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Abstract: Targeted nanotheranostic systems offer significant benefits due to the integration of diagnos-
tic and therapeutic functionality, promoting personalized medicine. In recent years, prostate-specific
membrane antigen (PSMA) has emerged as an ideal theranostic target, fueling multiple new drug ap-
provals and changing the standard of care in prostate cancer (PCa). PSMA-targeted nanosystems such
as self-assembled nanoparticles (NPs), liposomal structures, water-soluble polymers, dendrimers,
and other macromolecules are under development for PCa theranostics due to their multifunctional
sensing and therapeutic capabilities. Herein, we discuss the significance and up-to-date develop-
ment of “PSMA-targeted nanocarrier systems for radioligand imaging and therapy of PCa”. The
review also highlights critical parameters for designing nanostructured radiopharmaceuticals for
PCa, including radionuclides and their chelators, PSMA-targeting ligands, and the EPR effect. Finally,
prospects and potential for clinical translation is discussed.

Keywords: prostate-specific membrane antigen (PSMA); nanocarriers; nanoparticle; enhanced per-
meability and retention (EPR) effect; small-molecule PSMA inhibitors; prostate cancer theranostics;
radioligand theranostics; radiopharmaceutical therapy; positron emission tomography (PET)

1. Introduction

Targeted Nanocarrier platforms hold significant promise to deliver target-specific
pharmaceuticals for the imaging and therapy of cancer [1,2]. Despite high targeting affinity
and tumor penetration, most low-molecular-weight drugs suffer from rapid clearance, even
from the tumor, potentially requiring high and /or multiple dose treatment to achieve opti-
mum therapeutic efficacy, with associated off-target toxicity [3]. Nanocarrier systems, such
as inorganic nanoparticles (NPs), organic supramolecular self-assemblies, liposomes, and
macromolecules, have the potential to improve the solubility and stability of encapsulated
drug molecules with prolonged blood circulation for better therapeutic efficacy [1]. Along
with the delivery of high payloads, nanocarrier scaffolds enable encapsulation of multiple
contrast agents and therapeutic drugs. Their large surface area allows multifunctionality
by conjugating a diversity of targeting ligands, including small molecules, carbohydrates,
aptamers, nucleic acid peptides, and antibodies, to improve targeted delivery [1,2]. The
extravasation of nanocarriers into tumors depends on how effectively they can escape from
the reticuloendothelial system cells in the spleen and liver. By optimizing particle size,
the hydrophilic polymer coating of nanocarriers can improve tumor retention by avoiding
fast renal clearance. However, as the size of the nanocarriers increases beyond 12 nm, the
EPR-mediated passive uptake tends to overshadow the target-specific tumor uptake and
retention depending on tumor phenotypes [4]. In addition, most prostate cancers (PCa)
have less permeable vasculature resulting in low non-penetrating EPR-mediated tumor
accumulation of the large-size nanocarriers [5-7]. Thus, careful selection of size is a crucial
part of developing targeted nanocarriers for PCa theranostics.

Pharmaceuticals 2023, 16, 315. https://doi.org/10.3390/ph16020315

https:/ /www.mdpi.com/journal /pharmaceuticals


https://doi.org/10.3390/ph16020315
https://doi.org/10.3390/ph16020315
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceuticals
https://www.mdpi.com
https://orcid.org/0000-0003-3558-3712
https://orcid.org/0000-0002-1095-046X
https://orcid.org/0000-0002-8694-1199
https://doi.org/10.3390/ph16020315
https://www.mdpi.com/journal/pharmaceuticals
https://www.mdpi.com/article/10.3390/ph16020315?type=check_update&version=3

Pharmaceuticals 2023, 16, 315

2 of 26

Glutamate carboxypeptidase II (GCPII), also known as prostate-specific membrane
antigen (PSMA) is a well-validated target for imaging and treatment of PCa, as it is overex-
pressed in most primary PCa lesions along with distant metastatic lesions and metastatic
lymph nodes [8]. The GCPII is a class II transmembrane glycoprotein that hydrolyses one of
the highly prevalent neurotransmitters, N-Acetyl-l-aspartyl-l-glutamate (NAAG) [9]. This
peptidase is expressed in several different tissues, such as the salivary glands, intestines,
kidneys, and brain, but is upregulated in PCa by 100-1000-fold and serves as a potent target
for PCa theranostics. GCPII was first cloned from human prostate parenchyma and desig-
nated as prostate-specific membrane antigen (PSMA) [9,10]. The report of the PSMA crystal
structure in 2005 provided an understanding of the structure and conformation of the active
pocket of PSMA and facilitated the rational design of highly efficient small molecule-based
PSMA inhibitors [11]. Low-molecular-weight ligands, especially urea-glutamate deriva-
tives, possess many advantages including high PSMA binding, biological stability, and
easy large-scale synthesis, and have generally received preference over antibodies and
aptamers [12]. A variety of other surface targets are currently under evaluation in prostate
cancer, including bombesin [13], prostate stem cell antigen (PSCA) [14], CUB-domain-
containing protein 1 (CDCP-1), CD46 [15,16], human kallikrein 2 (hK2) [17], delta-like
ligand 3 (DLL3) [18-20], and TROP-2 [21]. Nevertheless, due to the major advantages
of high tumor and low background expression, and highly optimized targeting ligands,
PSMA remains by far the most thoroughly investigated theranostic target in prostate
cancer [22,23].

PSMA-targeted radionuclide theranostics have been intensely studied over the last
several years, resulting in the FDA approval of [®®Ga]PSMA-11 and ['®F]DCFPyL for
PET imaging, and [Y77Lu]PSMA-617 for radiopharmaceutical therapy of PCa [8,24-27].
Over the years, various attempts have been made to integrate radioligand imaging and
therapy with PSMA-targeted nanosystems designed to improve PCa therapeutic effi-
cacy. Many features may influence the performance of target-specific nanocarriers, as
several parameters such as size, surface charge, targeting ligand density, and other pa-
rameters potentially influence their in vivo pharmacokinetics [1]. In this review, we
summarize the up-to-date development of PSMA-targeted nanocarriers as PCa thera-
nostics, including hydrophilic polymers, supramolecular NPs, liposomes, metal NPs,
and dendrimers (Figure 1). Literature searches including the terms “PSMA-targeted +
Nanocarrier/Nanoparticle/Nanomedicine/Macromolecule/Polymer + Radioligand Imag-
ing/Therapy, etc.” were performed to identify relevant citations. Moreover, we systemati-
cally discuss a few essential constraints that should be considered when designing targeted
nanocarriers for PCa theranostics.
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Figure 1. Summary of PSMA-targeted nanocarriers for radioligand imaging and treatment of PCa.

2. Radiometals and Chelators for Imaging and Therapy

In the design of theranostic radiopharmaceuticals, it is essential to select the appropri-
ate isotope for pairing with the desired application [28]. Isotopes with primarily gamma
(e.g., Uiy, 99mTe 67Ga) or positron (e.g., 897y, 86Y, 08Ga, 18F, 64Cuy, #4Sc) emissions are used
for diagnosis via SPECT and PET imaging techniques, providing sensitive, non-invasive,
and potentially quantitative images [29,30]. For applications in nanomaterial imaging,
short-lived isotopes such as '8F are typically not suitable due to short half-life compared to
the NPs with long biological half-life and clearance time. For these applications, longer-
lived isotopes such as 8Zr, 4Cu, or '''In are preferred for imaging. Radioactive isotopes
with high ionizing beta (e.g., 212/213g; 212p}, 47Gc 186/188Re 1771y, 114mypy 90Y) or alpha
(e.g., 2°Ac, 212/213Bj,) emissions are preferred for therapy. Targeted radioligand theranos-
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tics can deliver a highly concentrated absorbed dose for therapy to the targeted tissues.
A fundamental consideration in developing radiometal-based targeted radiopharmaceu-
ticals is the design and careful selection of an appropriate chelator that may maintain a
stable coordination complex with the radiometal isotope of interest in vivo. Several of
the most potent and extensively explored chelator-radiometal combinations have been
summarized in Table 1 [29]. Several elements have multiple radioactive isotopes with iden-
tical chemistry that may be used for therapy or diagnostic purposes (e.g., 3¢/90Y, 67/68Ga,
44/475¢, 64/67Cy), and thus can be isotopically labelled to yield similar chemical proper-
ties, biological behavior, and distribution of the radiopharmaceutical agent in vivo. While
acyclic chelators such as DFO and HOPO derivatives show highly potent radiolabeling
efficacy with 8Zr#**, the macrocyclic ligands DOTA and NOTA are potent chelators for
multiple radionuclide isotopes of different elements due to their inherently constrained
geometries and thermodynamically more favorable metal ion binding sites. In fact, DOTA
is one of the current “gold standards” for multiple isotopes, including ?*>Ac, 3¢/90Y, 177Lu,
1 n, and #4/47Sc [29]. Regarding radiolabeling efficiency and coordination kinetics, most
acyclic chelators can undergo quick radiolabeling at room temperature with quantitative
yields, whereas macrocycles may require heating. However, superior radiolabeling may
not be the only parameter that should be considered while designing a new chelator or
modifying existing chelators, as the structure of the radiometal-chelate complexes along
with their conformations and physical properties influence the overall pharmacokinetics of
radiopharmaceuticals in vivo.

Table 1. Chelators (including their respective derivatives) and their most suitable radiometal counterparts
commonly used in biomedical applications [29]. (CA: Coordinating Atoms; CN: Coordination Number).
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HN N OH
O
HO ﬁN
DFO; desferrioxamine B N e} Og 6 8974+

(0]

OHHﬂLO

DTPA; diethylenetriamine-

HO, OH

N/—\N /_<O

) e WAR
N
pentaacetic o o N3O05 8 113+ 177] 3+ 86/90y3+
acid HO Sgokf

O HO OH

NH N
Pa Family; H2dedpa; 1,2- —
[[6~(carboxy)-pyridin-2-yl]- N/ N;O, 6 67/68Gad+ I3+ 1771 3+
methylamino]ethane OH HO
0]
N
0 N N 3 N 0
HO o HO

HOPO; O OH 8 897 4+ 227 T4+

3,4,3-(LI-1,2-HOPO)

OH o

owf*(f




Pharmaceuticals 2023, 16, 315

50f26

Table 1. Cont.

Name Chemical Structures CA CN Radiometals
OH
(6]
NOTA; 14,7- N 1777 .3+
i 1 14,7 o [ N30 6 i
triazacyclononane-1,4, 303 64(Cq2+ 67/68 a3+ 86/90y3+,212/213 33+
triacetic acid )J\/N

N
\_J;\
(o] OH

DOTA; 1,4,7,10-
tetraazacyclododecane-
1,4,7 10-tetraacetic acid,
maximum

HO__
OH
N N
0
0
[y )
S—
HO 42
O™ on

NLO 8 64Cu2+, 212Pb2+, 212/213Bi3+, 177Lu3+,
44 225AC3+ 111143+ 44/47SC3+ 86/90Y3+
7 4 4

3. PSMA and Its Targeting Ligands

Reported PSMA-targeting ligands may be classified into four major groups—antibodies,
aptamers, peptides, and small-molecule inhibitors. Low-molecular-weight ligands have several
advantages over antibodies, including facile synthesis, tunable in vivo pharmacokinetic proper-
ties and shorter biological half-life, and biocompatibility by conjugating with a suitable linker
or host. The isolation and analysis of the PSMA crystal structure was a landmark discovery
providing a deep understanding of key interactions and conformations within the active site [11],
which unveiled the strong affinity of the pharmacophore pocket (S51") towards glutamate-like
motifs. This facilitated the development of a large number of glutamate-based small molecule
ligands that efficiently target the enzymatic pocket of PSMA with binding affinity below the
nanomolar level [24]. Three major families of small molecule-based PSMA-targeting ligands in-
clude phosphonate compounds and thiols, glutamate-phosphoramidates, and glutamate-ureido
derivatives (Figure 2) [24]. The ureido-glutatamate-based derivatives (DUPA and ACUPA)
are currently the most widespread PSMA-targeting ligands employed in PCa imaging and
therapeutic applications (Figure 2) [24]. Among them, [#8Ga]PSMA-11 and [18F]DCFPyL
with ureido-glutatamate-based PSMA-targeting ligands have been approved for PSMA-
targeted PET imaging in men with PCa by the Food and Drug Administration (FDA)
in 2020 [8]. As a landmark success, another ureido-glutatamate-based small molecule
conjugate, ['7“Lu]PSMA-617 was the first therapeutic drug approved by FDA in 2022
for radioligand therapy of metastatic castration-resistant prostate cancer (mCRPC) [31].
Moreover, several other ureido-glutamate-based PSMA-targeted conjugates, including
[ In]PSMA-1&T, ['8F]PSMA-1007, [2% Ac]PSMA-617, and ['7Lu]PSMA-1&T are showing
very promising response in radiological imaging and therapy of PCa and are in active
clinical trials [8,24,32].
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Figure 2. Chemical structures of main classes of small molecule-based PSMA-targeting ligands.

4. EPR Effect and Need of Targeted Nanomedicine

The effects of enhanced permeability and retention (EPR) associated with solid tumors
are well known and are instrumental in the clinical efficacy of nanomedicines and macro-
molecular drugs [33]. The concept of EPR associated with macromolecular drugs was first
proposed by Maeda et al., in 1986 [34]. In this molecular size-dependent phenomenon,
macromolecules larger than 12 nm undergo passive accumulation in tumors, which may
be many times higher than that in healthy tissue [35]. Solid tumors display a poorly orga-
nized vascular architecture due to excess vascular growth and permeability factors with
the non-functional lymphatic drainage system [36]. Consequently, large molecules and
nanomaterials may enter the tumor readily through the porous blood vessels and then
accumulate as the efflux rate may be slowed by poor lymphatic drainage. Molecules that
are biocompatible, stable to degradation, and remain in circulation for >6 h exhibit EPR
localization in tumors [33].

The 12 nm size (40 kDa molecular weight) threshold is an important parameter as
it represents the macromolecular size typically resulting in renal clearance [33,35]. Thus
the plasma half-life of macromolecules larger than 12 nm increases steadily, boosting EPR-
mediated tumor accumulation. The EPR effect has been well observed in nanomedicines
such as polymer-drug conjugates, polymer NPs, DNA polyplexes, lipid particles, lipo-
somes, micelles, and proteins (including IgG) [35]. SMANCS is the first EPR-based macro-
molecular anticancer drug by Maeda et al., approved in 1993 for clinical use [35]. However,
rodent and human tumors are highly heterogeneous and possess distinct EPR effects
across different tumor phenotypes [33]. For example, hepatocellular and renal cell car-
cinomas show relatively increased EPR-mediated tumor uptake due to high vascular
density [33]. In contrast, pancreatic and prostate cancers have a low vascular density and
have lower EPR-mediated tumor penetration and accumulation [33]. Overall, EPR is a com-
plex heterogeneous phenomenon influenced by various parameters, including interstitial
fluid pressure, hypoxia, vessel density, as well as nanomedicine size, shape, weight and
charge (Figure 3).
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Figure 3. Summary of various physical and biological parameters associated with nanocarrier
systems, like (A) size, (B) shape, (C) surface charge, (D) tumor phenotype, and (E) targeting ligand
density, that potentially influence their in vivo pharmacokinetics and should be considered carefully
when designing nanotheranostic systems.

While the EPR effect has proven beneficial for drug delivery, additional improvements
may be realized by using molecularly targeted nanomedicines to improve tumor uptake
and penetration in EPR-low phenotypes. However, interestingly, the size of nanocarriers
plays a significant role in both non-targeted and targeted tumor uptake. Large-size non-
targeted nanocarriers may not penetrate the bulk tumor in EPR-low phenotypes, while
nanocarriers with strong target binding affinity may induce the binding site barrier (BSB)
effect and block their diffusion into the bulk tumor [5,37]. These prior observations have
provided a strong rationale for pursuing PSMA-targeted nanotheranostics, the topic of
this review.
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5. PSMA-Targeted Nanocarriers

Several different PSMA-targeted nanocarriers have been evaluated for radioligand
imaging and therapy, including metal NPs (iron oxide), polymer self-assembly, lipid vesi-
cles, water-soluble polymers, and dendrimers. In this review, we summarize the most
relevant reports of PSMA-targeted nanocarrier systems developed thus far for radioligand
imaging and therapy of prostate cancer.

5.1. PSMA-Targeted Metal NPs

While PET imaging is a promising tool for both early stage as well as high-risk PCa di-
agnosis, multi-parametric magnetic resonance (MR) imaging has become the gold standard
technique for local PCa imaging [38,39]. Magnetic iron oxide NPs are potential theranostic
scaffolds for hybrid PET/MR imaging. However, one of the key challenges in clinical
translating is the requirement of sufficiently high amount of paramagnetic metal to allow
detection with MRI devices. By using a straightforward one-pot synthesis technique, Moon
and co-workers developed PSMA-targeted iron oxide (Fe3O4) NPs for hybrid PET/MR
imaging [40]. Iron oxide NPs of average size ~11 nm were formulated by encapsulating
with DOTA- and ACUPA-conjugated PEG derivatives using ultrasonication, and were
efficiently radiolabeled with ®8Ga for PSMA-targeted PET/MR imaging. In vivo PET/MR
imaging was performed in the BALB/c mouse model with PSMA+ 22rv1 and PSMA-PC-3
dual xenografts, showing improved MR resolution with PSMA-targeted accumulation of
the NPs in 22rv1 tumors at 1 h post-injection (Figure 4A). Although the spatial resolution
of PET obtained was lower than that of anatomical MR images, PET imaging could suc-
cessfully provide quantitative information on drug delivery. Representing complementary
tools, the formulation of a dual-modality nanosystem integrated with PET and MR imaging
agents represents a promising advance in PCa diagnosis.

Another iron oxide-based NPs system was developed by Liolios et al. for its potential
application in PCa diagnosis using PET /MR imaging [41]. By using a sol-gel technique, the
co-precipitated form of ferrous and anhydrous ferric oxide was surface functionalized with
(3-aminopropyl)triethoxysilane (APTES) or 3-mercaptopropyltrimethoxysilane (MPTES).
The resulting NPs, covalently conjugated with pharmacophores targeting PSMA (ACUPA)
and gastrin-releasing peptide receptors (GRPR; bombesin peptide) via -SH or -NH, re-
active functional groups, had an average size of around 73.6 nm or 66.5 nm, respectively.
Following a direct ®*Ga-labelling process, targeted and non-targeted NPs with either thiol
or amine linkers were developed. The surface-modified iron oxide NPs were evaluated
in cells expressing PSMA (LNCaP) and GRPR (PC-3) showing high target binding affinity
(LNCaP: Kd = 11.49 nM, PC-3: Kd = 28.27 nM) with low toxicity, and thus were identified
as a potential candidate for multimodal PET /MR imaging.

Azad and co-workers developed PSMA-targeted SPECT and optical imaging agents
based on a iron oxide NPs and evaluated their PSMA-targeting efficacies in a mouse model
bearing PSMA+ PC3-Pip and PSMA- PC3-Flu dual xenografts (Figure 4B) [42]. The free
amine groups were functionalized with either the optical agent (IRDye 800CW) or a ra-
diometal chelator (DTPA) and were conjugated along with PSMA-targeted ACUPA ligands.
The NPs were coated with PEG1y to improve immune evasion and blood circulation time
with increasing nanoparticle size. SPECT imaging and ex vivo biodistribution demon-
strated high PSMA-targeted tumor accumulation in PC3-Pip xenografts (4.29%ID/g) at 48
h post-injection. Similarly, optical images also demonstrated target-specific accumulation
at 4 h post-injection. Interestingly, at longer timepoints up to 96 h, the accumulation of NPs
was significantly reduced in PC3-Pip tumors to 1.99%ID/g, whereas the nonspecific tumor
accumulation in PC3-Flu tumors increased to 1.63%ID/g, which suggests EPR-mediated
tumor accumulation of the NPs at later timepoints.

In addition, several other PSMA-targeted metal nanoparticle systems, such as
1771 u-labeled lutetium oxide (LuyO3) NPs [43,44] and 223Ra-labeled NaA zeolite NPs [45,46],
have been developed and evaluated to treat prostate cancer. These reports also demon-
strated chelator-free radiolabeling of theranostic isotopes into the respective metal NP cores.
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The synthesis of lutetium oxide NPs and their radiolabeling was carried out simultaneously
by adding the appropriate fraction of radioisotope '7/Lu at the time of NP formulation,
whereas the radiolabeling of 2>Ra to the NaA nanozeolite was carried out by exchanging
Na* for 22°Ra* cation. Although these chelator free nanozeolites demonstrated promising
PSMA-targeted cell uptake, they failed to show any PSMA-targeted tumor uptake with
high accumulation in the lungs, liver, spleen, and bones, which could be due to the large
particle size [46]. However, the lutetium oxide NPs demonstrated selective toxicity to
malignant tumors without any histological changes in healthy tissues, thus supporting
their potential for clinical translation [44].

(A) Treated Blocked

22Rv1 PC-3
(PSMA +) (PSMA -)

(B)

o

PC3-Flu 48 h PC3-Pip
PSMA- PSMA+

Figure 4. Imaging of PSMA-labelled iron oxide nanoparticles in prostate cancer murine models.
(A) In vivo PET imaging of a mouse model bearing PSMA+ 22rvl and PSMA—PC3 tumors at 1 h
post-injection of PSMA-targeted iron oxide NPs encapsulated with DOTA- and ACUPA-conjugated
PEGs. Reprinted with permission from Ref [40]. Copyright 2016, Elsevier. (B) In vivo SPECT-CT
imaging of PSMA-targeted iron oxide NPs in mouse model bearing PSMA+ PC3-Pip and PSMA-
PC3-Flu tumors over 4 days. Reprinted with permission from Ref [42]. Copyright 2015, Royal Society
of Chemistry.

5.2. PSMA-Targeted Amphiphilic Block Copolymers

Amphiphilic block copolymers are potent drug delivery platforms that readily form NPs
suitable to accommodate high payload quantities with controlled release. The block copoly-
mer of polylactic glycolic acid (PLGA)/polylactic acid (PLA) and polyethylene glycol (PEG)
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represents an ideal combination with a hydrophobic core covered with an outer hydrophilic
corona, protecting the NPs from immune surveillance [47,48]. These polymers are also safe
for human use. The ability to control nanoparticle size is crucial to overcoming physiological
barriers in vivo, which may be achieved by optimizing formulation parameters.

In pioneering studies, Farokhzad and co-workers evaluated the role of PSMA-targeting
amphiphilic block copolymers. They performed a thorough evaluation of PLGA-b-PEG
polymer NPs and demonstrated the effects of formulation parameters on nanoparticle
size [49]. It was observed that the nanoparticle size decreased with an increase in the water
fraction, whereas the size increased with an increase in polymer and payload concentration.
Furthermore, NPs conjugated with PSMA-targeted A10 RNA aptamer and loaded with the
tracing agent C-paclitaxel were evaluated for their targeting efficacy in PSMA+ LNCaP
xenografts. The targeted NPs demonstrated a 3-fold higher accumulation at 24 h post-
injection compared to their non-targeted versions. Despite sub 1% ID tumor uptake, the
authors attributed the 3-fold higher accumulation of the A10 RNA aptamer-conjugated
NPs to target-specific tumor uptake. The NPs were speculated to suffer from the burst
effect, releasing a large quantity of the *C-paclitaxel payload. Decreased tumor uptake at
6 h and 24 h time points was possibly due to diffusion of the payload at later time points.

One central challenge is designing targeted polymer NPs with controlled drug release.
Another report by Farokhzad and co-workers demonstrated that the molecular mass of
the PEG is the key factor in influencing the nanoparticle size, whereas increasing the
molecular size of PLGA prolonged the drug release rate [50]. A series of PSMA-targeted
NPs were developed using the optimum length of PLGA-b-PEG chains conjugated with
PSMA-targeting aptamer (A10). The aptamer densities were varied by mixing different
ratios of PLGA-b-PEG-A10 and PLGA-b-PEG (Figure 5A). PLGA-b-PEG-A10 with a trace
amount of *H-labelled PLGA was incorporated to formulate tritium-labelled NPs and
enable biodistribution studies. A gradual increase in the accumulation of NPs was observed
by increasing the fraction of PLGA-b-PEG-A10 up to 10% in PSMA+ LNCaP cells (Figure 5B).
Conversely, ex vivo organ biodistribution of the targeted NPs in LNCaP tumors showed
maximum tumor uptake at 5% aptamer density (Figure 5C,D). In contrast, with a further
increase to 10% aptamer density, a decrease in tumor accumulation was observed in the
tumors, which was similar to the non-targeted NPs. This demonstrated the EPR-mediated
passive accumulation of the NPs without any influence of the PSMA-targeted aptamers
(Figure 5D). Interestingly, the increased aptamer surface density reduced immune system
evasion and caused increased hepatic clearance of the NPs. This study highlights the
significance of precisely tuning the ratio of targeting ligand to the nanoparticle to maximize
in vivo uptake of the polymer.

A similar pattern of tumor accumulation of PLA-b-PEG NPs was demonstrated
by Pomper and co-workers beyond 24 h post-injection by using small molecule-based
PSMA-targeting ligands (ACUPA) in a mice model bearing dual xenografts of
PSMA+ PC3-Pip and PSMA- PC3-Flu tumors (Figure 6A) [51]. The NPs were conjugated
with the "In radiometal chelator DOTA and near-infrared (NIR) dye IRDye680RD for si-
multaneous SPECT and fluorescence imaging. The SPECT/CT imaging, fluorescence imag-
ing, and organ biodistribution demonstrated almost no influence on the PSMA-targeting
ligands at 48 h post-injection, while very modest increments of the targeted NPs in PC3-Pip
tumors were observed at 96 h post-injection (Figure 6B). The authors hypothesized that
the observed tumor accumulation may be due to tumor-associated macrophages and the
EPR effect. It was also claimed that, although there is a single genetic difference between
PC-3-Pip and PC3-Flu cells, the subcutaneous PC3-Pip tumors possess a significantly higher
quantity of CD68-expressing macrophages and CD31+ vasculature than that of PC3-Flu
tumors, which may be responsible for the modest increase in uptake of the targeted NPs in
PC3-Pip xenografts.
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Figure 5. Development of PSMA-targeted amphiphilic block copolymers using aptamers as a target-
ing ligand. (A) Quantification of aptamer ligand density on the PLGA-b-PEG nanoparticle surface.
(B) Cell uptake assay of 3H-labelled NPs in LNCaP and PC3 cells. (C,D) Ex vivo biodistribution of
NPs with different % of aptamer conjugated PLGA-b-PEG polymer in LNCaP tumor-bearing mice
administered by retro-orbital injection. Reprinted with permission from Ref [50]. Copyright 2008,
National Academy of Science.

Preliminary studies developing the prostate cancer-targeted PLGA-b-PEG NPs to
deliver optimum boron content for boron neutron capture therapy (BNCT) have been
conducted. BNCT is a localized cancer treatment technique using selective accumulation
of boron-10 atoms in tumor tissue followed by low-energy neutron beam exposure to
induce a nuclear fission reaction and generate a-particles [52]. These nuclear fragments
possess sufficient energy within 6-9 mm to destroy cancer cells [53]. Localized treatment
using BNCT potentially reduces systemic toxicity and side effects. However, the primary
challenge associated with this technique is the lack of efficient boron delivery agents. BNCT
requires a high boron content (>20 pg/g tissue) with more than 5-fold higher target-to-
background to effectively kill cancer cells [54]. BNCT has been used in the treatment of
neck and head cancers and glioma, but despite preliminary investigations, this technology
has never been successfully applied in PCa, due to the lack of suitable targeting probes [55].
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Figure 6. Development of PSMA-targeted PLA-PEG NPs for imaging of prostate cancer in mouse
models. (A) Representative structure of the PSMA-targeted PLA-PEG NPs. (B) In vivo SPECT-CT
of "!n-labelled PSMA-targeted and non-targeted NPs in PSMA expressing PC3-Pip (red circles)
and PSMA negative PC3-Flu (yellow circles) tumor-bearing mice model up to 96 h. White arrows
show prominent spleen uptake. Reprinted with permission from Ref [51]. Copyright 2017, American
Chemical Society.

A series of carborane-labelled ACUPA ligands were designed and synthesized, demon-
strating excellent PSMA binding affinity in vitro [56]. Unfortunately, these small molecular
probes were only able to deliver up to 4.2 pg boron/gram tumor in vivo, which was
around 5-fold less than the required boron content for efficient BNCT. Inspired by other
reports that demonstrate more than 50 pug boron/gram tumor using carborane-loaded
PLGA NPs by simply relying on the EPR effect, it was hypothesized that coupling a
PSMA ligand to carborane-loaded NPs would increase boron delivery to PCa [57]. As
presented in Figure 7A, DFB- and ACUPA-conjugated PLGA-b-PEG amphiphilic block
copolymers were prepared and were nano-emulsified to form NPs loaded with carborane
spontaneously. Three different NPs were formulated without or with different % weight
of ACUPA-conjugated PLGA-PEG. The DFB conjugated NPs were radiolabeled with 89Zr
and showed good PSMA-targeted cell binding affinity in PSMA+ PC3-Pip cells. However,
no targeted boron delivery was observed in those NPs due to the fast release of carborane
from the nanoparticle core.
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Figure 7. Design and preliminary evaluation of carborane-loaded, PSMA-targeted PLGA-PEG NPs
for imaging and treatment of prostate cancer using BNCT. (A) Graphical presentation of carborane-
loaded PLGA-PEG NPs radiolabeled with 89Zr for targeted boron delivery. (B) Axial uPET/CT
imaging of mice bearing dual xenografts of PC3-Pip and PC3-Flu at different time points. Reprinted
with permission from Ref [57]. Copyright 2021, American Chemical Society.

In vivo PET imaging and organ biodistribution of the 8°Zr-labelled NPs was per-
formed in mice models containing PSMA+ PC3-Pip and PSMA- PC3-Flu dual xenografts
(Figure 7B). Unexpectedly, although the PC3-Pip/blood ratio was around 25, these NPs did
not show any PSMA-targeted delivery with tumor uptake of ~1%ID. Despite the presence
or absence of the PSMA-targeting ACUPA ligands, a 2-fold higher tumor uptake in PC3-Pip
than in the PC3-Flu was observed, which may be due to EPR-mediated passive uptake [58].
On the other hand, those NPs showed a fast release of carborane from the PLGA core,
which resulted in inefficient boron delivery to tumors. Although this kind of PLGA-PEG
NPs have been demonstrated to have excellent loading and delivery of drug-like docetaxel
[47,50,59], they may not effectively deliver hydrophobic molecules such as carborane.
Several improvements, such as crosslinked amphiphilic polymer NPs and alkyl chain-
conjugated carboranes, may be employed to enhance boron loading and release kinetics to
achieve optimum boron delivery. Overall, the formulation of an organic polymer-based
targeted nanoparticle platform requires a delicate balance between individual physico-
chemical properties and needs to be experimentally determined as well as precisely and
reproducibly engineered for in vivo success.
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5.3. PSMA-Targeted Liposomes

Liposomes represent a unique class of nanostructures composed of (phospho)lipids
and cholesterol enabling encapsulation of both hydrophilic and lipophilic drug
molecules [60]. Amphiphilic lipid molecules readily self-organize to form nanovesicles in
aqueous media, in which the lipid bilayer membrane can entrap hydrophobic molecules,
and the internal aqueous region can hold large quantities of hydrophilic molecules including
macromolecules for efficient drug delivery. Zheng and co-workers developed PSMA-targeted
liposome-like NPs through nanotexaphyrin—lipid self-assembly, in which nanotexaphyrin
may allow the chelation of both ''In and Lu for simultaneous SPECT/CT imaging and pho-
todynamic therapy (PDT) [61]. The nanotexaphyrin was formulated using ethanol injection
of a dried lipid film into an aqueous PBS buffer followed by extrusion after 30 min stirring
at 60 °C. The dried film was prepared with a composition of 27.5% mol dipalmitoylphos-
phatidylcholine (DPPC), 27.5% mol 9:1 ratio Lu-texaphyrin-lipid:texaphyrin-lipid, 40% mol
cholesterol, and 5% mol PEGylated phospholipid (DSPE-PEGyg) (Figure 8A,B). Interestingly,
the authors successfully developed a rapid and robust microfluidic system that efficiently
facilitated the chelation of 'In/!7>Lu to nanotexpahyrin with high yield without affecting
texaphyrin—lipid self-assembly (Figure 8C). The optimized metalated nanotexaphyrin of
around 100 nm displayed excellent photo and chemical stability with a favorable blood
circulation half-life (t;,, = 6.6 h), and demonstrated potent singlet oxygen generation.
Urea-based PSMA-targeting lipid NPs were prepared by adding 5% mol ACUPA-lipid
conjugates, and tumor accumulation of the NPs was evaluated by both SPECT/CT imaging
and NIR fluorescence imaging and ex vivo organ biodistribution in a mice model bearing
PSMA+ PC3-Pip and PSMA- PC3-Flu xenografts (Figure 6D,E). The texaphyrin-phospholipid
NPs conjugated with PSMA-targeting ACUPA ligands enabled specific accumulation in
PSMA+ PC3-Pip tumors and reached the peak (4.5%ID/g) at the 8 h time point with
2-fold higher uptake than PSMA- PC3-Flu tumors. However, at the 48 h timepoint, the
accumulation in PC3-Pip decreased to 3%ID/g, which was very close to the 2.2%ID/g
uptake of NPs in PC3-Flu tumors, which was also comparable to the 2.5%ID/g in KB (HeLa
derivative) subcutaneous tumors [62]. These results suggest that the tumor accumulation at
earlier time points was driven by PSMA receptors, whereas the enhanced permeability and
retention (EPR) effect became more dominant at later time points. In addition, with laser
irradiation at 8 h post-injection, these PSMA-targeting NPs showed a potent PDT effect
and successfully inhibited the growth of PC3-Pip tumors. Overall, this study demonstrates
potent theranostic capabilities of the metal chelation-driven texaphyrin NPs, which, in
combination with PSMA-targeting ligands, may enable PCa imaging and therapy:.

A similar approach was employed to develop PSMA-targeted lipid vesicles radio-
labeled with a-emitting 22° Ac for PCa therapy [63]. Two different targeted vesicles were
prepared by either conjugating PSMA-targeting lysine—glutamate urea-based ligands or
antibodies, and their cell killing efficacy was compared with a PSMA-targeting antibody
(Figure 9). For radiolabeling ACUPA-conjugated liposomes, the vesicles were allowed to
encapsulate citrate buffer containing DOTA, followed by radiolabeling with 22> Ac at 80 °C.
After 1 h of incubation, the free 22> Ac was trapped by adding DTPA and purified by size
exclusion chromatography. For the antibody-conjugated liposomes, DOTA-Isothiocyanate
was first chelated with 22° Ac followed by its conjugation to the antibody. Fluorescence
confocal microscopy images showed that the PSMA-targeted vesicles localize close to the
cell nucleus, unlike the preferential localization of targeted antibodies around the plasma
membrane, which resulted in increased levels of dSDNAs with around 3-fold higher cell
killing efficacy of the PSMA-targeted vesicles. The lipid vesicles were of 107 &£ 5 nm size
with either 31 & 9 antibodies or 368 urea-based PSMA-targeting ligands and thus may
provide further opportunity to improve cell internalization and therapeutic efficacy by
optimizing the ligand density and size of NPs.
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Figure 8. Imaging and treatment of prostate cancer in mouse models using PSMA-targeted liposome-
like texaphyrin NPs. (A) Synthetic scheme showing chelation of lutetium with texaphyrin—lipid.
(B) Formulation and representation of nanotexaphyrin self-assembly. (C) Radiolabeling conditions
and schematic representation of !In/Lu-labelled nanotexaphyrin. (D) Schematic representation of
PSMA-targeting ligand (ACUPA) conjugated !''In/Lu-nanotexaphyrin. (E) mSPECT/CT images of
a mouse model bearing dual xenografts of PC3-Pip and PC3-Flu. Reprinted with permission from
Ref [61]. Copyright 2022, American Chemical Society.
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Figure 9. Treatment of prostate cancer using PSMA-targeted, 225 Ac-labelled liposomes. Immunofluo-
rescent images of g-H2AX foci (green) in cell nuclei (blue) upon treatment with Ab-targeted vesicles
(A), urea-targeted vesicles (B), and radiolabeled Abs (C). Scale bar, 40 mm. Reprinted with permission
from Ref [63]. Copyright 2016, American Association of Cancer Research.

Recombinant single-chain antibodies (scFvs) are also highly potent targeting ligands,
but undergo rapid clearance due to their relatively small molecular weights (below 30 kDa).
Wong and co-workers demonstrated the conjugation of PSMA-targeting scFv to the DSPE-
PEGygnp-based lipid vesicles of 12 nm average size, resulting in superior tumor accumu-
lation compared to that of scFv alone and non-targeted lipid vesicles [64]. As shown in
Figure 10, by using different linkers, two targeted lipid vesicles were prepared and com-
pared with their respective non-targeted lipid vesicles and the targeting ligand alone. All
the constructs were radiolabeled with ®*Cu, and PET imaging and organ biodistribution
were carried out in a NOD/SCID mice model bearing PSMA+ LNCap tumors. It was ob-
served that the conjugation of lipid vesicles of around 12 nm not only improved the blood
circulation time of scFvs, but also significantly enhanced the targeted tumor accumulation
of lipid vesicles up to 1.6-2 fold compared to the non-targeted vesicles and the targeting
ligand alone. In another report, the authors explored the targeted delivery of the lipid
vesicles covalently conjugated with chemotherapeutic drugs (doxorubicin or auristatin)
and a bivalent anti-PSMA diabody [65]. The lipid vesicles conjugated with PSMA-targeted
diabodies demonstrated as high as 15%ID/g uptake in PSMA+ LNCap xenografts with
reasonable therapeutic response with auristatin-conjugated lipid vesicles.
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Figure 10. Representative constructs for scFv-conjugated lipid vesicles. Reprinted with permission
from Ref [64]. Copyright 2017, Elsevier.
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5.4. PSMA-Targeted Nanoplex

Small interfering RNA (siRNA)-mediated suppression of specific target mRNAs has
substantial potential in cancer treatment by down-regulating cancer-specific pathways [66].
Combining the prodrug enzyme therapy strategy with siRNA use may enhance cancer-
selective therapy without systemic toxicity. As a proof of concept, Bhujwalla and co-workers
demonstrated a PSMA-targeted nanoplex platform for PCa theranostics by delivering a
prodrug enzyme along with siRNA [67]. As shown in Figure 11A, the nanoplexes were
constructed with covalently linked major components including a near-infrared (NIR)
fluorescent probe Cyb5.5, a prodrug-activating enzyme bacterial cytosine deaminase (bCD),
and radiometal ''In chelator DOTA for SPECT imaging. The prodrug enzyme bCD
was employed to convert the nontoxic prodrug 5-fluorocytosine (5-FC) to 5-fluorouracil
(5-FU). The siRNA was associated with the polyethyleneimine (PEI) dendrimer through
electrostatic interactions to down-regulate choline kinase (Chk) that can enhance the ef-
fect of 5-FU. Moreover, PSMA-targeting ACUPA ligands were also tethered to PEI for
PCa-targeted imaging and drug delivery. The conjugation of multiple imaging modalities
is highly advantageous to evaluate the in vivo and microscopic distribution of drugs in
cells, cellular organelles, and ex vivo tissue samples.
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Figure 11. PSMA-targeted nanoplex for combined imaging and treatment of PCa using a prodrug
enzyme strategy and siRNA. (A) Schematic representation of the PSMA-targeted nanoplex 1 and 2.
(B) Transaxial mSPECT/CT images of the targeted !'!In-labelled nanoplex 1 at 48 h post-injection
in SCID mouse bearing PC3-PIP and PC3-Flu tumors. (C) ROI on tumors and muscle at 48 h post-
injection (1 = 4, * p < 0.05). Reprinted with permission from Ref [67]. Copyright 2012, American
Chemical Society.

The PSMA-targeted Nanoplex 1 and non-targeted Nanoplex 2 were tested in PSMA+
PC3-Pip and PSMA- PC3-Flu cells and tumor xenografts, in which the Nanoplex 1 demon-
strated enhanced uptake in PC3-Pip cells and tumors. SPECT/CT images of '!!In-labelled
Nanoplex 1 showed increased accumulation in PC3-Pip tumors at 48 h post-injection
(Figure 11B,C). This finding suggests that efficient PSMA-targeted tumor accumulation
with suppressed EPR-mediated passive accumulation was achieved. In addition, the major
advantage of having non-invasive imaging reporters on the nanoplex is to visualize the
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nanoplex distribution effectively and to choose the precise timepoint(s) for prodrug enzyme
injection. The developed targeted nanoplex with multimodality imaging reporters together
with prodrug enzyme and siRNA may be advantageous in the theranostic application in
metastatic PCa and may also be extended to other cancer subtypes and therapeutic targets.
Although there was high uptake of the nanoplex in the liver and kidneys, down-regulation
of the silenced gene Chk showed negligible toxicity on nonmalignant cells.

5.5. PSMA-Targeted Multivalent Dendrimers and starPEG Nanocarriers

As discussed previously, the pharmacokinetics of both active and passive tumor tar-
geting is strongly influenced by nanocarrier size, hydrophobicity, and net surface charge
(Figure 3). Compared to polymer-based NPs and antibody—drug conjugates (ADC), den-
drimers and water-soluble polymers are advantageous because they provide a more facile
platform to control their physicochemical properties, including the number of reactive
terminal groups for drug conjugation and overall size. Pomper and co-workers demon-
strated the PSMA-targeted tumor uptake of a 27.3 kDa generation 4 (G4) polyamidoamine
dendrimer, G4(MP-KEU), conjugated with ACUPA ligands, that showed very high PSMA-
targeted tumor accumulation compared to the control dendrimer, G4(Ctrl), of 23.2 kDa
without any ACUPA ligands (Figure 12) [68]. It was observed that the targeted den-
drimer, [**Cu]G4(MP-KEU), with a higher molecular weight and size, showed 6-fold
higher blood half-life compared to non-targeted [**Cu]G4(Ctrl). Relatively high liver and
spleen uptake of [¢*Cu]G4(MP-KEU) as compared to [¢*Cu]G4(Ctrl) was confirmed to
be due to transchelation of ®*Cu to endogenous ceruloplasmin proteins. [**Cu]G4(Ctrl)
showed significantly higher uptake in PSMA- PC3-Flu tumors as a result of passive uptake
(Figure 12C). This finding may also be attributed to the fact that the PSMA-targeting moi-
eties in the G4(MP-KEU) dendrimer are responsible for the extended blood circulation
because of increased molecular size and weight. Thus, an elevated background uptake
of the targeted dendrimer were observed, including in the PC3-Flu tumor, as a result of
EPR-mediated passive uptake (Figures 4a and 13).

(B)

0\

Figure 12. Representative chemical structures of (A) PSMA-targeted G4(MP-KEU) and (B) control
G4(Ctrl) dendrimers. (C) Volume-rendered mPET/CT images of NOD-SCID mice model bearing
dual xenografts of PC3-Pip and PC3-flu. Reprinted with permission from Ref [68]. Copyright 2019
American Chemical Society.
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Figure 13. Representative chemical structures of triazine dendrimers conjugated with PSMA-targeting
DUPA ligands and radiometal chelator DOTA. Reprinted with permission from Ref [5] Copyright
2019, MDPL

In contrast to G4 polyamidoamine dendrimers, Simanek and co-workers demonstrated
a comparative in vivo analysis of PSMA-targeted G1, G3, and G5 triazine dendrimers
that provides more clarity on how the size of the nanocarriers strongly influences the
in vivo pharmacokinetics of both active and passive tumor uptake [5]. The triazine den-
drimers were tethered to 4, 16, or 64 copies of PSMA-targeting 2-[3-(1,3-dicarboxypropyl)-
ureido]pentanedioic acid (DUPA) ligands and all the dendrimer conjugates were radiola-
beled with ®*Cu for in vitro and in vivo analysis (Figure 13). While 5.1 kDa dendrimers
with 4 DUPA ligands showed very high PSMA-targeted uptake in PC3-Pip cells, G5 den-
drimers with 64 DUPA ligands showed high nonspecific binding to PC3-Flu cells. Despite
the increase in the number of DUPA ligands from 4 to 64, the uptake in PC3-Pip and
PC3-Flu tumors became similar due to an increase in the dendrimer size from 5.1 kDa to
76.5 kDa. These results demonstrated the overwhelming EPR effect associated with large-
size nanocarriers, which is efficient enough to nullify the PSMA-targeted tumor uptake
despite the multivalency of larger dendrimers (Figure 3A). However, compared to the high
PSMA-targeted uptake of previously discussed 27.3 kDa polyamidoamine dendrimers [68],
the lower uptake of these small-size triazine dendrimers was observed. Overall, these re-
sults demonstrated that nanocarriers of optimum size and suitable PSMA-targeting ligands
may be a potential scaffold to improve PSMA-targeted uptake in EPR-low PCa for imaging
and therapy.

Considering the threshold size for renal clearance (Figure 3A), Beckford-Vera and
colleagues evaluated a series of non-targeted 4-armed starPEG nanocarriers of 40 kDa.
The 8Zr-labelled PET tracer demonstrated EPR-mediated high tumor uptake and reten-
tion in HT-29 and MX-1 tumor models [58], whereas they showed low uptake in PC3-Pip
PCa xenograft [58,69]. Notably, various other macromolecules and NPs have shown low
EPR-mediated tumor uptake in preclinical human PCa models such as PC3, DU-145,
and CWR22rv1 [5-7]. Meher et al. hypothesized and demonstrated that conjugation of
ACUPA ligands to those starPEG nanocarriers can improve tumor uptake of EPR-low
PCa models with enhanced tissue penetration and retention [69]. Three 4-arm StarPEG
nanocarriers with or without distinctive numbers of PSMA-targeting ACUPA ligands were
designed and synthesized (Figure 14A). The Deferoxamine B (DFB) radiometal chelator
was conjugated to the nanocarrier for 8Zr labelling, and the radiolabeled conjugates were
evaluated in PC3-Pip and PC3-Flu cell lines and xenografts, respectively. The 8Zr-labelled
star-PEG with an increasing number of ACUPA ligands per molecule showed signifi-
cantly higher in vitro PSMA binding affinity in PC3-Pip cells. However, the in vivo PET
images and organ biodistribution demonstrated the highest PC3-Pip tumor uptake of tar-
geted nanocarriers with one ACUPA ligand (9.64 £ 0.87 for [3°Zr]PEG-DFB3;-ACUPA; and
6.69 + 1.24 for [¥Zr]PEG-DFB;-ACUPA;) (Figure 14B). The lower tumor uptake of the
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nanocarrier with three ACUPA ligands compared to the nanocarrier with one ACUPA
ligand may be due to the BSB effect observed in large-size targeted nanodrugs with strong
binding affinity (Figure 3A). In contrast, the non-targeted nanodrug [%Zr]PEG-DFB4
showed 5.75 £ 0.74 ID% of EPR-mediated tumor uptake. The autoradiography images
showed highly prominent deep-tumor penetration of targeted nanocarriers in PSMA+
PC3-Pip xenograft (Figure 14C). In contrast, non-penetrating low tumor uptake was wit-
nessed for the non-targeted nanocarriers in both PC3-Flu and PC3-Pip xenografts. Overall,
an enhancement in the PC3-Pip tumor uptake in the presence of ACUPA ligands in the
administered nanocarriers was observed with improved retention time, tissue penetration,
and PC3-Pip/blood ratio, which may be employed in therapeutic applications.
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Figure 14. Development of PSMA-targeted starPEG nanocarriers for prostate cancer imaging.
(A) Representative chemical structures of 89Zr-labelled PEG nanocarriers without and with different
numbers of PSMA-targeting ACUPA ligands. (B) Maximum intensity projection (MIP) uPET/CT,
axial pPET/CT, and axial CT images obtained at 216 h following administration of 8 Zr-labelled
nanocarriers in mice model bearing PC3-Pip and PC3-Flu dual xenografts. (C) Autoradiography
images of tumor slices were collected after 216 h post-injection of the 8 Zr-labelled nanocarriers.
Reprinted with permission from Ref [69]. Copyright 2022, American Chemical Society.

6. Perspectives and Conclusions

Nanocarriers possess several advantages in biomedical applications, compared to
conventional drugs, such as longer biological half-life and bioavailability, higher surface-
to-volume ratio, and multiple reactive terminals, allowing versatile encapsulation and
surface functionalization of suitable theranostic payloads. However, it has been challenging
to design optimum nanocarriers for their biomedical applications as various physical
parameters such as shape, size, and surface charge drastically influence the interaction of
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nanostructures at the cellular and molecular level. The overall influence of various physical
parameters and their in vivo pharmacokinetics are summarized in Figure 3. For example,
rod-shaped cationic nanostructures are cleared through endosomal uptake by immune
system cells, possibly due to their similarity to rod-shaped bacteria [70,71]. Likewise, NPs
with positively charged surfaces realize higher uptake in liver hepatocytes and become
more cytotoxic than negatively charged and neutral NPs [72,73]. In contrast, negatively
charged nanostructures show a higher preference for tumor accumulation with lower
toxicity [73]. Self-assembled supramolecular NPs are prone to aggregation and protein
opsonization and may attract immune response with rapid clearance from the bloodstream,
limiting their bioavailability.

The size of the nanocarriers, whether targeted or non-targeted, has a profound in-
fluence on their in vivo tumor accumulation and retention. As previously discussed, to
improve bioavailability and target-specific tumor uptake, the size of the nanocarriers should
be larger than 5 nm [74,75]. However, with the nanocarrier size above 12 nm, EPR-mediated
passive accumulation becomes more prominent and PSMA-targeted uptake is suppressed
(Figure 3A) [4,58]. Depending on the tumor phenotype, it may result in low, peripheral ac-
cumulation (Figure 14C). Unfortunately, most of the PCa xenografts possess less permeable
vasculature resulting in EPR-mediated low tumor accumulation, which is inadequate for
optimum therapeutic response [6,7,69]. As observed by Simanek and co-worker, increasing
PSMA-targeting ligands from 4 to 64 copies in a dendrimer-based macromolecular system
resulted in similar low non-penetrating accumulation in both PSMA- PC3-Flu and PSMA+
PC3-Pip tumors due to an increase in the dendrimer size from 5 kDa to 76 kDa [5]. In
contrast, the G4 dendrimer of around 27.3 kDa molecular weight conjugated with only
10 copies of PSMA-targeting ligand demonstrated very high specific tumor accumulation
in PC3-Pip compared to PC3-Flu [68]. These reports suggest that conjugating a higher
number of targeting ligands may not always increase target-specific tumor retention. Apart
from EPR-mediated passive accumulation, the BSB effect often influences the target-specific
accumulation of large-size nanocarriers and leads to non-penetrating tumor uptake due
to very high target binding affinity to the cells adjacent to blood vessels blocking further
tumor penetration (Figure 3C) [37]. In other words, both passive and active tumor uptake
of nanocarriers is regulated by the tumor phenotype, in which the nanocarrier size needs to
be considered carefully. Even more careful selection of nanocarrier size and other physical
parameters is required for PCa theranostics due to their less permeable vasculature. Reports
also demonstrated that the size of nanocarriers should not exceed 60 nm to allow for better
tumor penetration with an efficient exit from the bloodstream. However, precise control
of nanoparticle size formed through supramolecular self-assembly is a highly challenging
task, whereas covalently conjugated polymers and macromolecules allow more control
over their size.

In this review, we have discussed the current state-of-the-art of radiolabeled nanocar-
rier systems for PSMA-targeted imaging and treatment of PCa and have compared their
physical properties, design composition, and in vivo pharmacokinetics. Several nanocar-
rier systems have been discussed, including iron oxide NPs, PLGA-PEG NPs, PEGs,
and dendrimer-based macromolecules (Figure 1). Based on the current development of
PSMA-targeted nanocarrier systems, the dendrimer and starPEG-based macromolecular
nanosystems may be better candidates than supramolecular polymer NPs to provide better
target-specific tumor uptake and penetration. The small molecule-based PSMA inhibitor
ACUPA has demonstrated promising PSMA binding affinity with clinically approved
[%8Ga]PSMA-11, ['®F]DCFPyL, and ['7”Lu]PSMA-617 for imaging and therapy of PCa. In
contrast, PLGA-PEG based supramolecular NPs conjugated with ACUPA ligands show
poor target-specific tumor uptake in preclinical models [49-51,57]. The poor performance
of supramolecular polymer NPs may be due to their poor stability and large size, making
them prone to aggregation and scavenging by the immune system (Figure 3A,D). How-
ever, water-soluble macromolecular systems with precisely optimized size and targeting
ligand density may provide high targeted-specific tumor uptake, deeper tumor penetration,
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and longtime tumor retention for better therapeutic response. Comparative analysis of
prior reports demonstrates that multivalent macromolecules, such as covalently conju-
gated nanoplexes, dendrimers, and polymers, may be better scaffolds than amphiphilic
nanoparticle and lipid vesicle systems for improved tumor uptake and penetration. Low
molecular weight-based agents radiolabeled with short half-life isotopes ('8F, ®3Ga) are very
promising for diagnosis, as their high clearance rate prevents prolonged radiation exposure.
However, in other cases small molecule-based therapeutic drugs are less suitable, as their
fast pharmacokinetics may reduce the overall absorbed dose, requiring multiple high-dose
treatments for optimum therapeutic response [8,29,76,77]. Thus, the nanocarrier systems
with high payload and prolonged tumor retention could be much better candidates to those
of the small molecule agents if several other physicochemical parameters, that potentially
influence the in vivo pharmacokinetics of nanocarrier systems, are optimized carefully, as
illustrated in Figure 3. The key design strategy of targeted nanocarriers aims to improve the
bioavailability of drugs with targeted delivery of therapeutic payloads and should provide
deep-tumor penetration with longer time retention. PSMA-targeted nanocarrier systems
offer a vast arena of further optimization, potentially enabling future clinical translation of
this promising technology. Nanocarrier systems with optimum size, ligand density, and
surface functionality are yet to be realized, providing a challenging yet necessary arena for
future investigation.
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Abbreviations

ACUPA  ((5)-2-(3-((S)-5-amino-1- carboxypentyl) ureido) pentanedioic acid
BNCT boron neutron capture therapy

BSB binding site barrier

Chk choline kinase

DFB deferoxamine B

DUPA 2-[3-(1,3-dicarboxypropyl)-ureido]pentanedioic acid
EPR enhanced permeability and retention

FDA Food and Drug Administration

GCPII glutamate carboxypeptidase II
GRPR gastrin-releasing peptide receptors

NPs nanoparticles
PCa prostate cancer
PEI polyethyleneimine

PEG polyethylene glycol
PET positron emission tomography
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PLA polylactic acid

PLGA  poly(D,L-lactide-co-glycolide)

PSMA  prostate specific membrane antigen

SPECT single-photon emission computerized tomography
TFA trifluoroacetic acid
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