-
PSMA-1 with AuNP sizes of 2 nm, 5 nm, and 19 nm, and
then investigated the effects of particle size and PSMA-1
ligand on cell/tumor uptake and X-ray radiotherapy effi-
cacy. The PSMA-1 ligand is critical for increasing the
specific uptake of AuNPs by PSMA-expressing PC3pip
cells, regardless of particle size. However, particle size
had a significant impact on the targeted AuNPs’ ability
to sensitize cells to X-ray radiation therapy. In vitro cel-
lular uptake tests were performed by incubating PSMA-
expressing PC3pip cells and PSMA-nonexpressing PC3flu
cells with various sizes of AuNP-PEG¢,-PSMA-1 at an
Au concentration of 60 ug/mL. The silver staining assay
was used for cellular uptake assessment. In vitro studies
revealed that larger targeted AuNPs (19 nm) resulted in
greater gold uptake into PC3pip cells as well as less gold
uptake into PC3flu cells. However, the in vivo biological
studies showed that gold uptake into cells was reduced
when PC3pip tumor-bearing mice were given larger
AuNPs, implying that smaller AuNPs were more effective
radiosensitizers. Smaller AuNPs may be more effective, as
they can enter tumor cells through extravasation from the
vasculature, whereas 19 nm AuNPs may not. Furthermore,
smaller AuNPs reduced liver uptake, potentially reducing
off-target elemental toxicity and radiation sensitivity to
non-targeted tissues [135].

Wang et al. developed an ultrasmall AuNP-based contrast
agent conjugated with PSMA-1 (AGGP) for use as a multi-
modal imaging agent. Nanoparticles approximately ~5 nm in
size, encased in glutathione shells, exhibit colloidal stability
and minimize non-specific protein adsorption. This design
reduces sequestration by the mononuclear phagocyte sys-
tem (liver, spleen), thereby extending circulation time and
improving tumor site perfusion. Confocal microscopy, flow
cytometry, and ICP-MS analyses demonstrate that AGGP
exhibits preferential binding and internalization in PSMA-
positive PC3pip cells relative to PSMA-negative PC3flu
cells. The magnetic resonance (MR), CT, and near-infrared
fluorescence (NIRF) imaging of these cells exhibit signifi-
cantly enhanced signals, indicating that AGGP’s targeting
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strategy effectively translates from molecular design to cel-
lular function [136].

Using mouse models implanted with PSMA-positive and
negative tumors, AGGP produces robust contrast enhance-
ment in PSMA-positive tumors across MR, CT, and NIRF
modalities, persisting up to 24 h. Signal intensities correlate
strongly with tumor PSMA expression and size, enabling
longitudinal monitoring of tumor progression from early to
advanced stages. This capability underlines AGGP’s poten-
tial for non-invasive early diagnosis and treatment plan-
ning. Comprehensive toxicological evaluation, including
body weight monitoring, immune cytokine assays, liver and
kidney function tests, and histopathological examinations,
indicates that AGGP is well-tolerated in vivo. Preferential
renal clearance reduces systemic exposure and long-term
retention, alleviating concerns about AuNP accumulation.
This biosafety is critical for regulatory approval and patient
acceptance [136].

Radiobiology and dosimetry

The present knowledge of AuNP-based sPSMAIi-RLT is
insufficient, highlighting the need for a coherent and sys-
tematic experimental approach to thoroughly assess the
radiobiological effectiveness of AuNPs. Cell survival
serves as the primary assay in radiobiology for evaluating
the effectiveness of treatments and has been widely utilized
to assess the influence of nanoparticles on radiation effects.
This in vitro technique enables the evaluation of radiation
cytotoxicity by examining the capacity of an individual cell
to proliferate and form a colony [137]. Survival percent-
age estimation methods have been established through cell
viability assays, including the methyl-thiazol-tetrazolium
(MTT) assay and the trypan blue exclusion test [138, 139].

However, efforts to quantify the improvement caused by
AuNPs appear to have created confusion and resulted in the
definition of a large number of parameters. For this reason,
the International Commission on Radiation Units and Meas-
urements (ICRU) recommends using the whole survival
curve rather than single-point measurements to evaluate
changes in radiobiological effectiveness and to provide a
comprehensive understanding of the dose—response relation-
ship caused by AuNPs. Therefore, the sensitizer enhance-
ment ratio (SER), defined as the ratio of mean inactivation
dose (MID) in non-exposed cells with nanoparticle-exposed
cells, appears to be an appropriate approach for providing a
single parameter to quantify the impact of AuNPs on in vitro
survival curves [137].

Another important step in the radiobiological study of
high-Z nanoparticles is determining the amount of AuNPs
taken up by cells, as well as their subcellular distribution,
due to the physical and chemical changes at the nanoscale
caused by AuNPs when exposed to ionizing radiation [137,
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140]. Inductively coupled plasma (ICP) methods with
atomic emission spectroscopy (ICP-AES) or mass spectrom-
etry (ICP-MS) are the "gold standard" for measuring AuNPs
levels in cells due to their high sensitivity and robustness
for elemental analysis [137, 140, 141]. Although it is sim-
ple to convert material mass into the number of AuNPs,
this needs precise information about the AuNPs’ size and
elemental composition, as well as an assumption of uniform
distribution.

The predominant ionization events transpire within water
molecules, where the indirect action of radiation, primarily
facilitated by reactive oxygen species (ROS), constitutes the
principal mechanism of DNA damage, particularly in the
presence of low LET radiation such as f-emitting radio-
nuclides. In this regard, AuNPs may interact directly with
incoming ionizing radiation from radionuclides, affecting the
final ROS spectrum and yield [137]. Therefore, a compre-
hensive knowledge of the ROS production associated with
AuNPs is required to address the mechanism underlying the
biological response, as is an appropriate methodology for
accurately and reliably measuring the yield and spectrum
of ROS. There are several techniques for determining the
level of ROS, including colorimetric methods, fluorescent or
chemiluminescent dyes, and the coumarin assay [140, 142,
143]. Additional pathways for ROS formation in the pres-
ence of AuNPs may result in non-linearity in ROS yield as
a function of dose. Reports on the relative ROS at various
dose levels would therefore be recommended [137].

DNA damage has been identified as an important factor in
regulating radiation response. The impact of AuNP-mediated
DNA damage requires quantitative and mechanistic studies,
as well as a comparison of radiation-induced DNA damage
in the presence and absence of AuNPs. DNA damage can be
detected through various strategies, such as the comet assay,
which quantifies denatured DNA fragments that migrate out
of the cell nucleus during electrophoresis, differential plas-
mid DNA migration on agarose gel electrophoresis, which is
an established approach for quantifying single-strand breaks
and double-strand breaks in simple biological systems, and
immunostaining for y-H2AX and 53BP1 foci, which provide
key information on both the rate of DNA [144—146].

A large number of theoretical studies on the radio-sensi-
tizing effects of high-Z nanoparticles employ Monte Carlo
methods to assess dose distributions, develop a dosimetry
model to calculate the absorbed dose of healthy tissues, and
define the therapeutic window of a radiopharmaceutical, as
well as estimate enhancement effects [34, 85]. Monte Carlo
simulations are a highly effective instrument for investigat-
ing changes in the spatial distribution of dose deposition
caused by AulNPs at the nanometer scale [34]. Several dedi-
cated Monte Carlo simulations, including EGSnrc, Geant4,
PENELOPE, MCNP5, MCNPX, and NORTEC, have been
used to investigate high-Z nanoparticle radio-enhancement.
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These simulations can produce useful micro-dosimetric
parameters, which should then be validated against experi-
mental data using established radiobiological models.
Although Monte Carlo codes have been extensively bench-
marked and validated for conventional dosimetry, their appli-
cation to very low energy thresholds and nanometre—scale
ranges remains subject to potentially large uncertainties. As
a result, accurate estimation of physical processes requires a
detailed representation of the radiation source and samples,
including geometry, composition, environment, etc. [137].

Combination with photothermal therapy

Photothermal therapy (PTT) could represent a significant
improvement in prostate cancer treatment largely because of
its highly localized and selective cytotoxic effect, as well as
its low prevalence of side effects and tumor resistance [43].
The photothermal effect is simply defined as the conversion
of light energy into heat energy. Heat formation occurs when
particles are irradiated with light and reach the lowest singlet
excited state before returning to the ground state, resulting
in resonance energy that causes synchronized oscillations of
electrons, which eventually produce heat [100].

The photothermal effect requires the presence of a pho-
tothermal agent in conjunction with radiation from a light
source. Photothermal agents are an essential element of this
technique, with material properties such as light absorption
efficiency, large cross-sectional area, excellent photother-
mal conversion efficiency, long-term photothermal stability,
and easily performed surface modification [44, 147]. These
characteristics are exhibited by noble metal nanomateri-
als, especially gold nanoparticles, alongside surface plas-
mon resonance properties [44, 102]. In the application of
PTT, the processes of necrosis and apoptosis (cell death)
are determined by the laser power and temperature achieved
within the cancer tissue during the PTT process [46, 147,
148]. Temperature increases have a significant impact on
cellular changes, as well as on tumor cells. The light source
for PTT is a laser that emits visible and near-infrared light
to raise the temperature of the cell or tissue environment to
41°C to 49°C, allowing cancer cells to be effectively dam-
aged, a process known clinically as hyperthermia [102, 147].
The type of light used is determined by the location of the
target organ to be treated, with visible light used for therapy
of organs or tissues near the body’s surface and near-infra-
red light (NIR) used for organs or tissues inside the body
because light at this wavelength is greatly less absorbed by
water molecules [44, 149].

Combination therapies offer the potential for new and
more effective cancer treatments by exploiting the com-
bined benefits of various therapeutic methods. In sSPSMAi-
RLT, low-energy a- and B™-particle emitter radionuclides
deliver radiation doses within a short range. When targeted
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to prostate cancer cells, the majority of the dose is depos-
ited within the tumor, avoiding surrounding normal tissues
[36]. sSPSMAI-RLT is an effective mCRPC treatment, but
in hypoxia conditions, cancer cells proliferate rapidly and
consume large amounts of oxygen, resulting in insufficient
oxygen in the tumor microenvironment and potential resist-
ance to this treatment [101, 150]. The combination with
PTT, which can produce hyperthermia heat, can accelerate
intratumoral blood flow, resulting in enhanced oxygen levels
in the tumor microenvironment and allowing it to overcome
hypoxia [151]. Furthermore, the hyperthermia heat gener-
ated from the photothermal effect causes a lethal effect on
S-phase radio-resistant cells, thereby reducing the resistance
of cancer cells to TRLT [101, 151].

Several therapeutic agents implementing a combination
of PTT with p-particle-emitting radionuclides, also known
as radio-photothermal agents, have been developed and pre-
liminary studies have been conducted regarding the syner-
gistic effects and efficacy produced, as shown in Table 4.
The findings of our previous research group revealed that
the combination therapy using radioactive gold nanoparti-
cles (['*Au]AuNPs) with 980 nm laser irradiation had a
higher in vitro therapeutic efficacy than radiotherapy alone
using ['?>Au]AuNPs or photothermal therapy alone using
197AuNPs [102]. We have also successfully synthesized
[198Au]Au@SiO2 core—shell nanoparticles as a radio-pho-
tothermal agent that demonstrated effective near-infrared
absorption and caused significant cell death in LNCaP
cancer cells [152]. Both research findings indicate a great
potential synergistic effect in the applications of radio-pho-
tothermal therapy. Based on these findings, the development
of agents that facilitate the combination of PTT with sPS-
MAI-RLT has great novelty potential, particularly in terms
of improving mCRPC treatment efficacy while reducing
adverse side effects.

Conclusion

Currently, there is a clinical need for an innovative approach
to developing therapeutic agents with improved therapeutic
efficacy to overcome the limitations of currently available
sPSMAI-RLT. In vitro and in vivo studies have demonstrated
that modifying the linker that connects the DOTA chelator
and the Glu-urea-Lys binding motif can improve sPSMAI-
RLT’s therapeutic potential by influencing its pharmacoki-
netic properties. In vitro studies have shown that the com-
bination of TRLT and PTT via AuNP, which can act as a
linker, can provide a synergistic effect in increasing cancer
cell death, indicating that it has great potential to improve
the efficacy of mCRPC treatment when applied to the sPS-
MAI-RLT agents. However, in vivo studies giving substan-
tial proof for this hypothesis are still not available, and future
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studies validating the in vitro findings are required. This will
provide further knowledge about the working mechanism of
AuNP linker-based SPSMAIi-RLT in combination with PTT,
which includes dosimetry and radiobiology.

Numerous enhancements must be implemented to facili-
tate the transition of SPSMAi-AuNP-RLT into clinical trials.
A primary challenge is to enhance tissue-selective target-
ing to minimize non-specific uptake in reticuloendothelial
system-associated organs, including the liver, kidneys,
spleen, lungs, and stomach. Furthermore, extended blood
circulation is preferred, together with an appropriate high
target-to-background ratio, to enhance the contrast of the
targeted tissue. Ultimately, this knowledge can help design
effective AuNP linker-based sSPSMAi-RLT agents and future
treatment strategies for mCRPC patients, leading to better
outcomes.
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