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ARTICLE INFO ABSTRACT

Among the nanomaterials, rare sesquioxides (lanthanide oxides such as Lu,O3) are of interest due to their
adequate thermal conductivity, excellent chemical stability, and high light output. The prostate-specific mem-
brane antigen (PSMA) is an integral multifunctional protein overexpressed in various types of cancer cells. The
radiolabeled PSMA inhibitor peptides (iPSMA) have demonstrated their usefulness as specific probes in the
treatment and detection of a wide variety of neoplasms, mainly due to their high in vivo recognition by the PSMA
protein.

The objective of this research was to synthesize Lu;O3-iPSMA nanoparticles (NPs) and characterize their
physicochemical properties before and after neutron activation, as well as to assess their biodistribution profile
and in vitro potential to target cells overexpressing PSMA. The Lu,O3; NPs were synthesized by the precipitation-
calcination method and conjugated to the iPSMA peptide using DOTA (1,4,7,10-tetraazocyclodecane-
N,N’,N”,N”-tetraacetic acid) as a linking agent. Results of the physicochemical characterization by FT-IR and
UV-Vis spectroscopies, SEM, TEM, DLS, HRTEM, SAED, DSC-TGA, and X-ray diffraction indicated the formation
of Lu,03-iPSMA NPs (diameter of 29.98 * 9.07 nm), which were not affected in their physicochemical
properties after neutron activation. 77Lu,04-iPSMA NPs showed high affinity (K4 = 5.7 + 1.9 nM) for the
PSMA protein, evaluated by the saturation assay on HepG2 hepatocellular carcinoma cells (PSMA-positive). The
biodistribution profile of the nanosystem in healthy mice showed the main uptake in the liver. After irradiation,
radioactive Lu,O3-iPSMA NPs exhibited radioluminescent properties, making the in vivo acquisition of their
biodistribution, via optical imaging, possible. The results obtained from this research validate the execution of
additional preclinical studies with the objective of evaluating the potential of the ””Lu,03-iPSMA NPs for the
targeted radiotherapy and in vivo imaging of tumors overexpressing the PSMA protein.
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1. Introduction

Modified and/or functionalized nanomaterials for biological re-
search and biomedicine have been tailor-made for specific purposes,
mainly in the treatment of cancers through nanomaterial-based systems
for targeted drug delivery and the enhancement of bioimaging [1].

Among the nanomaterials, rare sesquioxides, also called lanthanide
oxides (RE;03), are of interest due to their physical and chemical

properties, such as excellent chemical stability, adequate thermal con-
ductivity, and high light output [2-4]. Lutetium is the last member of
the lanthanide series, being a typical lanthanide since its only common
oxidation state is +3, in agreement with its electronic configuration
([Xel4f'*5d'6s%) [5]. Due to the physicochemical properties of lute-
tium, such as density, low thermal expansion, melting point, high phase
stability, and a wide gap band, among others, it has been employed to
design nanomaterials (core/shell, Lu*3-dopped nanomaterials); these
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engineered nanoparticles have been used in catalysis, optical encoding,
biodetection, bioimaging, energetic applications and medical applica-
tions [6-9].

The recent advances in nuclear medicine are focused on the design
of targeted radiotherapies, for which different biomolecules radi-
olabeled with beta emitters (*31, °°Y, 77Lu, and '®®Re) are employed in
the treatment of malignant diseases [10,11]. Lutetium-177 (*”’Lu) is a
radionuclide with suitable nuclear decay characteristics: a half-life (T, ,
5) of 6.71 d, a Bax emission of 497.1 KeV (78%), with fewer side effects
when compared to external radiation therapy, and a y radiation of
208 KeV (11%) that can be used for scintigraphy and dosimetry
[5,10,11]. Y77Lu has been successfully used for radiotherapy, with an
effective crossfire effect in cancer cells [11-13].

The prostate-specific membrane antigen (PSMA), also known as
glutamate carboxypeptidase II (GCP II), is an integral multifunctional
and transmembrane protein [14-16]. It is usually expressed in the
epithelial cells of the prostate gland and is overexpressed in 95% of
metastatic prostate cancers, correlating its expression levels with an-
drogen dependence and illness progression [14,17,18]. Due to the en-
zymatic activity of PSMA in its extracellular domain, it can be con-
sidered as a molecular target for the binding of antibodies, inhibitors
(like iPSMA) and aptamers, which allow the selective delivery of spe-
cific therapeutic and diagnostic agents to prostate cancer, as well as to
other types of neoplasms, such as gliomas, hepatic carcinomas, osteo-
sarcomas, thyroid cancer, and metastatic breast cancer [14,15,19].

The neutron activation of Lu,0O3 nanoparticles could be useful to
obtain 77Lu,03 nanoparticles (NPs) and, if the physicochemical char-
acteristics of the lanthanide oxide nanoparticles were not affected by
the irradiation procedure, the synthesis of *””Lu,03-iPSMA NPs could
make possible their use for molecular imaging (optical and nuclear) and
therapy of cancer cells overexpressing the PSMA protein.

This objective of this research was to synthesize Lu,O3-iPSMA NPs
and characterize their physicochemical properties before and after
neutron activation, as well as to assess their biodistribution profile and
in vitro potential to target cells overexpressing PSMA.

2. Materials and methods
2.1. Synthesis of Lu,O3 nanoparticles

The Lu,03 nanoparticles were synthesized following the precipita-
tion-calcination method, using precursor solutions of "™LuCl; (Sigma-
Aldrich Chemical Co. USA) and NH,OH:(NH,),COs3. For the first part of
the process, the precipitation of the lanthanide was carried out by
adding a concentrated 2 M NH4OH:(NH,4)>CO3 solution in a molar ratio
1:1, dropwise, to a 5 mM LuClj; solution under vigorous stirring at room
temperature until precipitation (pH = 9) occurred. After the appear-
ance of the sediment, the mixture was stirred for 30 more minutes.
Then, the precursor suspension was washed with deionized water three
times via centrifugation (2500g/30 min). Afterward, the sample was
heated to 110 °C for 24 h, to be finally heated at 1100 °C for 24 h to
complete the calcination process. The sample was stored for later use.

2.2. Neutron activation of Lu;03 nanoparticles/’””Lu;03 NPs preparation

177Lu,03 NPs were produced by neutron capture. The irradiation of
",1,05 NPs (100 mg) was performed in the SIFCA position of the
TRIGA Mark III reactor at ININ (Instituto Nacional de Investigaciones
Nucleares, México) at a neutron flux of 1 x 103 n's~.cm ™2 for 20 h.

2.3. Preparation of 17’ Lu03-iPSMA nanoparticles (*””Lu;03-iPSMA NPs)

To achieve specificity and enhanced efficacy of the material,
77Lu,05 NPs were functionalized with the 1,4,7,10-tetra-
azocyclodecane, N,N’,N”,N”-tetraacetic-acid-hydrazinonicotinyl-Lys(f-
naphthylalanine)-NH-CO-NH-Glu ~ (DOTA-HYNIC-iPSMA)  peptide
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sequence [20]. This peptide was designed at ININ (Mexico) and syn-
thesized by Ontores Biotechnology Co. Ltd. (Zhenjiang, China) with a
purity of > 98%. Briefly, a suspension of 1”’Lu,0; NPs was prepared
with a 5 mM sodium citrate solution and homogenized for 30 min using
a high-intensity ultrasound probe. Then, the DOTA-HYNIC-iPSMA
(iPSMA) peptide was dissolved to obtain a solution at a 1 mg/mL
concentration, and 100 pL of the solution was added to the aqueous
suspension. The mixture was homogenized using a high-intensity ul-
trasound probe for 30 more minutes, and after that, the samples were
purified by ultrafiltration (centrifugal filter unit MWCO 100 kDa,
Merck-Millipore) at 2500 g for 30 min. Finally, samples were stored for
later characterization.

2.4. Physicochemical characterization

To obtain evidence of the core's formation and peptide conjugation,
as well as to elucidate the physicochemical properties, the following
techniques were used to analyze Lu,O3 NPs, Lu;O3-iPSMA NPs, and
1771u,03-iPSMA NPs.

2.4.1. Size, morphology and zeta potential of nanoparticles

Transmission Electron Microscopy (TEM) with a JEOL JEM 2010 HT
microscope operating at 200 kV, to observe the two-dimensional re-
lative size and morphology, was used for nanoparticle analysis. Samples
of nanoparticles in solution were prepared by evaporating a drop on a
carbon-coated TEM copper grid. At least 600 nanoparticles were mea-
sured using the ImageJ software, to determine their mean diameter.
Moreover, for morphology evaluation, nanoparticles were analyzed by
Scanning Electron Microscopy (SEM) with a JEOL JSM 6510LV mi-
croscope operating at 20 Kv; the samples were sputtered with a thin
layer of gold (~15 nm) using a Denton Vacuum DESK IV system.

The hydrodynamic diameter and zeta potential ({) parameters were
measured by Dynamic Laser Scattering (DLS) using a “Nanotrac” ana-
lyzer (Nanotrac wave, Model MN401; Microtrac; FL, USA). The mea-
surements were performed with aqueous solutions (n = 3), with a
wavelength of 657 nm at 21 °C, a current of 15.79 mA, an electric field
of 14.38 V/cm, and a sampling time of 128 ps.

2.4.2. Chemical composition

To describe the parameters of the chemical decomposition reactions
from Lu(OH)(CO3) and Lu,(COs3)s to the Luy,O3 NPs, the Differential
Scanning Calorimetry coupled to Thermogravimetric Analysis (DSC-
TGA) technique was used (STD Q600 Instrument), with a heating rate
of 10 °C/min in the range of 20 °C to 1000 °C under a nitrogen atmo-
sphere.

For evaluation of the Lu,O3 nanoparticle crystal structure, High-
Resolution Transmission Electron Microscopy (HRTEM) and Selected
Area Electron Diffraction (SAED) patterns were acquired with a JEOL
JEM 2010 HT microscope operating at 200 kV.

X-ray diffraction was conducted to determine the crystal parameters
of Lu,O3 NPs using a CuKa X-Ray source (A = 0.15406 nm), with an
operating voltage kept at 35 kV and a current of 25 mA, respectively,
from 20 = 15 °C to 90 °C in a Bruker D8 DISCOVER diffractometer.

Fourier Transform Infrared (FT-IR) spectra were obtained on a
PerkinElmer System 2000 spectrometer (Pike Technologies) with an
ATR platform (Attenuated Total Reflection Fourier Transform Infrared)
from dried samples. The spectra were obtained from 50 scans at a 1-
cm ™! resolution and an operating range of 4000-400 cm ™ *.

Ultraviolet-Visible absorption (UV-Vis) spectra were obtained on a
PerkinElmer LambdaBio spectrometer (PerkinElmer; Waltham,
Massachusetts, USA) in the range of 200-700 nm (1-cm quartz cuvette).

2.5. Biochemical characterization

2.5.1. Cell culture
The HepG2 cell line of hepatocellular carcinoma (ATCC® HB-
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8065™) (PSMA-positive) was supplied from ATCC® (USA). The cells
were cultured at 85% humidity, 5% CO,, and 37 °C, in Dulbecco's
Modified Eagle's Medium (DMEM; ATCC®; Atlanta, USA),10% fetal
bovine serum, 100 pug/mL of streptomycin and 100 units/mL of peni-
cillin.

2.5.2. Cell-binding affinity

A saturation binding assay was used to determine the affinity of
purified '77Lu,03-iPSMA NPs. A cellular suspension, at a density of
1 x 10° cells, was seeded in a 6-well plate and grown for 24 h to allow
adherence (37 °C, 5% CO,, and 85% humidity). The cells were placed
on ice for 30 min. Afterward, the cells were incubated with seven dif-
ferent concentrations (n = 3) of the 7’Lu,03-iPSMA NPs (90 nM to
0.25 nM/200 pL) for 2 h at 4 °C. The non-specific binding was de-
termined in parallel by the addition of “cold peptide” (iPSMA, 1 mol/L).
Subsequently, the free (supernatant) and bound (attached and inter-
nalized to cells) radiopharmaceutical fractions were measured in a Nal
(T1) detector-equipped gamma counter (MNL Inc., Texas, USA) and
analyzed based on standard solutions, representing 100% of the initial
activity for each treatment. Specific binding was evaluated as the dif-
ference between non-specific binding and total binding. K4 and Bax
were determined by non-linear regression analysis (GraphPad Prism
software).

2.5.3. Cell internalization

177Lu,05 NP and '77Lu,05-iPSMA NP internalization by HepG2 cells
were evaluated using cell suspensions (4 X 10° cells/PBS) placed in test
tubes (500 pL/tube). The cells were incubated at different times (0.5, 3,
and 24 h), with 50 pL of each treatment (n = 3): a) '7’Lu,O3; NPs
(37 kBq), b) 177Lu,05-iPSMA NPs (37 kBq), and c) no treatment (con-
trol). After the incubation period, the different fractions were measured
in a Nal (T1) detector-equipped gamma counter (MNL Inc., USA). The
initial activity (total volume of the test tube) represented 100%. The
samples were centrifuged (700g/5 min), the bottom portions were in-
cubated with 1 M NaOH, centrifuged (700g/5 min), and the supernatant
was collected and used to calculate the cellular internalization per-
centages.

2.5.4. Cell viability assay

For cell viability, the XTT (2,3-bis[2-methoxy-4-nitro-5-sulfo-
phenyl]-2H-tetrazolium-5-caboxyanilide inner salt) assay was carried
out. HepG2 cells, at a density of 1 x 10* cells/well, were seeded in a
96-well microplate (Corning, NY, USA) and incubated for 24 h (37 °C,
5% CO., and 85% humidity).

After overnight incubation, the medium was eliminated, and the
cells were incubated for 1 h with the following treatments (n = 3): a)
177Lu,03 NPs (37 kBq), b) 77Lu,05-iPSMA (37 kBq) NPs and c) no
treatment (control). Afterward, the treatments were removed, and the
cells were washed twice with PBS; then, growth medium was added,
and the microplates were incubated for 72 h (37 °C, 5% CO,, and 85%
humidity). Next, 100 pL of PBS and 50 pL of XTT (XTT kit, Roche
Diagnostics GmbH; Mannheim, Germany) were added, and the cells
were incubated for 4 h in order to allow the conversion of XTT to
formazan (orange-colored dye) by the viable cells. The absorbance (at
450 nm) was measured in a microplate reader (EPOCH; BioTek
Instruments; Winooski, Vermont, USA), considering the untreated cells
as 100% in order to obtain the cell viability percentages.

2.6. In vivo biodistribution

In vivo studies in mice (Balb-C, 6-7 weeks old and a weight of
18-20 g) were performed according to the Ethical Rules and Regulations
for the Care of Laboratory Animals guidelines (062-Z00-1999 Official
Mexican Norm). Mice were injected with 177Lu,05-iPSMA nanoparticles
(100 pL, 74 MBq) into the tail vein and sacrificed at 0.5, 1.5, 3, and 24 h
(n = 3 for each time point). The heart, lungs, liver, pancreas, spleen,
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kidney, and blood samples were obtained for activity measurement in a
Nal(T]) detector to determine the percentage of the injected dose per
gram of tissue (%ID/g), regarding the total injected activity.

2.7. Optical image

Luminescence images of the nanoparticles were obtained after ir-
radiation by using an optical image preclinical system (Bruker
Preclinical Optical/Xray Imaging System in-Vivo XTREME equipment),
without any emission filter to verify the radioluminescence and with
emission filters of 535, 600, 700, 750, 790 and 830 nm to obtain the
intensity spectrum in photons/second/mm? vs. wavelength. X-ray
images of the vials were acquired to corroborate the position of the
powder and the luminescence. With the same equipment, and to verify
the in vivo 177Lu,05-iPSMA NPs biodistribution, as well as the radi-
oluminescent properties, X-ray and luminescence images were obtained
(without emission filters) from the whole body of mice at 2 min,
120 min, and 24 h after ”’Lu,05-iPSMA NPs administration (74 MBq,
1.0 mg). Rodent images were acquired with animals anesthetized with
oxygen and 2% isoflurane in the supine position.

In addition, the nanoparticle vials were photographed before and
after neutron irradiation, and in the dark, to appreciate the differences
in color and radioluminescence with the naked eye.

3. Results
3.1. Synthesis of Lu,0O3 NPs

The synthesis method employed was an easy route to obtain the
Lu,03 NPs with the expected characteristics, according to that pre-
viously reported. Among the advantages of the precipitation-calcination
process, the fact that the synthesis can be carried out under ambient
conditions (pressure and temperature), with relative ease and in a short
amount of time, is important [21]. Furthermore, it is a much more
straightforward method, which avoids undesired by-products [22],
being the precipitant species, the OH™ and the CO3;~? ions. However,
despite these adequate characteristics, the process is also susceptible to
double carbonate formation. The double carbonates are a phase unique
to this methodology, where, regardless of the salt used, the final pro-
duct is doubled [23]. For the methodology used, this double carbonate
was the immediate precursor of the Lu;O3 NPs.The stoichiometry of the
synthesis is summarized in the following equations (Egs. (1)-(4)):

LuCl,—Lu*? + 3CI! D
Lu*? 4+ 3CI'! + 3NH,OH—Lu(OH); + 3NH,Cl 2)

3Lu(OH); + 4(NH,),CO; + 2H,0—Lu(OH)(CO;3) +xH,0 + Lu,(COs)s
XH,0 + 6NH,OH + 2NH; + 2H,0 3)

ZLU(OH)(C03)'XH20 + Luz (CO3)3'XH20—>2L11203 + 5C02 + 4H20
4

3.2. Physicochemical characterization

3.2.1. DSC-TGA analysis

The thermogravimetric analyses were performed with the raw ma-
terial (Lu(OH)(CO3) - xH,0/Lu,(CO3);3 - xH,0) dried at 110 °C. Fig. 1
indicates the thermal behavior of the lutetium carbonate and lutetium
hydroxycarbonate precursors; generally, rare-earth carbonates have
three main stages: a) dehydration, b) partial decarbonation, and c) full
decarbonation. In the first stage, a weight loss from 5% to 20% is ex-
pected and depends on the type of lanthanide [23]. This effect occurs
below 100 °C, but also, crystalline water in the hydroxycarbonate is lost
at a 200 °C-500 °C interval. Then, the carbonate partially decomposes
into the oxycarbonate to finally decompose into the respective oxide.
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Fig. 1. DSC-TGA curves of the Lu(OH)(CO3) - xH,0/Lu»(CO3)3 - xH,0 precursors of Lu,O3 nanoparticle formation.

The obtained pattern of the lutetium carbonate showed the different
weight loss stages, and a total weight loss of 26.85%, which agrees with
that previously reported [23]. The weight loss below 100 °C is related to
adsorbed water. Between 107 °C to 284 °C, the weight loss was mainly
attributable to the decomposition of organic species (partial dec-
arbonation), and above 668.98 °C, up to about 750 °C, another loss of
mass is obtained attributed to full decarbonation [23,24]. According to
the DSC-TGA analysis, the presence of hydrated species can be pro-
posed. In agreement with the reagents employed, two compounds can
be formed: lutetium carbonate (Luy(CO3); - xH,0) and lutetium hy-
droxycarbonate (Lu(OH)(CO3) - xH,0). Both are formed simultaneously
and correspond to the precipitate that is observed when a pH of 9 is
reached (Eq. (3)), but with different modes of thermal decomposition.
Nonetheless, both chemical species ultimately lead to the formation of
Lu203. Eq. (3) can be further elaborated to give the following:

a) When the precursor is the hydroxycarbonate, the decomposition to
lutetium oxide occurs in the following manner:

Lu(OH)(CO3) «xH,0—>Lu(OH)(CO;) + xH,0 (3.1.1)

Reaction 3.1.1 represents the first loss of water, which, in the
thermogram, corresponds to the loss located at around 100 °C.

2 Lu(OH)(CO3;)—Lu,0,(CO3) + CO, + H,0 (3.1.2)

Reaction 3.1.2 represents the first decarboxylation and the loss of
water that continues at temperatures above 100 °C.

Lu,0,(CO;) — Lu,05 + CO, (3.1.3)

Reaction 3.1.3 represents the second decarboxylation and the
complete formation of lutetium oxide. It occurs at around 600 °C, and
no mass-loss ramp is observed in the thermogram.

b) When the precursor is the carbonate, the decomposition to lutetium
oxide is as follows:
Lu, (CO3)3°xH,0—>Lu, (CO3); + xH,0 (3.2.1)

As with the hydroxycarbonate, reaction 3.2.1 represents the first
loss of water, which is seen at around 100 °C.

Lu, (CO3);—Lu,0,(CO3) 4 2CO, (3.2.2)
Reaction 3.2.2 is the first decarboxylation
Lu202 (CO3) g LU203 + COZ (3.2.3)

Reaction 3.2.3 represents the second decarboxylation and complete

calcination to Lu203 at a temperature above 600 °C.

3.2.2. Size and morphology

The resulting nanoparticles were a fine and fluffy powder. TEM
studies revealed the presence of particles with a structure close to a
spherical form and with homogeneous and uniform distribution. The
SEM images exhibited homogeneity in the material's morphology. The
mean diameter obtained for Lu,O3 NPs and determined by TEM was
26.75 nm * 6.72 nm, with a monomodal and monodisperse dis-
tribution, as is shown in Fig. 2a—c.

After the Lu,O3 NPs were functionalized with the peptide, the
system showed an increase of ~3 nm, with a mean diameter of
29.98 nm = 9.07 nm and maintaining a homogeneous size distribu-
tion, which is seen in the monomodal and monodisperse histogram.
Additionally, in the TEM micrographs, it was possible to observe that
the precursor still retained the morphology and that the peptide was
present at the surface of the nanoparticles, with a width of ~2.7 nm, as
is shown in Fig. 3a—c.

3.2.3. DLS and zeta potential

DLS measured the mean hydrodynamic diameter, and Lu,O3 NPs
sizes were 107.43 nm =+ 33.78 nm. After the functionalization with
iPSMA, an increase in the mean hydrodynamic diameter
(177.75 nm = 57.51 nm) and the polydispersity index (PDI) was ob-
served, which is attributed to the presence of the peptide in the nano-
system structure. All samples showed monomodal and monodisperse
distributions. As expected, in both cases (NPs with and without pep-
tide), the hydrodynamic nanoparticle sizes were higher than those of
the diameters determined by TEM, since measurement techniques are
different in terms of physical principles.

Zeta potential ({) values increased when the peptide was in-
corporated over the nanoparticle surface; for Lu,O3 NPs, the value was
—27.40 mV, and for Lu,O3-iPSMA, it was —44.55 mV. This difference
was attributed to the correct synthesis of the functionalized system. The
mean hydrodynamic diameter distributions and { measurements are
summarized in Table 1.

3.2.4. Identity, purity, and crystallinity

HRTEM micrographs showed the highly crystalline Lu,O3 nano-
particles with the lattice fringes, corresponding to the (222) plane of the
lanthanide crystal, with a lattice spacing of 0.299 nm (Fig. 4a). Fur-
thermore, evidence of the identity, purity, and crystal structure was
verified by the Selected Area Electron Diffraction pattern (Fig. 4b),
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Fig. 2. a) SEM micrographs of Lu,Os, b) size distribution of Lu,O3 by TEM and c¢) TEM micrographs of Lu,O3 NPs.

where Lu,O3 was identified as having a cubic fluorite-type phase, be-
longing to the space group la3 [25], as identified by the JCPDS card No.
12-0728 (a = 10.3900), which also coincided with the X-Ray Powder
Diffraction results (Fig. 4c), with the major characteristic peaks for the
lanthanide oxide, at 20 values of 20.749° (211), 29.629° (222), 34.365°
(400), 35.565° (411), 40.568° (332), 44.233° (431), 49.464° (440),
54.236° (611), 57.375° (541), 58.761° (622), 60.278° (631), 61.278°
(444), 65.931° (217), 71.286° (651), 72.591° (800), 74.002° (741),
79.187° (831), 80.411° (662), and 82.939° (840). Moreover, the XRD
spectra showed well-defined and narrow peaks, indicative of the crys-
tallinity and purity of the material.

With the information from the XRD pattern, the mean particle
diameter was also calculated employing the Scherrer equation (Eq. (5)),
and according to the value of the (2 2 2) plane refraction peak, which
was used as a reference peak width at angle & = 29.629°.

a. = = =Gauss fit
~2.70 nm
50 -
[2)
=
C
3 404
[&]
>
[&]
5
2 30+
o
o
L

N
o
1

10 4

60 - Lu,0,-PSMA NPs

Table 1
Hydrodynamic diameter, PDI, and zeta potential of Lu,O3 NPs and Lu,Os-
iPSMA NPs.

Nanoparticle system Hydrodynamic diameter (nm) PDI ¢ (mV)
LuyO3 NPs 107.43 nm =+ 33.78 nm 0.1249 —27.40
Lu,03-iPSMA NPs 177.75 nm * 57.51 nm 0.3423 —44.55
KA

Bcosd (5)

where D is the particle size calculated, A is the X-ray wavelength of the
CuKa source (0.15406 nm), f is the full width at half the maximum of
the central peak (FWHM), K is the shape factor of the unit cell, and 6 is
the Bragg angle. The theoretical value was ~30.01 nm, which agrees

C.

40
Particle size (nm)

Fig. 3. a) Close-up of the iPSMA peptide attached at the Lu,O3 NP surface, b) TEM micrograph of Lu,O3-iPSMA NPs, and c) size distribution of LuyO3-iPSMA NPs.
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Fig. 4. Crystallinity parameters of Lu,O3 NPs by a) HRTEM, b) SAED, and c) XRD of powders.

with the value obtained by TEM.

3.3. Surface functionalization

3.3.1. FT-IR spectroscopy
The MIR spectra of the Lu,O3 NPs, LuyO3-iPSMA NPs, and DOTA-
HYNIC-iPSMA (iPSMA) are given in Fig. 5. All the spectra were highly

structured.

Lu;03 NPs spectrum: a vibration band formed at 574 cm ™! corre-
sponds to the stretching vibration of Lu—O0, and it is also indicative of
both the nanometric size and the complete crystallization to lutetium
oxide [26].

Luz03-iPSMA spectrum: the vibration band at 3362 cm ™' was as-
signed to the vibration of the N—H group from the amide. The typical

iPSMA
S
Q Lu,0; NPs
[
8
=
£
(2]
C
o
— Lu,05-iPSMA NPs
4000 3500 3000 2500 2000 1500 1000 500
T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

1
500

Wavenumber (cm™)

Fig. 5. Medium infrared spectra of iPSMA, Lu,O3 NPs, and Lu,O3-iPSMA NPs, the latter with an inset for IR spectrum amplification.
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Table 2
FT-IR vibrational bands of the iPSMA peptide, Lu,O3 NPs, and Lu;O3-iPSMA
NPs.

Vibration Wavenumber (cm ™ 1)
DOTA-HYNIC-iPSMA ~ Lu,O3 NPs  Lu,O5-iPSMA
(iPSMA) NPs
., N-H 3281 - 3362
vas—CHa- 2938 - 2964
,s—CHo- 2863 - 2885
O-H (-COOH) 2537 - 2343
,sC=0 1652 - 1588
N-H (urea) 1551 - 1420
-C-N
Cc=C
Phe ring ,C-C 1442-1347 - 1400-1214
, N—N (in-plane) 1321-1133 - 1116-1018
(HYNIC)
, C—H (out-of-plane) 967-830 - 856-691
(HYNIC)
5 -CHa- 720 - -
s N-C=0 621 - -
sC=H 479 - -
, Lu-0 - 575 571

vibrational bands for the methyl and methylene groups of the aliphatic
chain (v and v, stretching) were assigned at 2964 cm™ ' and
2885 cm™?, respectively. At 2343 cm™?, the vibration band was as-
signed to the O—H vibration from the -COOH groups of the DOTA
moiety. The strong stretching band at 1588 cm ™! was assigned to the
C=O0 groups present in the final compound. In the region between
1588 cm ™ '-1420 cm ™!, the vibrations of the -N-H, C=C, and C—N
groups were observed. The typical stretching vibration of the —~C-N from
the urea group of the iPSMA moiety had a band at 1409 cm ~'. The C-N-
C vibrations from the DOTA structure appeared between 1239 cm ™ to
1161 cm ™ and the § vibrations of the C—H (out-of-plane) were pre-
sent between 856 cm ™' and 691 cm™'. Finally, the band from the
metal stretching vibration appeared at 576 cm ™! [14,20].

It is important to highlight that all the vibration bands just de-
scribed showed a significant displacement (~50 cm ™! to 70 ecm™1)
compared to the iPSMA spectrum. Also, the spectrum of the bare Lu,O3
NPs showed no other band besides the one that corresponds to the
Lu—O vibration. The results of FT-IR are summarized in Table 2.

3.3.2. UV-Vis spectroscopy

UV-Vis spectra showed an adequate functionalization of Lu,O3
nanoparticles, for which the spectrum of the LuyO3-iPSMA NPs showed
an absorption band centered at 216 nm, in addition to a shoulder that
overlaps this band at around 226 nm. The first absorption band turned
out to be characteristic of the bare Lu,O3 NPs, corresponding to the
chemical structure of the material with the form Lu,Os;, where Lu*3
represents the lanthanide ion and O refers to the O~ 2 ion, which is also
indicative of the nanometer size of the oxide, as previously reported
[21,27].

Additionally, the second band was associated with the presence of
the peptide on the nanoparticle surface [14], more specifically due to
the carboxylic acids from the DOTA group of the said molecule [28].
Both bands in the functionalized system exhibited a slight blue shift of
approximately 3 nm, further indicating a change in the chemical en-
vironment (Fig. 6).

3.4. Physicochemical evaluation of Lu,O3 NPs after neutron activation

After irradiation of "*'Lu,O3; NPs (100 mg), the obtained activity
was 7.81 GBq. Morphology, size, chemical composition, and stability of
the irradiated nanoparticles were evaluated after 6 months of radio-
active decay to determine if the physicochemical properties of the
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Fig. 6. UV-Vis spectra of LuyO3 NPs, Lu,O3-iPSMA conjugate, and DOTA-
HYNIC-iPSMA (iPSMA) peptide solution.

nanomaterial had not changed.

TEM images showed that a spherical morphology was retained by
the material, as well as the uniform and homogeneous distribution. The
average diameter obtained from the measurements of ~700 particles
was 30.12 nm * 10.12 nm, with a distinctive histogram of a mono-
modal and monodisperse population. The hydrodynamic diameter
(DLS) was 93 nm =+ 34 nm (PDI = 0.2402), also with a monomodal
and monodisperse distribution. Another parameter that kept its condi-
tions was the zeta potential, with a value of —41 mV. Finally, the FT-IR
spectra showed no changes, where the bands correlated to the lutetium
and peptide vibrations were kept. These results showed that the main
physicochemical properties of the material were adequately maintained
and without significant changes after being activated to its corre-
sponding radionuclide.

3.5. Biochemical characterization, biodistribution and in vivo imaging

The saturation binding study of }””Lu,03-iPSMA NPs on PSMA-po-
sitive HepG2 cells is shown in Fig. 7. Affinity data with a
Kg = 5.7 = 1.9 nM and B, = 1.6 * 0.1 nM indicate that the
nanoparticles conjugated to the peptide exhibited a good biological
affinity for PSMA receptors.

The cytotoxicity results correlated with the cell uptake data. A re-
duction in the viability of HepG2 cells, dependent on the recognition
mediated by the specific receptor PSMA, was observed. Cells treated
with 77Luy03-iPSMA NPs (72 h after treatment) showed
53.48 + 2.58% of viability with a statistically significant difference
(p < .05, Student's t-test) with regard to the group treated with
17711505 NPs (68.79 = 2.27%). The decrease in viability, because of
the treatment with '77Lu,05 NPs, is attributed to the non-specific up-
take of radiolabeled nanoparticles and the crossfire effect produced by
radiation in the medium. The biodistribution profile of the nanosystem
in healthy mice showed the main uptake in spleen and liver (Table 3).
After irradiation, radioactive Lu,03-iPSMA NPs exhibited radi-
oluminescent properties, making the in vivo acquisition of their bio-
distribution, via optical imaging, possible (Figs. 9 and 10).

4. Discussion
Lutetium oxide nanoparticles were successfully synthesized; its

quasi-spherical morphology, crystal structure [21,25], particle size
(26.75 nm =+ 6.72 nm), colloidal stability ({ = —27.40 eV) and
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Fig. 7. Saturation binding assay of '”’Lu,03-iPSMA NPs on PSMA-positive
HepG2 cells. Cellular internalization studies exhibited a statistically higher
internalization of '77Lu,O3-iPSMA NPs, compared to the '7’Lu,O; NPs in
HepG2 cells at different times (Fig. 8).

Table 3

Biodistribution of '”7Lu,03-iPSMA nanoparticles in healthy mice (Balb-C),
stated as a percentage of radioactivity per gram of tissue (% ID/g) at different
times (mean = SD, n = 3).

Tissue Time (h)
0.5 3 24 96

Blood 1.48 + 0.32 0.74 = 0.21 0.19 += 0.08 0.08 + 0.04
Heart 1.03 = 0.27 0.55 = 0.19 0.22 * 0.14 0.11 * 0.07
Lung 2.14 = 0.82 1.02 * 0.31 0.57 = 0.15 0.38 = 0.05
Liver 11.42 + 1.73 1094 + 1.42 8.87 + 1.03 3.72 = 0.83
Pancreas 0.54 = 0.23 0.59 *= 0.19 0.27 * 0.11 0.18 + 0.08
Spleen 241 = 093 1.13 + 0.71 0.81 * 0.67 0.72 * 0.59
Kidney 3.85 = 0.88 2.08 = 0.82 0.71 = 0.33 0.58 = 0.12

chemical composition were verified with the appropriate analytical
techniques.

The FT-IR spectrum of the bare material showed the characteristic
stretching band of the Lu,O3; NPs, which was also correlated to ade-
quate crystallization. On the other hand, the oxide nanoparticles were
properly functionalized with the DOTA-HYNIC-iPSMA peptide se-
quence, due to the strong coordination capability of Lu ions that were
free at the material's surface, facilitating the formation of the complex
with molecules comprising groups such as -COOH. In this specific case,
the conjugation was carried out with ~-COOH groups from DOTA and
with the Lu®>* ions exposed on the nanoparticle surface. Moreover, the
vibrational bands of -COOH groups can be used to determine the in-
teraction between the carboxylate head and the metal ions [23,29].
Additionally, the UV-Vis spectra bands showed the presence of the
peptide in the final system, as well as in the TEM images. Zeta potential
increased 17 units after functionalization due to the presence of the
peptide itself, which, in turn, enhanced the stability of the Lu,O3-iPSMA
NPs. The mean size of the Lu,O3-iPSMA NPs was about 29 nm = 9 nm,
a similar value to that obtained theoretically and experimentally, which
is an essential requirement for the nanosystems, since it has been
proven that sizes < 50 nm improve the processes of uptake and inter-
nalization at the cellular level [10,30]. The results showed that a high
internalization occurred in the functionalized system (*””Lu,05-iPSMA
NPs), indicating a specific recognition by HepG2 cells. The observed
771,04 NPs internalization is in the range of other nanosystems due to
a passive mechanism uptake [13]. However, 17’Lu,0O3; NPs had a sig-
nificant lower internalization with respect to 177Lu,05-iPSMA NPs,
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times in PSMA-positive HepG2 cells (*statistically significant difference:
p < .05, Student's t-test.).

which is attributable to the absence of the peptide in their structure
(Fig. 8). The internalization of '””Lu,03 NPs decreased when the in-
cubation time increased (from 35% to 28%) (Fig. 8). This behavior can
be attributed to the nanoparticle size [31]. 177Lu,05 NPs are less than
50 nm in size, and, in the absence of specific recognition biomolecules
on their surface, the nanoparticles showed a significant outflow from
cells.

The saturation binding assay was used to determine the nanosystem
affinity. Nanoparticles conjugated to the peptide showed a suitable
affinity for PSMA (*””Lu05-iPSMA NPs

Kqg = 5.7 £ 1.9nM, Bmax = 1.6 = 0.1 nM). These results in-
dicate that although the iPSMA molecules are linked to the lutetium
oxide nanoparticles, their active sites for binding with their respective
receptor (PSMA) in cells are not significantly affected, which is in
agreement with previous reports where iPSMA has also been con-
jugated to different molecules through the DOTA complex [14,16,17],
or by binding peptides to different nanoparticles [15]. '7”Lu,05-iPSMA
NPs show a high and selective binding to HepG2 cells that overexpress
PSMA and, due to affinity is a critical parameter that significantly in-
fluences the uptake by the tumor, the 1”7Lu,03-iPSMA nanoparticulate
system has the potential to be used as a target-specific theranostic agent
[32]. The therapeutic potential was also corroborated by the cytotoxic
effect of the radionanoparticles on the HepG2 cells, which was sig-
nificantly higher at 72 h after 7”Lu,05-iPSMA NPs treatment (53.48%
of viability) with regard to the ”7Lu,O; NPs treatment (69.79% of
viability). At this point, it is relevant to emphasize that in assays per-
formed at an in vitro level, all nanoparticles have a high non-specific cell
uptake due to a passive mechanism [13]. However, it is expected that
the in vivo uptake and internalization at the cellular level of non-func-
tionalized nanoparticles be much lower than that observed in vitro
[13,33].

Biodistribution data demonstrated that most of the nanoparticles
accumulated in the liver (Table 3). It is pertinent to underline that liver
cancer overexpresses the PSMA

protein [34-36] and, considering that hepatic radioembolization
treatment for this type of tumors is indicated when tumoral lesions have
compromised two-thirds of hepatic tissue, 1771,u,05-iPSMA NPs could
have potential to be used as specific agents in targeted radiotherapy.
Nonetheless, it would be necessary to evaluate this new nanosystem in
mice with orthotopic hepatic tumors using cells different from the
HepG2 cells employed for this research, since these do not develop
tumors in preclinical murine models. In the case of radioembolization
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Fig. 9. A) '77Lu,05-iPSMA nanoparticles (powder) before (A1) and after (A2) neutron irradiation, and their radioluminescence (A3) in a dark room. B) '7’Lu,03-
iPSMA nanoparticles (powder): X-ray image (B1), luminescent image (B2), and merged images (B3). C) 17711,05-iPSMA nanoparticle (powder) emission spectrum.

for hepatocellular carcinoma therapy, “°Y-glass microspheres (size of
20-30 um) are commonly employed to obstruct the hepatic artery and
produce a tumoral brachytherapy system [37,38]. The advantage of the
17711,05-iPSMA nanosystem (< 50 nm) would be its targeted inter-
nalization into tumor cells to deliver a maximum radiation dose in a
selective and localized manner. However, it is essential to clarify that
the application of nanoparticles would not be limited to hepatocellular
carcinoma, but also to any tumor that overexpresses the PSMA protein,
evaluating in each therapeutic application, the route of administration
(e.g., intratumorally, intra-arterially, etc.) to optimize the radiation dose
to tumors.

After neutron activation, the '”’Lu,O3; and ”’Lu,05-iPSMA nano-
particles showed radioluminescence properties due to the interaction of
the material with ionizing radiation, establishing a possible biological
application for obtaining preclinical optical imaging. The importance of
using lanthanides for imaging lies in their long luminescence half-life.
In lanthanides, this property is associated with the electronic structure
of trivalent ions, related explicitly to intra-configurations within its 4f
orbital (f-f transitions), as well as to the protective effect provided by
the electrons of the 5s% and 5p° levels (full), which do not allow dis-
turbances of the surrounding environment. In addition, these intra-
configurational changes do not generate inverse modifications either;
that is, they do not alter the chemical bonds that the compound may
form [39-41], allowing an extended emission (like-linear emission),
with narrow and characteristic bands in the UV-Vis and near-infrared
range, associated with a unique color for each material [42]. Another
way of producing the excitation of the nanoparticles (specifically of
their Lu®* ions) is indirectly by the organic ligands present in their

composition, which when excited to their singlet state, can produce
intramolecular energy transfer to the lanthanide ions, causing indirect
excitation in the trivalent ion, which emits this energy linearly towards
a lower 4f state [41]. Therefore, these ligands would fulfill two essential
functions: improvement in the biological properties, as well as in the
luminescent properties of the system.

It is important to highlight that the luminescence photonic emission
effect is enhanced in the lutetium nanoparticles by the large surface
area on these scales, allowing for higher absorption coefficients, re-
flected in three main characteristics: a) easily-recognizable spectra, b)
linear emission spectra, and c) longer lifetimes with high resistance to
photobleaching. In addition to the above, the nanometric size allows
greater mobility of Lu®>* ions, which, due to the proximity between
them, improve and contribute to the transfer of ion-ion energy, al-
lowing an energy movement constant even without the presence of
organic molecules, thus, the desired effect is produced. It can be ex-
plained by the up-conversion phenomenon, either by the mechanism
based on the conversion energy transfer between two neighboring ions
(ETU) or by the photon avalanche (PA), which are mechanisms invol-
ving two neighboring ions. However, the ETU mechanism is the most
feasible and efficient [8,43,44].

5. Conclusions

In this study, the nanoparticle !””Lu,03-iPSMA system was prepared
and evaluated as a potential targeted therapy agent. The results showed
excellent physicochemical properties that allowed the nanosystem to be
activated by neutron irradiation for biological assessment and optical in

Fig. 10. Biodistribution in mice of 17711,05-iPSMA nanoparticles (74 MBq, 1.0 mg) at 2 min (A), 120 min (B) and 24 h (C) after administration: X-ray images (A1, B1,

C1), luminescent image (A2, B2, C2), and merged images (A3, B3, C3).
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vivo imaging. The in vitro studies indicated a good ”7Lu,03-iPSMA af-
finity to cells overexpressing PSMA. The results obtained from this re-
search support the execution of additional preclinical studies with the
objective of evaluating the dosimetry and therapeutic efficacy of the
177Lu,05 iPSMA nanoparticles for the in vivo imaging (nuclear and
optical) and targeted radiotherapy of tumors overexpressing the PSMA
protein.
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