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Polymeric nanoparticles encompass micelles and dendrimers. They are used
for improving or controlling the action of the loaded therapy or imaging
agent, including radionuclides. Some radionuclides possess properties appro-
priate for simultaneous imaging and therapy of a disease and are therefore
called theranostic. The diversity in core materials and surface modification,
as well as radiolabeling strategies, offers multiples possibilities for preparing
polymeric nanoparticles using radionuclides. The present review describes
different strategies in the preparation of such nanoparticles and their applica-

tions in nuclear nanomedicine.

1. Introduction
1.1. Pharmaceutical Nanotechnology and Nanomedicine

The understanding of matter’s behavior at nanometric scales
and its advantages has influenced the exponential development
in pharmaceutical medicine and translational clinical research.
Pharmaceutical nanotechnology and nanomedicine provide
alternatives to build biologically-active molecules formulated
as nanoparticles, with different sizes, shapes, and composi-
tion, using a rational design with physicochemical properties
and biological functions for diagnosis and treatment of several
diseases.!™]

Nanometric delivery systems, such as polymeric nanoparti-
cles, have been developed for improving or controlling the phar-
maceutical action of loaded drug or imaging agent, through the
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selective accumulation in the pathological
compartment, with minimal loss due
to metabolism, clearance, or unspecific
distribution to prevent side effects to
healthy tissues.®8] Nevertheless, the FDA
approval of nanotechnology-based treat-
ments and its clinical translation remains
relatively low.

The physicochemical properties and
biological functions of nanoparticles are
as complex as the molecule designed, due
to the great availability of biomaterials
and Dbioactive molecules, drug-loading
methods, along with different pharma-
ceutical manufacturing processes. Therefore, the possibilities
for building pharmaceutical nanomaterials for diagnostic and
therapeutic applications are unlimited (Figure 1). Likewise, the
biological responses and physiological functions become com-
plex as the building possibilities become endless.[t-17

1.2. Polymeric Nanoparticles in Nanomedicine

Polymeric controlled-release and drug-targeting nanoparticle
systems, such as dendrimers and polymeric micelles, are glob-
ular nanostructures prepared with amphiphilic copolymers
and lipophilic cores. These polymeric systems represent an
alternative to traditional formulations, with the advantage of
improving the transport into the target cell and the pharma-
cokinetics of cytotoxic molecules getting similar or better effi-
cacy compared to free drug, but with less or no toxicity.'"12!
Dendrimers are hyperbranched polymers of homogeneous
composition with a compact globular structure characterized
by layers (called generations or focal points) emanating from
the central nucleus to the surface by modular construction.
The core can be composed of polymers as polypropylene imine
(PPI), poly(amidoamine) (PAMAM), polyethylene glycol (PEG),
and others, although the most used is PAMAM. The functional
groups of the surface define the anionic, cationic, or neutral
character of the dendrimer. Its properties are similar to those
of biomolecules. Dendrimers represent a class of polymers
with unique molecular architectures characterized by a hyper-
branched and well-defined structure and homogeneous com-
position, resulting in a high degree of molecular uniformity,
highly controllable size, and modifiable surface properties.
They present low polydispersity and high colloidal stability,
which make them attractive materials for the development
of nanomedicines. Pharmacokinetic properties are the most
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Figure 1. Possibilities for building pharmaceutical nanomaterials.

significant aspects that need to be considered for the successful
biomedical application of dendrimers.!34

Depending on the nature of the nanoparticle core, hydro-
phobic, or hydrophilic drugs can be transported.”* The organic
nature and the chemical resilience of the nanoparticle surface
are suitable for exploring the multivalent and multimeric effect
by conjugation of specific ligands, for increased retention at the
target site and uptake by the target cells. Furthermore, in order
to improve smart drug delivery characteristics, surface modi-
fications are used to make nanocarriers sensitive to different
stimuli such as temperature, pH, magnetic fields, ultrasonic
waves, light, and feedback-regulated release.>*]

Polymeric micelles are spherical colloidal particles, thermo-
dynamically formed when the hydrophobic ends of the copoly-
mers that form them intertwine and form a nucleus, while the
hydrophilic ends are exposed on the surface, ensuring their
solubility.

Preparation of polymeric micelles at a nanometric range can
be easily and efficiently achieved using amphiphilic polymers
such as lactide-poly (ethylene glycol) (L-PEG), poly(lactide) (PL),
and its copolymers poly(lactide-co-glycolide) acid (PLGA). These
nanoparticles can be prepared using the single oil-in-water or a
double water-in-oil-in-water (W/O/W) droplet method, leading to
nanoparticle assembly by hydrophobic and hydrophilic effects.
Additionally, molecules can be included on the nanoparticle sur-
face or inside the polymer core, depending on its affinity for the
environment and for the composition of the nanoparticle.
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Two important parameters for polymeric nanoparticle engi-
neering are the drug-loading content and drug-loading effi-
ciency. Drug-loading content is correlated with the mass ratio
of drug retained by the nanocarrier. This parameter is deter-
mined by the structure and physicochemical properties of the
nanocarrier material, which determines the interaction forces
and favorable thermodynamic behavior. Drug-loading efficiency
reflects the ratio between the drugs retained by the nanocarrier,
related to the initial amount of drug. This parameter is deter-
mined by the drug-loading mechanism, including the mass of
drug in feed, chemical conjugation through covalent and coordi-
nation bonding or non-covalent bonding (electrostatic complex
formation, hydrophobic interaction, and hydrogen bonding),
and other experimental conditions.'®! However, nanocarrier
engineering and the understanding of the biological effects is a
pending and difficult subject to elucidate. Recent investigations
show that different self-assembly and drug-loading methods
affect the biological activities (cytotoxic effects, specific recogni-
tion, non-specific recognition, etc.).l"

One field of application of polymeric nanoparticles is nuclear
medicine. This is a highly multidisciplinary specialty that uses
non-invasive procedures based on radiopharmaceuticals to
study physiological processes useful in the diagnosis, moni-
toring, and treatment of diseases.®! A nano-radiopharmaceu-
tical is defined as a formulation that contains a radionuclide
attached to a nanometer-sized molecule used on therapeutic
or diagnostic procedures. Depending on the application of the
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polymeric nanoparticle, there are different radiolabeling strate-
gies such as complex formation through chelating agents, direct
incorporation of the radionuclide (by electrostatic interactions,
adsorption phenomenon, or covalent bonding), or confinement
strategies (entrapment or encapsulation). The advantages of
these strategies will depend on the physiological environment
and radiochemical parameters such as radiolabeling efficiency,
specific activity, and radiochemical purity. In this work, a gen-
eral outline of the radiolabeling of polymeric nanoparticles for
nanomedicine applications is described.

2. Polymeric Nanoparticles for Imaging and
Therapy

Molecular imaging techniques offer alternatives that provide
a spatial-temporal record at a molecular, cellular, or metabolic
level. In this sense, numerous approaches have been devel-
oped.? Radiolabeled polymeric nanoparticles are mainly used
in imaging techniques due to their accumulation within the
tumor through the enhanced permeability and retention effect
(EPR) and targeting by taking advantage of a specific ligand—
receptor interaction. Radiolabeled nanoparticles with a gamma
emitter or a positron emitter allow to know the biodistribu-
tion, pharmacokinetic model, and delivery site of the drug car-
ried through single-photon emission computed tomography
imaging (SPECT imaging) or positron emission tomography
imaging (PET imaging). If the polymeric nanoparticles are
labeled with an alpha- or beta-emitting radionuclide, then they
are used to impart combined or concomitant therapy (radio-
therapy and chemotherapy).

2.1. Polymeric Nanoparticles Labeled with Gamma-Emitting
Radionuclides (SPECT)

2.1.1. Polymeric Micelles

9mTe and ™MIn are the most reported gamma emitters for
polymeric micelle labeling. The most common technique for
the radiolabeling of micelles with *™Tc employs chelating
agents such as ethylenediamine tetra(methylene phosphonic
acid) (EDTMP), diethylenetriaminepentaacetic acid (DTPA),
hydrazinonicotinamide (HYNIC), or citrate complexation
(Figure 2a-d). Tricarbonyl direct radiolabeling has also been
used, and is based on the [*™Tc (CO);(H,0)s]" complex
(Figure 2e); this strategy produces high labeling yields (>90%)
and high in vitro stability at 24 h post-labeling.1?*-?°]
Biodistribution studies in preclinical phases, using *™Tc-
polymeric micelles, show a prolonged circulation time suit-
able for drug delivery purposes, however, in healthy animals,
there is a significant accumulation in liver and spleen (and
sometimes in bone marrow.?*2% Also, micelles are metabo-
lized through the urinary system, which constitutes their main
route of excretion, although biliary excretion has also been
evidenced.’” In some cases, an appreciable accumulation in
the lungs has been obtained.”’! The polymeric nanosystems
designed for tumor targeting reach the target tissue without
difficulty.2021:23-26] Table 1 summarizes the characteristics and
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radiolabeling methods for polymeric micelles radiolabeled
with ™Tc and MIn.

He et al.l?% report the synthesis of (PEG-PLGA)-polypeptide
K237 (HTMYYHHYQHHL) nanoparticles, conjugated to folic
acid (FA) and radiolabeled with *™Tc, as a drug delivery system
for anticancer purposes. K237/FA-PEG-PLGA nanoparticles
were prepared using an emulsion method (W/O). ™Tc radi-
olabeling with stannous chloride was superior to 97%. Radiola-
beled nanoparticles were stable in serum or saline solution at
24 h. Cell binding and blocking in vitro experiments indicated
that the binding of the radiolabeled NPs was mediated by folate
receptors (FR) with additional good bioactivity and specificity.
Biodistribution analysis showed significant accumulation in the
mononuclear phagocyte system. Nanoparticles were metabo-
lized through the urinary system. The scintigraphic images also
revealed a high level of radioactivity accumulation in tumor,
liver, kidney, and bladder.

9mTe-polymeric nanoparticles, conjugated to proteins, were
reported as an alternative for early detection of gastrointes-
tinal stromal tumors. These nanoparticles were prepared by a
double emulsion method (W/O/W), using polylactic acid (PLA),
polyvinyl alcohol (PVA), and bevacizumab. The direct labeling
strategy produced a radiochemical yield superior to 90%. The
biodistribution data showed a significant liver and spleen accu-
mulation, with a low uptake by the gastrointestinal tract, brain,
and heart. SPECT images of tumor-grafted mice confirm the
potential of nanoparticles in the development of molecular
diagnosis systems for the early detection of diseases.[?!

Similar PLA nanoparticles produced by a double emulsion-
solvent evaporation method (W/O/W), stabilized with PVA and
functionalized with EDTMP, were reported. **™Tc radiolabe-
ling was carried out (Figure 2a) with an efficiency superior to
90%. Biodistribution and SPECT studies showed a renal clear-
ance with a significant accumulation in the liver and spleen;
however, radiolabeled nanoparticles showed a high affinity
for bone, converting the system into a possible drug delivery
vehicle of EDTMP, for future applications in the treatment of
bone cancer.??]

Due to their loading capacity, polymeric micelles have been
widely studied as drug delivery systems. These globular nano-
structures are commonly prepared by amphiphilic copolymers,
predominantly with lipophilic cores. Oda et al.?l report the
construction of polymeric micelles from 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-{methoxy(polyethylenegl
ycol)-2000] (DSPE-mPEG,yy-NH,), which was modified cova-
lently with DTPA via amide formation, by an opening cyclic
anhydride reaction. Micelles were radiolabeled with %°™Tc,
obtaining a radiochemical yield near 93.8%, with high in vivo
stability for 8 h. Biodistribution studies showed a significantly
high uptake in kidney, liver, and spleen as elimination routes;
no significant uptake in the stomach or thyroid was observed.
The tumor-graft model showed a significant tumor uptake with
regard to muscle and normal tissues, indicating that the system
might be a suitable platform for drug delivery, combined with
alternative radio-diagnostic possibilities.

Poliak et al. report the preparation of %*™Tc-labeled,
folate-targeted, self-assembled polyelectrolyte nanoparticles
(75-200 nm), formed from chitosan and poly-y-glutamic acid
(y-PGA), as a new potential SPECT imaging agent for the early
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Figure 2. Common strategies for the °™Tc radiolabeling of polymeric nanoparticles, where “R” represents a nanoparticle surface, using a) EDTMP,

b) DTPA, c) EDDA/HYNIC, d) Tricine/HYNIC and e) direct radiolabeling.

diagnosis of FR-overexpressing tumors. The efficiency of the
direct radiolabeling method was superior to 99% and stable
up to 24 h. A significant cellular uptake and internalization of
99mTc.CH/y-PGA-FA NP was observed in HeDe cancer cells
(+FR). The in vivo biodistribution of polymeric radiolabeled
nanoparticles in adult male Fischer 344 rats (intravenous [iv]

Table 1. Micelles radiolabeled with **™Tc and "In.

administration) resulted in a rapid uptake by RES organs (liver,
spleen, and bone marrow) and the accumulated radioactivity
immediately started to wash out through the urinary tract (kid-
neys, urinary bladder, and urine). SPECT studies showed an
uptake mediated by FR, and the authors concluded that ?™Tc-
labeled folate nanoparticles had a higher selectivity and are able

Micelle Radiolabeling References
Composition Preparation method Size [nm] Nuclide Yield [%] Strategies
Peptide K237/FA-PEG-PLGA W/O 115-143 9mTe >97 Direct, with SnCl, [20]
(K237: HTMYYHHYQHHL)
0AcM-(PLA-PVA) W/O/W 204-206 >90 Direct, with SnCl, [21]
(AcM: bevacizumab)
EDTMP/PLA-PVA W/O/W 200-500 >90 Direct, with SnCl, 122]
DTPA-(DSPE-PEG00) W/O/W ~10 >90 Indirect, with DTPA [23]
FA-(Chitosan-yPGA) lonotropic gelation 75-200 99 Direct, with SnCl, [24,26]
(FA: folic acid) average: 124
PLGA-Bendamustine W/O/W 135-141 — Direct, with SnCl, [25]
DTPA-PLGA W/O 213.9 >90 Indirect, with DTPA [28]
DTPA-PE/PGA y DTPA-PE/ W/O/W PGA:98-102 Mn =50 [27]

PGA-PEG PGA-PEG: 111-121
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to detect FR-overexpressing tumors with enhanced contrast.
High-quality scans from a FR-overexpressing tumor (oral carci-
noma) were also obtained2+2°!

Khan et al. developed **™Tc-radiolabeled PLGA nanoparti-
cles, loaded with bendamustine (BLPNP), as a delivery system
for the effective targeting of leukemic cells. The radiolabeling
strategy was carried out by the direct method, using stannous
chloride. Nanoparticles with high radiochemical purity showed
high uptake in liver, spleen, and kidney at 4-h after iv adminis-
tration. Tumor accumulation was greater with regard to muscle
at 1-h post-administration, confirming the passive accumula-
tion within tumor via the EPR effect. Biodistribution studies
also showed the in vivo stability of radiolabeled nanoparticle,
demonstrating that PLGA nanoparticles were a suitable vehicle
for drug transport and in vivo nanoparticle tracking (when
radiolabeled).l?”)

The biodistribution of radiolabeled polyglutamic acid (PGA)-
based nanocapsules was reported. The radiolabeling was car-
ried out using "In. In the study, PGA and PGA-PEG nano-
capsules were compared. The "In radionuclide was incor-
porated using phosphoethanolamine, conjugated with the
chelating agent DTPA (Figure 2a), which was entrapped within
the hydrophobic core of the nanocapsules. The radiolabeling
method offered a lower labeling yield (=50%) and required a
subsequent purification stage. The biodistribution of PGA and
PGA-PEG nanocapsules indicated that both formulations have
the capacity to reach the lymph nodes when administered by an
iv or subcutaneous route. However, a liver accumulation was
observed when nanoparticles were administered by the iv route.
The data confirmed that nanocapsules are mainly excreted
through the biliary and urinary routes. With the subcutaneous
route, an enhancement in lymphatic uptake was observed,
with regard to iv administration. The authors concluded that
polyaminoacid nanocapsules exhibited properties useful for
lympho-targeting applications.?’]

2.1.2. Dendrimers

The main radionuclide employed for dendrimer radiolabe-
ling for imaging purposes is *™Tc (direct or indirect method;
Figure 2) and, to a lesser extent, In. The biodistribution of
9mTeJabeled dendrimers shows a similar pattern, regardless
of the labeling method, though it varies depending on surface
modifications and the route of administration.

Dendrimers usually accumulate in the liver and kidneys and
are then excreted via the urinary,?*33 or biliary route.} Gly-
codendrimers G-PPI [(poly(propyleneimine)-5.0G)-Mannose]
and L-PPI [(poly(propyleneimine)-5.0G)-lactose) showed a sig-
nificant difference in the rate of clearance. When dendrimers
were carbohydrate-modified, the clearance from circulation was
faster. The highest uptake was observed in the kidney (M-PPI)
and liver/kidney (L-PPI), which indicates its fast excretion.l’]

A radiopharmaceutical based on the *™Tc-PEG-based den-
drimer (G2), conjugated to chlorambucil, was reported. A
change in biokinetic between free dendrimer and conjugated
chlorambucil was evidenced, demonstrating that anionic glob-
ular PEG-based dendrimer significantly enhances the delivery
of lipophilic drugs such as chlorambucil.[34

Macromol. Biosci. 2021, 2000362
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Radiolabeled dendrimers via HYNIC, with different coli-
gands (e.g., nicotinic acid, tricine, and ethylenediamine diacetic
acid), have shown differences in blood and renal distribution,
in agreement with the chemical nature of the coligand. All
of them exhibit high accumulation in the liver (>30% of ID).
The EDDA complex showed a significantly lower uptake in the
spleen; urinary clearance showed that the radiolabeled conju-
gate was excreted unchanged or in a chemical form very similar
to that initially injected. The authors concluded that radiola-
beled PAMAM G4 dendrimers have great potential for imaging
purposes.%

Tassano et al. reported the preparation and characteriza-
tion of the fluorophore/technetium labeling of the PAMAM
(G4) dendrimer as a potential molecular imaging agent. When
biodistribution evaluations were carried out in C57BL/6 mela-
noma-bearing mice (B16-F1 cell line), as well as in normal mice,
it was found that normal and tumor-bearing mice had similar
behavior in renal and liver uptake; tumor uptake reached 9%
ID after 3 h.3Y

A variety of dendrimer-folate conjugates (PAMAM 5G) were
obtained by Zhan (2010) and Shan (2011),13233 which showed
a rapid clearance from circulation in normal healthy mice (iv).
Biodistribution was investigated with KB tumor-bearing nude
mice. Agents remained at a low level, up to 6 h, in the FR-nega-
tive organs. Kidneys, which express FR, are the major clearance
organs. For organs expressing FA receptors (liver, kidney, and
tumor), their distribution experienced a significant increase in
PEG-FA-dendrimer uptake. Micro-SPECT imaging confirmed
predominant uptake of **"Tc-dendrimers-PEG-FA by the FR-
positive tumors, concluding that radiolabeled %°™Tc-G5-Ac-
pegFA-DTPA is a promising imaging tool for cancer diagnosis.

Kojima et al. synthesized PEGylated lysine-bearing PAMAM
dendrimers using different generations of the dendrimer,
PEG lengths, and radiolabeled with In using DTPA as the
chelating agent (Figure 3). Biodistribution studies showed
accumulation in the liver and kidneys after iv administration.
Excretion of the acetylated dendrimer occurs via the kidneys,
while the dendrimer conjugated to the peptide is excreted via
the bile.’ However, if administered subcutaneously, they
remain in the tumor for an extended period of time and do
not accumulate in other organs. The retention time in HPLC
(molecular exclusion) correlates proportional to the molecular
weight of the radiolabeled dendrimer. These results indicated
that the subcutaneously-injected dendrimers might be used
as drug depots around the injection site. Table 2 summarizes
the radiolabeling strategies of dendrimers, represented in
Figures 2 and 3.

2.2. Polymeric Nanoparticles Labeled with Positron-Emitting
Radionuclides

PET-radiolabeled polymeric nanoparticles have satisfactory
transport capacities, a well-defined geometry, and a well-known
physicochemical behavior. The development of PET nano-
probes is susceptible to some restriction caused by the con-
tradiction between intrinsic pharmacokinetics of NPs and the
limited half-lives of positron-emitting radioisotopes. In an ideal
pretargeted PET-imaging system, the tumor-targeting agents
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Figure 3. Radiolabeling strategy for the ""In radiolabeling of polymeric nanoparticles, using DTPA as a chelating agent, where “R” represents a nano-

particle surface.

should preferentially accumulate in tumors within a reasonable
time frame and the uncombined radioligands should be rap-
idly cleared from the body to allow high-contrast tumor PET
imaging.

A majority of the existing radiolabeled strategies with
positron emitters use the anchorage of functional groups
to surface nanoparticle as a first step. In the case of %Cu or
%8Ga, chelating agents such as 14,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetic acid (DOTA), 1,4,8,11-tetraazacyclotet-
radecade-1,4,8,-11-tetraacetic acid (TETA), 1-(1-carboxy-3-carbo-
tert-butoxypropyl)-4,7-(carbo-tert-butoxymethyl)-1,4,7-triazaciclo-
nonane (NODAGA), and 14,7-triazacyclononane-1,4,7-triacetic
acid (NOTA), can be attached before (preradiolabeling) or after
(post-radiolabeling) forming the nanoparticle. In the case of
labeling with 18F, the chelation process is mainly carried out by
halogenation reactions through

—C-8F, —B-8F and —Si—F or via chelation with AI-8F
complexes.*! Figure 4 summarizes the main "®F-labeling strat-
egies. The clinical applications of PET-nanoparticles are still in
an early stage and much more efforts are needed to obtain a

Table 2. **"Tc and MIn: radiolabeling strategies of dendrimers.

functional nanoparticle for PET imaging using fast radiolabe-
ling strategies with high yields.

2.2.1. Polymeric Micelles

An efficient preparation procedure for '®F-radiolabeled poly-
meric micelles was described by Di Mauro and cols.?”! Pol-
yester-based nanoparticles were prepared using a modified
nano-coprecipitation method; the active radiolabeled agent
4-["®F]fluorobenzyl-2-bromoacetamide (['®F]JFBBA) was syn-
thesized and condensed through three alternative methods, 1)
with o-thio-w-carboxy poly (ethylene glycol), to form F-labeled
PEG-thiol-acids, 2) with a product of the esterification reac-
tion between 1,8-octanediol and glutaric acid, followed by the
reaction with PEG 1500, and 3) the product of the microwave-
assisted reaction to form a prepolymer based on glutaric acid
and 1,8-octanediol at a molar ratio of 1:1.2. In order to acquire
targeted NPs, a block copolymer attached via a linker to pep-
tide AGBBBO15F was used. The nanoparticles were prepared

Dendrimer Radiolabeling References
Structure R/n Strategies Radiochemical purity [%]
PPI (5G)-Mannose 9mMTe Direct, with SnCl, >95 [29]
PPI (5G)-Lactose Direct, with SnCl, >95
PEG (2G)-Chlorambucil Indirect, with citric acid >95 [34]
PAMAM (4G)-HYNIC Indirect, with coligand (nicotinic =99 [30]
acid)

Indirect, with coligand (EDDA) =99

Indirect, with coligand (tricine) =99
PAMAM (4G)-TFIC Direct, via [**™Tc-(CO)3(H,0)3]" >90 [37]
PAMAM (5G)-Ac-FA Indirect, with DTPA ~95 132,33]
PAMAM (5G) Ac-peg-FA Indirect, with DTPA =95 [32]
PAMAM (4G)-trastuzumab Min Indirect, with DTPA — [36]
PAMAM (4G)-CP Indirect, with DTPA —
PAMAM (G1)-DOTA and PAMAM (G4)-DOTA Indirect, with DOTA >95 37]
PEG2k-Lys-PAMAM (G5), (G4) PEG5k-Lys- Indirect, with Lys(DTPA) — 35]

PAMAM (G4) Ac-Lys-PAMAM (G4)

Macromol. Biosci. 2021, 2000362
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where “R” represents a nanoparticle surface.

using a modified nano-coprecipitation method and were
obtained with average diameters below 200 nm and narrow size
distribution.

Berke et al."% preferred isotopic exchange. Nanoparticle prep-
aration was carried out with controlled size in the sub-100 nm
range by a microemulsion polymerization process using amphi-
philic poly(2-oxazoline) block copolymers as polymer sur-
factants modified, with a silicon-fluoride-acceptor (SiFA: [4-(Bro-
momethyl)phenyl]di-tert-butylfluorosilane) and 1,6-hexanediol
dimethacrylate (HDDMA, to swell the micellar core in water).

Macromol. Biosci. 2021, 2000362

Al-8F chelation,

The nanoparticles were radiolabeled with fluorine-18 (**F),
obtaining a highly stable —Si—'8F derivate (Figure 4b). This labe-
ling approach is an excellent alternative to chelator-functional-
ized nanoparticle systems where the chelator is attached to the
post-NP formation. In vivo analysis, using a murine mammary
tumor model (EMT6), revealed optimal tumor uptake driven by
the EPR effect, with high tumor-to-muscle ratios for 18E_S{FA-
NPs, with a size of =33 nm. These results are very promising
for the development of NPs for functional molecular imaging
and future NP-based targeted therapies.
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Lee et al. have developed an efficient and straightfor-
ward method for radiolabeling glycol chitosan nanoparticles
(CNPs) in order to determine its biodistribution. A simple
strategy was reported for the preparation of ®Cu-radiola-
beled via “click” chemistry, where a strain-promoted azide-
alkyne cycloaddition technique is employed. Preparation of
the glycol-chitosan polymeric core was carried out by a self-
assembly method with posterior modification by 5B-cholanic
acid, in order to obtain carboxylic-end nanoparticles. Poste-
riorly, polymeric cores were modified using a carbodiimide-
type reaction with azide-PEG,-NHS, obtaining N;-CNPs.
Authors synthesized the bifunctional chelator agent diben-
zylcyclooctyne-PEG,-Lys-DOTA (DBCO-PEG,-Lys-DOTA) and
complexed it with %Cu for further conjugation with N;-CNPs,
obtaining stable and radiochemically-pure (>98%) nanoparti-
cles with a high specific activity. The quantitative analysis by
micro-PET imaging demonstrated that **Cu-CNPs was accu-
mulated in tumor tissue with a prolonged circulation time
in blood circulation, establishing a simple preradiolabeling
approach to conveniently radiolabel nanoparticles for PET
imaging.*!

Using the same strategy, Lee et al.*] designed chitosan-mod-
ified nanoparticles, which were conjugated to ®Cu-DOTA-Lys-
PEG4 and an activatable matrix metalloproteinase (MMP)-spe-
cific peptide probe (-Cy5.5), using a single-step bio-orthogonal
“click” reaction (AMP-CNP-DOTA-**Cu). Nanoparticles were
characterized by DLS and spectrometric techniques. In vivo
studies demonstrated a time-dependent tumor accumulation,
with high uptake in liver and kidney and significant reduction
of radioactivity in both organs after 48 h post-injection, which
provides a good delimitation of the tumor region from sur-
rounding tissues. Ex vivo near-infrared fluorescence (NIRF)
molecular imaging was consistent with PET imaging, dem-
onstrating the quantitative capability of dual **Cu-CNP-Cy5.5
nanoparticles as a multimodal optical/PET image probe with
possible clinical applications.*?!

Novel polymeric micelles for targeted atherosclerosis PET
imaging were described by Woodard et al.3! Polymeric cores
were assembled from PEG-methacrylate, DOTA-methacrylate,
and CANF-PEG-methacrylate, where natriuretic CANF
peptide (98%, H-Arg-Ser-Ser-Cys-Phe-Gly-Gly-Arg-Ile-Asp-
Arg-lle-Gly-Ala-Cys-NH,) was used to target the natriuretic
peptide receptors (NPRs) as potential targets for atheroscle-
rosis imaging and therapy. The PET/CT imaging in a mouse
apoE~/” model showed a higher net PET signal at atheroscle-
rotic plaques, attributed to efficient binding to upregulated
NPRCs, located on atherosclerotic plaques, demonstrating a
significant potential as a non-invasive approach for further
evaluation of the progression of atherosclerosis.

[41

2.2.2. Dendrimers

Dendrimers have been also explored as optional PET radi-
otracers using different PET emitter radionuclides such as
18R, 64Cu, %Ga, 7°Br, and '»*I. Trembleau et al. employed the
B-"F link for the ®F labeling of a biotin-modified dendrimer
(Figure 4c).* The radiolabeling was carried out using the

conjugation of trifluoro-boroaryl moieties to the NH,-surface.
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The development of a radiolabeling method for temperature-
sensitive nanomaterials opened the field of chemistry for the
conjugation of targeting molecules to improve the specificity of
polymer-branched nanoparticles.*#*! Additionally, Hou et al.
prepared polymeric nanoparticles based on a self-assembly
core of adamantine-grafted, first-generation polyamidoamine
dendrimer (Ad-PAMAM), B-CD-grafted/TCO-branched polyeth-
ylenimine (TCO: bio-orthogonal reactive motif), and adaman-
tine-functionalized PEG.¢!

The strategy for preparation was based on the high affinity
between adamantine and cyclodextrines, giving way to the
TCOCSNPs (50 nm) system. After iv injection of TCOCSNPs
in tumor-bearing mice with subsequent accumulation via EPR
effect, a small molecule containing both the complementary
bio-orthogonal motif (tetrazine, Tz) and the positron-emitting
radioisotope (**Cu-DOTA-TZ) was injected to selectively and
irreversibly react with TCO. The blood concentration of free
%4Cu-Tz was less than 1% at 1.5 h. Compared to traditional
nanoparticle-based imaging platforms, liver uptake was equiva-
lent to tumor uptake, providing a robust and improved meth-
odology for researchers and clinicians to pursue.*#! Table 3
summarizes the main characteristics of some PET-radiolabeled
devices based on dendrimer cores.

Bouziotis et al.’®! reported the hybrid radiolabeled nanopat-
ticulate AGuIX-NPs system, based on polysiloxane cores sur-
rounded by gadolinium chelates (DOTA(Gd™)), as the first
multifunctional silica-based NPs that are sufficiently small
(<5 nm) to escape hepatic clearance and enable imaging by
complementary techniques, including radiolabeling with 'In
and ®Ga. Nanoparticles were prepared by using the top-
down process and posteriorly functionalizing with the N-hyd-
roxysuccinimide-(2,2’-(7-(1-carboxy-4-((2,5-dioxopyrrolidin-1-yl)
oxy)-4-oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic acid) derivative
(NODAGA-NHS) to form an amide bond. Afterward, nanopar-
ticles were radiolabeled with ®®Ga, obtaining a radiochemical
purity greater than 99%. Serum stability studies showed no
evidence of ®Ga (free or binding to protein) up to 3h. In vivo
studies showed no degradation of ®®Ga-AGUIX@NODAGA
nanoparticles in mouse blood and urine samples at 60 min.
These radiolabeled nanoparticles were rapidly cleared from
the blood via the kidneys, causing extremely low background
activity in all other tissues. A U87MG tumor-bearing mice
model was used to determine tumor accumulation, finding
a clear difference in the tumor/blood and tumor/muscle
(T/M) ratios. Studies demonstrated the development of *4Ga-
AGuIX@NODAGA nanoparticles, as a dual-modality imaging
agent adequate for both PET and MR.

2.3. Polymeric Nanoparticles Radiolabeled as a Theranostic
Approach

The basic requirement for theranostic applications is the suit-
able selection of a theranostic pair of radionuclides (beta or
alpha emitters for therapy/gamma or positron emitters for
imaging); however, a recently explored concept is the use of a
single radionuclide for both imaging and therapy (Figure 5). In
this sense, the most used theranostic radionuclides for labeling
polymeric nanoparticles are ! and 7Lu.
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Table 3. Main characteristics of some PET-radiolabeled devices.
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R/n Dendritic core Dendronizing molecules Radiolabeling strategy Ligand/Targeting Reference
s4cy 6-BAT (6-[p- LyP-1 ¢(CGNKRTRGC) TETA LyP-1 (CGNKRTRGC)/p32 protein 48]
(bromoacetamido) or (ARALPSQRSR
benzyl]-TETA)
PAMAM (G5.NH,)-Fluorescein isothiocyanate DOTA Folic acid/FR-expressing tumors [49]
Pentaeritriol- Polyglycerol-polysulfate DMPTACN (1,4-bis (2- Multifunctional scaffold [50]
pyridinylmethyl)-1,4,7-triazacyclononane)
PAMAM (GO.NH,) Antibody, NIRF imaging DOTA HER-2 receptor [51]
probe (Cys5.5)
8Ga Polylysine-based dendrimer N-glycan clusters DOTA In vivo dynamics [52]
and biodistributions between glycan-dendrimers
PAMAM (G4.NH,) DOTA Passive targeting to tumor tissue [53]
PAMAM (NH,) Hex-5-ynoic acid, bis-Boc- DOTA -RGD-/angiogenesis [54]
aminooxy acetic acid, and
maleimido-hexanoic acid
PAMAM PEG DOTA — [55]
PAMAM PEG NODAGA Pepsin/GRPr [56]
%Br Pentaerythritol 2,2-bis (hydroxymethyl) Tyrosine moieties -RGD-/angiogenesis [57]

propanoic acid

2.3.1. Polymeric Micelles

The preparation of “'l-labeled micelles based on mag-poly
(HEMA-MAPA) by using the iodogen method has been
reported.’”) The optimum radioiodination conditions and
parameters were found to be at pH 9, 250 ug of iodogen, 1 mg

s

e Direct radiolabeling

Figure 5. Representative scheme of the imaging and therapeutic effects
of radiolabeled polymeric nanoparticles. 1) targeting to surface cell recep-
tors, 2) Internalization or cellular uptake and 3) diagnostic, therapeutic or
theranostic application, according to radioactive emission.

‘ " Indirect radiolabeling

Macromol. Biosci. 2021, 2000362

of the substrate, and 30 min at 37 °C (Figure 6). The labeling
yield reported was about 95-100%, with high serum stability
within 60 min, sufficient for imaging procedures. Biodistri-
bution studies by scintigraphy showed notable uptake in the
abdominal region, with a prevalence of the radiolabeled com-
pound in organs such as lung, small intestine, spleen, and the
uterus, as well as breast, ovary, and pancreas. The authors con-
sidered ®'I-mag-poly(HEMA-MAPA) as a diagnostic and thera-
peutic agent for the tumors in these organs.

The radiolabeling with /Lu is carried out using bifunctional
chelating agents, such as DOTA and its analogs. This radiola-
beling strategy is an efficient way to improve the complexa-
tion rate in polymeric nanoparticles. Recently, the preparation
of radiolabeled (*’Lu) PLGA nanoparticles (167 + 57 nm) was
described.l®”l The PLGA core was modified with a hyaluronic
acid shell and 7Lu was chelated using the DOTA macrocycle,

a)
) Na'3'1/37°C/0A
! ] 1317
’/“ < > 30 min ’/ < >
b) ]3]1
Na'3'1/37°C/0A
—l
*O—OH 30 min | o
’/ ’/ 1311

OA: Oxidizing agent, Choramine T, lodogen

Figure 6. Typical iodination of polymeric nanoparticles using benzene-
derivative moieties. Production of a) 4-lodobencil and b) 2,6-diiodo-4-
phenyl derivatives.
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obtaining a therapeutic nanosystem based on bimodal mecha-
nisms, chemotherapy using MTX as a disease-modifying anti-
rheumatic drug, and the radionuclide as a radiotherapeutic
component. Developed nanoparticles showed suitable prop-
erties for the radiosynovectomy and the disease monitoring
molecular imaging as well as further specific targeted antirheu-
matic therapy.

The radiolabeled polymeric PLGA/paclitaxel (PLGA(PTX))
system conjugated to bombesin (Lys'-Lys*(DOTA)-BN) was
recently reported. In this design, the DOTA molecule was
employed as a linker site between the peptide and dendrimer
surface (—NH,), and additional —CGG-DOTA was conjugated
and radiolabeled to obtain Y/Lu-BN-PLGA(PTX). In vivo studies
showed a significant accumulation in the tumor-bearing mouse
model after 72 h. Therefore, these micelles are proposed as suit-
able strategies for bimodal breast cancer therapy due to the syn-
ergistic effect of 7Lu and PTX, in addition it could be useful
to record and monitor the disease progression by molecular
imaging through the gamma emission.[®"

2.3.2. Dendrimers

The radiolabeling of PAMAM dendrimers with 'l has been
reported using the Chloramine T (Tosylchloramide sodium)
method, using phenol groups previously conjugated (such as
3-(4"-hydroxyphenyl) propionic acid-OSu [HPAO]) to the den-
drimer surface (Figure 7).[6263]

In this way, a chlorotoxin-conjugated multifunctional den-
drimer labeled with B! was prepared as a suitable platform,
with the potential to be used for targeted SPECT imaging and
radiotherapy of an MMP2-overexpressing glioma model. The
NH,-PAMAM fifth-generation dendrimers (G5.NH,) were
sequentially conjugated to PEG, targeting ligand chlorotoxin
(CTX) and HPAO, followed by acetylation of the remaining ter-
minal amines of dendrimers and radiolabeling with 3! to form
BI.G5.NHAc-HPAO-(PEG-CTX)-(mPEG), exhibiting good sta-
bility and cytocompatibility up to 20 pm. Targeting specificity for
functional proteins like MMP2 and chloride ion channels (over-
expressed in gliomas, medulloblastomas, prostate cancer, sar-
comas, and intestinal cancer) proved to specifically target cancer
cells overexpressing MMP2 via receptor-mediated binding and
endocytosis. In vivo SPECT imaging also demonstrated specific
targeting and higher tumor uptake. The biodistribution studies
showed a significant accumulation in the liver, while the heart,

0,
A0 A0

S g
/©/ N + B+ 2HE /©/ NH, ¢ 1Biye)
H;C H;C
l!ll

Choramine-T

(N-Chlorotoluenesulfonamide)
Dendrimer -[3-(3'-Iodo-4'-Hydroxyphenyl)-N-

131
%\NH IC1
Dendrimer -[3-(4’-Hydroxyphenyl)-N-
propanamide] propanamide]

Figure 7. Strategy for PAMAM dendrimer 'l radiolabeling using HPAO
as a chelating agent.
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lung, tumor, kidney, spleen, intestines, stomach, and soft tissue
had a relatively low accumulation of the nanoparticles. The
authors demonstrated that the survival of tumor-bearing mice
could be significantly prolonged after being treated with ¥-G5.
NHAc-HPAO-(PEG-CTX)-(mPEG) dendrimers. The *!I-labeled
multifunctional dendrimers may be used as a promising alter-
native for SPECT imaging and radiotherapy of different types
of MMP2-overexpressing cancers.[®

Cheng et al. reported multifunctional dendrimers radiola-
beled with BT as a delivery system for both targeted therapy
and imaging of gliomas. Polymeric cores were modified with
Buthus martensii Karsch chlorotoxin (BmK CT), which selec-
tively binds to tumors of neuroectodermal origin (including
glioma cells) mediated by MMP-2 and annexin A2 on the cells.
G5.NH,-mPEG dendrimers were synthesized and modified by
the carbodiimide-type reaction with mPEG-COOH to obtain G5
mPEG dendrimers. Chlorotoxin was conjugated via maleimide-
PEG. Finally, the radiolabeling was carried out to obtain the
pure and stable ®I-G5.NHAc-HPAO-(PEG-BmK CT)-(mPEG)
system. Surface modifications demonstrate high levels of cyto-
compatibility with significant enhancement of the glioma tar-
geting and radiotherapeutic effect using in vitro and in vivo
models. The polymeric nanoparticulate system demonstrated
potential applications for glioma-specific SPECT imaging and
radiotherapy via iv administration.[®*

The most common strategies for dendrimer radiolabeling
with 7Lu is the use of bifunctional chelating agents such as
DTPA, ethylenediaminetetraacetic acid, nitrilotriacetic acid,
1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid (DO3A), NOTA,
and DOTA, which are previously conjugated to the dendrimer
surface (via carbodiimide or HATU: 1-[Bis(dimethylamino)
methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluo-
rophosphate), or using the most friendly reaction between DN—
NH, with S-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclodo-
decane acid (p-SCN-Bz-DOTA). The posterior radiolabeling is
carried out in standard conditions with 7/LuCl;.

Biodistribution studies of /Lu-DOTA-PAMAM.G4 den-
drimers prepared by Kovacs et al. in melanoma-bearing mice
showed a high liver and splenic uptake and rapid renal clearance.
Additional alteration in element concentrations in tumor tissues
was observed, probably due to the effect of radiation in tissues.[*4

Multifunctional imaging and therapy nanoprobes, based
on radiolabeled "/Lu-dendrimer (PAMAM(G4)NH,) and con-
jugated to folate and bombesin with gold nanoparticles in the
dendritic cavity (*’Lu-Den-AuNP—folate-bombesin) allows the
integration of fluorescent and plasmonic-photothermal proper-
ties.[0>66] Targeting moieties (FA and bombesin) were attached
to amides via the HATU reaction. Gold nanoparticles were
introduced into the PAMAM cavity by in situ reductions of
HAuCl, using NaBH,. In vitro studies demonstrated the poten-
tial of the targeted radiotherapeutic /Lu-Den-AuNP—folate—
bombesin. It was about four times more lethal than ’Lu-Den-
AuNP. The authors conclude that the radiolabeled and func-
tionalized Den-AuNP has the ability for internalization into
cancer cells and exhibits suitable properties for optical imaging,
plasmonic-photothermal therapy, and targeted radiotherapy.

7Lu-labeled PAMAM dendrimer (DN), loaded with PTX and
functionalized with Lys'Lys3(DOTA)-bombesin (BN) peptide for
specific targeting of gastrin-releasing peptide receptors (GRPr)
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overexpressed on breast cancer cells, merges chemotherapy
(PTX) and radiotherapy (*/Lu). The result of combining /Lu
with PTX was a very considerable reduction in the viability of
T47D cells treated with "/Lu-DOTA-DN(PTX)-BN. The radi-
opharmaceutical showed suitable characteristics for targeted
therapy applications in GRPr-positive tumors.[’]

The evaluation of the first (G1-) or fourth (G4-) generation
PAMAM dendrimer conjugates with the DOTA-like bifunc-
tional chelator (2-methyl) pyridine-N-oxide pendant arm
(DO3A-pyNO-€), was reported by Laznickova et al. The radi-
olabeled dendrimers ["Lu(G1-PAMAM-DO3A-pyN°)] and
[Lu(G4PAMAM-DO3A-pyNO-€)] were obtained with good
stability, high specific activity, and radiochemical purity. Biodis-
tribution studies in rats were carried out to elucidate the fate
of radiolabeled dendrimers; Gl-dendrimer administration was
preferable, compared to the G4-dendrimer, due to its fast elimi-
nation and non-specific radioactivity uptake. Both complexes
exhibited a rapid elimination from blood with renal and hepatic
clearance. Results indicate that the employment of radiolabeled
dendrimers might represent a prospective method for radiola-
beling antibodies or their fragments with high specific activity
and desirable biologic behavior.[8!

3. Conclusion

Polymer-based nano-radiopharmaceuticals offer promising
alternatives as diagnostic, therapeutic, or theranostic tools.
The diversity in core materials, surface modification, targeting
strategies, radionuclides, etc., offers multiple possibilities for
preparing multifunctional platforms for multimodal imaging
(SPECT, PET, and CT) and therapy (chemotherapy and radio-
therapy). However, the effective design of multimodal nano-
medicines requires new radiochemical methods to overcome
the limitations imposed by the conventional prosthetic groups
and chelate-based chemistries. It is necessary to develop new
and fast methods of labeling, especially for radionuclides of a
very short half-life. Chelate-free methods exploit the intrinsic
chemical properties of nanoparticles to carry out simple and
efficient radiolabeling.
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