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Abstract
Targeted alpha therapy (TAT) offers a great promise for treating recalcitrant tumors and 
micrometastatic cancers. One drawback of TAT is the potential damage to normal tissues and organs 
due to the relocation of decay daughters from the treatment site. The present study evaluates 
La(227Th)PO4 core (C) and core +2 shells (C2S) nanoparticles (NPs) as delivery platform of 227Th to 
minimize systemic distribution of decay daughters, 223Ra and 211Pb. In vitro retention of decay daughters 
within La(227Th)PO4 C NPs was influenced by the concentration of reagents used during synthesis, in 
which the leakage of 223Ra was between 0.4 ± 0.2% and 20.3 ± 1.1% in deionized water. Deposition of 
two nonradioactive LaPO4 shells onto La(227Th)PO4 C NPs increased the retention of decay daughters 
to >99.75%. The toxicity of the nonradioactive LaPO4 C and C2S NP delivery platforms was examined 
in a mammalian breast cancer cell line, BT-474. No significant decrease in cell viability was observed 
for a monolayer of BT-474 cells for NP concentrations below 233.9 µg/mL, however cell viability 
decreased below 60% when BT-474 spheroids were incubated with either LaPO4 C or C2S NPs at 
concentrations exceeding 29.2 µg/mL. La(227Th)PO4 C2S NPs exhibit a high encapsulation and in vitro 
retention of radionuclides with limited contribution to cellular cytotoxicity for targeted alpha therapy 
applications.
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1 Introduction
Lanthanide-based compounds have been proposed as platforms to encapsulate and immobilize 

radionuclides for nuclear medicine and nuclear waste management. Specifically, naturally occurring 
monazite and xenotime lanthanide phosphate compounds can contain high levels of Th, U, decay 
daughters, and fission products without experiencing radiation-induced amorphization.1–3 This 
transition from crystalline to amorphous, induced primarily by α-decay, is characterized by a collapse 
of the crystal structure and a loss of periodicity of the atoms and relationships within the crystal 
structure.4 The resistance to radiation damage of synthetic monazite and xenotime lanthanide phosphate 
compounds has been demonstrated experimentally and by simulations.5–9 Experimentally, synthetic 
lanthanide phosphate compounds have been subjected to either self-irradiation with short-lived minor 
actinides or ion-beam irradiation.2,4,7,10,11 Results showed that synthetic lanthanide phosphate 
compounds remained largely crystalline because the crystal structure recovers from the damage caused 
by the recoil nucleus and the α-particle during an α-decay event.4 Conversely, simulations demonstrated 
that lanthanide phosphate compounds with monazite structure are more resistant to radiation damage 
compared with those with xenotime structure.6 Additionally, the high chemical durability, low 
solubility, and mechanical stability of lanthanide phosphate compounds make them promising platforms 
for encapsulation and immobilization of α-emitting radionuclides.1,8,12

Woodward et al. proposed using lanthanum phosphate nanoparticles (NPs) as an 225Ac delivery 
platform for targeted alpha therapy (TAT) to minimize the relocation of decay daughters from the target 
site.13 In vitro retention of decay daughters 221Fr and 213Bi was ~40%, whereas functionalized 
La(225Ac)PO4 NPs retained ~87% of 213Bi in vivo, 120 h post-injection.13 In a subsequent study, the in 
vitro retention of 221Fr was enhanced to 90.9 ± 0.9% by developing a core–shell structure composed of 
a La0.25Gd0.75PO4 core, four GdPO4 shells, and a gold layer.14 In vivo studies showed that 84 ± 3% of 
the injected dose from 213Bi was retained in lung tissue and less than 3% migrated to the kidneys 24 h 
post-injection when using functionalized core–shell NPs.15 These results are of utmost importance 
because renal toxicity caused by the relocation of 213Bi is one of the limiting factors of using 225Ac for 
patient treatment.14 Core–shell La(223Ra)PO4 structures were also studied for the encapsulation of 223Ra 
and the retention of its decay daughters, where a quantitative retention of both 223Ra and 211Pb was 
obtained in vitro using La(223Ra)PO4 core +2 shells NPs.16 The promising results obtained with 
La(223Ra)PO4 core +2 shells NPs could contribute to the application of radium radionuclides for cancer 
treatment beyond bone diseases after modification of their surface for facile attachment of the NP-
construct to targeting vectors including aptamers, peptides, and antibodies. Overall, the partial 
encapsulation and retention of α-emitting radionuclides, and the multimodal molecular imaging 
capabilities of lanthanide phosphate NPs, make them a unique platform for theranostic applications.17–

21

The clinical efficacy of Xofigo® (223RaCl2) has encouraged the development of 
radiopharmaceuticals based on α-emitting radionuclides.22 Thorium-227 (T1/2 = 18.7 d) is an α-emitting 
radionuclide in the 227Ac decay chain that has gained significant attention for its potential use in TAT. 
Similarly to 223Ra, 227Th can be produced in large quantities from the ß-decay of 227Ac, which in turn is 
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produced via neutron irradiation of a 226Ra target in a nuclear reactor.23 In contrast to 223Ra, 227Th can 
form stable complexes with chelating ligands such as 1,4,7,10-Tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA) and 1-methyl-3-hydroxy-pyridin-2-one (Me-3,2-HOPO) for the synthesis of 
targeted thorium conjugates.24–32 Organic and inorganic NPs have also been proposed as delivery 
platforms that encapsulate therapeutic α-emitting radionuclides such as 223/224/225Ra, 225Ac, and 227Th. 
Liposomes and polymersomes are the main organic NPs that have been studied for TAT applications,33–

42 whereas inorganic NPs include compounds such as lanthanide phosphate,13–16 gadolinium 
vanadate,43,44 zeolites,45,46 iron oxide,47,48 hydroxyapatite,49–51 gold,52 calcium carbonate,53,54 barium 
sulfate,55 titanium dioxide,56 and polyoxopalladate.57 Motivated by the promising application of 227Th 
and nanomaterials in TAT, La(227Th)PO4 core (C) and core +2 shells (C2S) NPs were evaluated as 
delivery platforms of 227Th to minimize the relocation of decay daughters from the target site. The 
selection of La(227Th)PO4 C and C2S NPs is based on the promising results obtained with both 225Ac 
and 223Ra.14,16 Partial encapsulation and retention of 227Th and decay daughters was obtained in vitro 
using La(227Th)PO4 C NPs, whereas >99.75% of the initial activity of 227Th, 223Ra, and 211Pb was 
retained in La(227Th)PO4 C2S NPs. These results combined with the results obtained with 225Ac13–15 and 
223/225Ra16 demonstrate the remarkable ability of lanthanide phosphate NPs to act as delivery platforms 
for α-emitting radionuclides. The cytotoxicity of LaPO4 C and C2S NPs on RAW 264.7 murine 
macrophage and BT-474 human breast cancer cells were assessed based on their potential application 
in biological systems. RAW 264.7 cells were selected because they represent an appropriate model of 
macrophages that are capable of performing both phagocytosis and pinocytosis.58 Overall, core–shell 
LaPO4 NPs are promising radionuclide delivery platforms for theranostic applications that have 
inherently low cytotoxicity, exhibit a high retention of 227Th and decay daughters, and can potentially 
incorporate multimodal imaging functionalities.

2 Experimental section
2.1 Reagents and Materials

LaCl3·7H2O (99.9%) and Na5P3O10 (>98%) were purchased from Sigma Aldrich (St. Louis, MO) 
and used without further purification. A Milli-Q® water purification system was used to obtain deionized 
water (18 MΩ·cm). Spectra/Por® biotech regenerated cellulose membrane with an 8–10 kDa molecular 
weight cutoff (Repligen Corporation, Waltham, MA) was used for NP purification. Thorium-227 was 
obtained from 227Ac (T1/2 = 21.7 years) generated via thermal neutron irradiation of a 226Ra target. 
Recovery of carrier-free 227Th was achieved using an anion exchange resin (BIO-RAD AG® MP1-M 
100-200 mesh). First, 0.1 M HNO3 with 227Th in equilibrium with decay daughters was loaded on a 0.3 
mL column of MP1-M resin. Radium-223 and decay daughters were eluted from the column after 
washing with 8 column volumes of 8 M HNO3, subsequently 8 column volumes of 0.1 M HNO3 were 
used to obtain carrier-free 227Th. Radiochemical synthesis of La(227Th)PO4 C and C2S NPs was carried 
out using carrier-free 227Th(NO3)4.

2.2 Synthesis of La(227Th)PO4 C and C2S NPs
The synthesis of La(227Th)PO4 C and C2S NPs was completed in aqueous media by precipitation 

of La3+ and [PO4]3− from LaCl3·7H2O and Na5P3O10.59,60 Three synthesis procedures were followed to 
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prepare La(227Th)PO4 C and C2S NPs by varying either the volume or concentration of reagents (Table 
1), while following the same synthetic steps. Briefly, a 1:1 volume ratio of LaCl3:Na5P3O10 was used 
for the synthesis of La(227Th)PO4 C NPs at two reagent concentrations, 0.1 M (procedure A) and 0.01 
M (procedure C). In procedure B, La(227Th)PO4 C NPs were prepared using a 1:2 volume ratio of 
LaCl3:Na5P3O10 with both reagents at 0.1 M. Initially, a 0.1 M HNO3 solution containing 12–49 µCi of 
227Th was evaporated to dryness inside a 3 mL Pyrex V-vial using an infrared heat lamp and a hot plate. 
The LaCl3 solution was added to the vial and stirred for 10–15 min. Then, the Na5P3O10 solution was 
added drop-by-drop under constant stirring, and the mixture was heated at 90°C for 3 h using a Reacti-
Therm™ heating and stirring module. After synthesis, the La(227Th)PO4 C NP suspension appeared 
turbid and was dialyzed overnight against deionized water and then divided into two equal parts: one 
for radionuclide retention studies and the other for core–shell synthesis. The deposition of the first 
nonradioactive LaPO4 shell was completed by mixing a solution containing a 1:2 volume ratio of 
LaCl3:Na5P3O10 with the dialyzed La(227Th)PO4 C NP suspension (Table 1) and heating this mixture at 
90°C for 3 h using a Reacti-Therm™ heating and stirring module. The deposition of the second shell 
was completed by adding a solution containing a 1:2 volume ratio of LaCl3:Na5P3O10 (Table 1) into the 
ongoing shell reaction, while heating for an additional 3 h. The turbid La(227Th)PO4 C2S NP suspension 
was dialyzed overnight to remove unreacted radionuclides, and then the dialysate was replaced with 
fresh deionized water to assess the retention of radionuclides over time. For characterization purposes, 
nonradioactive core–shell LaPO4 NPs were synthesized following the same concentrations, volume 
ratios, and synthetic steps described for La(227Th)PO4 C and C2S NPs.

Table 1 Volume and concentration of reagents used for the synthesis of La(227Th)PO4 C and C2S 
NPs.

Volume and concentration of reagents
Core Shells

LaCl3 Na5P3O10 LaCl3 Na5P3O10
Procedure

Vol. (µL) Conc. (M) Vol. (µL) Conc. (M) Vol. (µL) Conc. (M) Vol. (µL) Conc. (M)
A 500 0.1 500 0.1 250 0.1 500 0.1
B 500 0.1 1,000 0.1 250 0.1 500 0.1
C 500 0.01 500 0.01 250 0.01 500 0.01

2.3 Characterization of LaPO4 C and C2S NPs 
LaPO4 C and C2S NPs suspensions were precipitated by centrifugation, dried at 80°C for 8 h in 

a muffle furnace, and then ground using a mortar and pestle. Powder X-ray diffraction was performed 
using a PANanalytical X’Pert Pro MPD X-ray diffractometer operated at 45 kV and 40 mA with a Cu 
anode (Cu kα, λ = 1.504 Å). The NP morphology was assessed using transmission electron microscopy 
in a FEI Titan (300 kV) and a Zeiss Libra (120 kV). LaPO4 C and C2S NP suspensions were diluted 
100 times in deionized water and then drop-casted onto a 300 mesh formvar/carbon copper grid. The 
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particle size distribution and zeta potential of LaPO4 C and C2S NP suspensions diluted either 100 
(procedures A and B) or 10 (procedure C) times in phosphate buffered saline (1X, pH 7.2) were 
characterized by dynamic light scattering and phase analysis light scattering using a ZetaPALS 
(Brookhaven Instruments Corporation, NY). The stability of LaPO4 C NPs (procedure A) was assessed 
based on the concentration of La cations in the dialysate after dialyzing the NP suspensions against 
deionized water at different hydrogen ion concentrations. Deionized water (pH 5.7) was used as a 
control for stability studies since the evaluation of encapsulation and retention of radionuclides was 
carried out with this solvent. LaPO4 C NPs were also subjected to both acidic (pH 2.4 and 3.5) and 
alkaline (pH 8.8 and 10) conditions by adjusting the dialysate’s pH with 1 M HCl and 1 M NaOH. 
Aliquots were taken periodically (4, 24, 48, and 72 h) from the dialysate and the concentration of La 
was determined by inductively coupled plasma–optical emission spectroscopy using an Agilent 5110. 
An inductively coupled plasma standard containing 1,000 ppm of La was serially diluted from 100 to 
0.1 ppm to build a calibration curve. The particle size distribution and zeta potential of LaPO4 NP 
suspensions dialyzed at different hydrogen ion concentrations were characterized as prepared and 
without further dilution using a NanoPlus HD (Micromeritics®). Chemical yields of LaPO4 C NPs were 
also determined by measuring the La cation concentration after dialysis of the NP suspension against 
deionized water. Elemental composition analysis by X-ray photoelectron spectroscopy was carried out 
using a ThermoFisher Escalab 250 with a monochromated aluminum X-ray source. Sample preparation 
consisted of drop-casting LaPO4 C NP suspensions before and after dialysis onto a silicon wafer and 
allowed to dry. Software CasaXPS 2.23.22 was used for spectra analysis.

2.4 Radionuclide encapsulation in La(227Th)PO4 C and C2S NPs
Radionuclide encapsulation was evaluated in vitro by dialyzing both La(227Th)PO4 C and C2S 

NPs against deionized water as reported previously.13,14,16,43,44 The activity of 227Th, 223Ra, and 211Pb 

was determined by γ-ray spectroscopy using a high-purity germanium detector (Ortec, Oak Ridge, TN) 
with a crystal active volume ~100 cm3 and a Be window that was coupled to a PC-based multichannel 
analyzer (Canberra Industries, Meriden, CT). The γ-ray energies and intensities used to determine the 
activity of each radionuclide were 227Th (235.9 keV, 12.9%), 223Ra (269.5 keV, 13.9%), and 211Pb 
(404.8 keV, 3.8%).61 Energy and efficiency calibrations were determined by γ-ray sources traceable to 
the National Institute of Standards and Technology. For La(227Th)PO4 C and C2S NPs prepared 
following procedures B and C, the leakage and error bars were calculated from a single experiment 
considering the error propagation from the uncertainties associated to pipetting, detector efficiency, and 
activity measurement. The leakage of 211Pb was corrected to account only for the fraction of activity 
leaking from La(227Th)PO4 C and C2S NPs rather than that originating from 223Ra in the dialysate. 
Radionuclide leakage was calculated from the ratio between the activity in the dialysate aliquot and the 
activity of the NP suspension within the dialysis membrane, after adjusting for volume loss due to the 
aliquots withdrawn and radioactive decay. The radiochemical yield of 227Th was calculated based on 
the initial activity, the activity lost during synthesis in the Pyrex V-vial and pipette tips, and the total 
activity lost during dialysis.
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2.5 Cytotoxicity of LaPO4 C and C2S NPs
RAW 264.7 murine macrophage and BT-474 human breast cancer cell lines were obtained from 

the American Type Culture Collection (ATCC®, Manassas, VA). Cells were seeded in a 75 cm2 cell 
culture flask (Corning®) and cultured at 37°C in humidified air containing 5% CO2. A 1:1 mixture of 
Dulbecco’s Modified Eagle’s Medium and Ham’s F12 medium supplemented with 10% fetal calf 
serum, 2 mM L-glutamine, 100 I.U./mL penicillin, and 100 µg/µL streptomycin, was used to culture 
both cell lines (DMEM/F12 complete medium). RAW-264.7 cells were passaged by scraping, while 
trypsinization was used for BT-474 cells. Approximately 1 × 105  RAW 264.7 cells per well were seeded 
in a flat-bottom tissue culture–treated 96-well plate (Corning® Costar®) and incubated for 24 h at 37°C 
in humidified air containing 5% CO2. Similarly, 3 × 103  BT-474 cells per well were seeded in either a 
flat-bottom tissue culture treated 96-well plate (Corning® Costar®) or a U-bottom cell culture 96-well 
microplate (Greiner Bio-One, Monroe, NC), followed by 72 h of incubation at 37°C in humidified air 
containing 5% CO2. BT-474 spheroids were formed in non-adherent U-bottom microplates, while tissue 
culture treated flat-bottom plates were used to grow monolayers. Both configurations were used to 
assess the toxicity of nonradioactive LaPO4 C and C2S NPs.

Cytotoxicity assessment of nonradioactive LaPO4 C and C2S NPs was performed using 3 (4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and CellTiter-Glo® 3D (Promega) 
assays. A serial dilution of LaPO4 C and C2S NPs in DMEM/F12 complete medium from 1,871 μg/mL 
to 29.2 μg/mL was added to each plate in triplicate. The proposed concentrations encompass a broad 
range, which were chosen based on previous research performed with LaPO4:Tb nanorods.62 This 
information will serve as a baseline reference for further in vitro and in vivo assessment of radioactive 
LaPO4 NPs. After 24 h of incubation, the MTT assay was performed, on the monolayer cultures, as 
reported by Mosmann et al.,63 and the absorbance was measured 3 h after the addition of isopropanol, 
using a Cytation 1 cell imaging reader (BioTek Instruments Inc., Winooski, VT). The BT-474 spheroids 
were incubated for 24 h in the presence of the NPs and then assayed using the CellTiter-Glo® 3D 
following the reported protocol.64 The percentage of cell viability was calculated from the ratio of either 
the absorbance or luminescence of treated cells with respect to those untreated.

3 Results and Discussion

3.1 Synthesis of LaPO4 C and C2S NPs
The reagent concentrations and volume ratios proposed in procedure A were selected based on 

the results obtained with La(223Ra)PO4 core-shell NPs,16 while the magnitudes used in procedure B are 
based on the results reported for Ln(225Ac)PO4 core-shell NPs.14 It is expected that increasing the 
LaCl3:Na5P3O10 volume ratio from 1:1 (procedure A) to 1:2 (procedure B) will result in La(227Th)PO4 
C NPs having a narrower size distribution. The reason for decreasing the reagent concentration from 
0.1 M (procedures A and B) to 0.01 M (procedure C) during the synthesis of LaPO4 C and C2S NPs 
was to increase the 227Th/La ratio by one order of magnitude. To a certain extent, this experiment will 
simulate the capacity of LaPO4 core-shell NPs to encapsulate a higher fraction of radionuclides and thus 
higher specific activities. Overall, the pH of the LaCl3-Na5P3O10 mixture was higher than that of the 
LaPO4 C NP suspension for the different synthesis procedures (Table S1 in the electronic supporting 
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information; ESI). Dialyzing the NP suspension against deionized water or a buffer can aid in adjusting 
the suspension’s pH to a specific value (Table S1 in the ESI). Modifying the LaCl3:Na5P3O10 ratio did 
not influence the particle formation, where the chemical yield of LaPO4 C NPs was 96.6 ± 0.2% and 
94.7 ± 0.4% for samples prepared following procedures A and B, respectively. X-ray photoelectron 
analysis showed that the elemental composition of LaPO4 C NPs includes mainly La, P, and O (Fig. S1 
in the ESI). Among additional elements observed in the spectra, there was a significant difference in 
the fraction of sodium before and after dialysis of LaPO4 C NPs. These sodium cations, which originate 
from the reagents used for synthesis, segregate, or accumulate on the surface of LaPO4 C NPs (Fig. S1a 
in the ESI). Dialysis of LaPO4 C NP suspensions successfully removes all unreacted sodium from the 
NPs (Fig. S1b in the ESI).

3.2 Crystal structure and morphology of LaPO4 C and C2S NPs
A hexagonal crystal system with space group P6222 (powder diffraction file: 01-075-1881) was 

obtained for LaPO4 C and C2S NPs synthesized as described for Procedure A (Fig. 1). An increase in 
the crystallite size from 4.1 ± 0.5 nm to 5.6 ± 0.2 nm is consistent with an epitaxial growth after the 
deposition of two LaPO4 shells onto the LaPO4 C NPs.59 As shown in Fig. S2 in the ESI, LaPO4 C NPs 
synthesized using procedure B are characterized by a hexagonal crystal system and a crystallite size of 
4.0 ± 1.1 nm. It is expected that the deposition of two LaPO4 shells onto LaPO4 C NPs prepared 
following procedure B will yield a similar increase in crystallite size as was obtained using procedure 
A.

Fig. 1 Increase in crystallite size after deposition of two LaPO4 shells onto LaPO4 C NPs. Diffraction 
patterns of LaPO4 C and C2S NPs synthesized following procedure A.

The LaPO4 C (Fig. 2) and C2S (Fig. 3) NPs synthesized using procedure A were characterized 
with either spherical or ellipsoidal shapes, having a mean particle size of 4.5 ± 1.2 nm and 5.4 ± 0.9 nm, 
respectively. The lattice fringes from (200) planes of LaPO4 having a hexagonal crystal system were 
observed in both LaPO4 C and C2S NPs (Figs. 2b and 3b). The resemblance between the mean particle 
size and the crystallite size suggests that both LaPO4 C and C2S NPs correspond to single crystals. A 
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similar morphology is expected after varying the concentration of reagents, where <10 nm spherical 
and ellipsoidal LaPO4 C NPs were obtained after following procedure C (Fig. S3 in the ESI).

Fig. 2 Spherical and ellipsoidal LaPO4 C NPs synthesized following procedure A. Transmission 
electron micrographs of LaPO4 C NPs having a mean particle size of 4.5 ± 1.2 nm. LaPO4 C NPs are 
pointed out by black arrows in (a) and (b), whereas the lattice fringes in a LaPO4 C NP are highlighted 
in (b). The lattice fringes correspond to the (200) planes having a d200 = 3.02 Å.

Fig. 3 Spherical and ellipsoidal LaPO4 C2S NPs synthesized following procedure A. Transmission 
electron micrographs of LaPO4 C2S NPs having a mean particle size of 5.4 ± 0.9 nm. LaPO4 C2S NPs 
are pointed out by black arrows in (a) and (b), whereas the lattice fringes in a LaPO4 C2S NP are 
highlighted in (b). The lattice fringes correspond to the (200) planes having a d200 = 3.06 Å.
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3.3 Size distribution, zeta potential, and stability of LaPO4 C and C2S NPs
Representative size distributions of LaPO4 C and C2S NPs synthesized following different 

procedures, as described in Table 1, are displayed in Fig. S4 in the ESI. LaPO4 C NPs showed a lower 
effective diameter compared to that of LaPO4 C2S NPs for the different procedures (Table S2 in the 
ESI). The small effective diameter (46.6 ± 0.6 nm) and polydispersity index (0.150 ± 0.009) obtained 
for LaPO4 C NPs synthesized according to procedure B, are associated with an increase in Na5P3O10 
concentration. The higher concentration of Na5P3O10 (1:2 volume ratio of LaCl3:Na5P3O10) contributed 
to a greater fraction of tripolyphosphate (P3O10

5–) and pyrophosphate (P2O7
4–) species that limited the 

growth and enhanced the stability of the particles. The increase in effective diameter and polydispersity 
after shell deposition is assumed to be related to aggregation of the particles resulting from consumption 
of stabilizing species (P3O10

5– and P2O7
4–). The deposition of nonradioactive LaPO4 shells onto LaPO4 

C NPs shifted the zeta potential to less negative values for the different procedures (Table S2 in the 
ESI). This shift in zeta potential values is associated with the consumption of negatively charged 
stabilizing species (P3O10

5– and P2O7
4–) on the particle surface during shell deposition.60 Overall, a 

significant difference in the mean zeta potential was observed between LaPO4 C and C2S NPs 
synthesized by procedures A and C with respect to LaPO4 C and C2S NPs prepared following procedure 
B (p < 0.05).  

The fraction of La cations in the dialysate was used as a tool to assess the stability of LaPO4 C 
NPs, synthesized following procedure A, at different hydrogen ion concentrations (pH 2.4, 3.5, 5.7, 8.8, 
and 10.0). These hydrogen ion concentrations were selected to study how alkaline and acidic conditions 
can promote the release of La cations over time and hence influence the stability of LaPO4 NPs. 
Although LaPO4 C NPs were not exposed to biologically relevant conditions (pH 7.4), the proposed 
hydrogen ion concentrations encompass a broad range of pH that will help elucidate the response of 
LaPO4 NPs in the cellular and tumor microenvironment. For instance, the local pH in tumor 
microenvironments can range between 5.5 and 7.0,65 whereas a phagolysosomal pH ~4.9 has been 
measured in vivo in alveolar macrophages.66 The fraction of La in dialysates kept between a pH of 5.7 
and 10.0 was <4% (Fig. 4), which is consistent with the 5% of lanthanide ions present on the particle 
surface shell.60 As shown in Fig. S5 in the ESI, LaPO4 C NPs dialyzed for 72 h at these conditions (pH 
5.7–10.0) yielded multimodal size distributions, having an effective diameter >100 nm and a zeta 
potential ca. –35 mV (Table S3 in the ESI). Increasing the dialysate pH contributed to an increase in 
the effective diameter and the polydispersity index of LaPO4 C NPs (Table S3 in the ESI). Decreasing 
the pH of the dialysate to 3.5 caused a continuous increase in the fraction of La over time to a maximum 
of 8.0 ± 0.2% after 72 h (Fig. 4). It is assumed that maintaining LaPO4 C NPs at a pH of 3.5 for 72 h 
may have compromised their stability (i.e., the particles were partially dissolved) because the 
concentration of La cations in the dialysate was >5%. LaPO4 C NPs dialyzed at a pH of 3.5 were 
characterized by low colloidal stability associated with a neutral zeta potential (~0 mV), which led to 
significant particle precipitation during dynamic light scattering characterization. At a pH of 2.4, 103.9 
± 4.4% of La cations were found in the dialysate after 24 h in dialysis, suggesting that LaPO4 C NPs 
must be kept at a pH greater than 3.5 to prevent their dissolution. Although the likelihood of 
encountering a pH below 3.5 in vivo is only expected within the stomach cavity, LaPO4 NPs showed 
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great stability over a broad pH range (5.7–10.0). Testing LaPO4 C and C2S NPs over this broad pH 
range should ensure that the particles are robust enough to survive the in vivo tissue and tumor 
microenvironments.  

Fig. 4 LaPO4 C NPs are relatively stable above pH 3.5. Fraction of La cations in dialysate over time 
after dialysis of LaPO4 C NPs, synthesized following procedure A, against deionized water having 
different hydrogen ion concentrations. Less than 4% of La cations were observed in the dialysate after 
dialysis at a pH between 5.7 and 10.0, whereas decreasing the pH to 3.5 and 2.4 led to 8.0% and >100% 
of La cations in the dialysate, respectively.

3.4 Radionuclide encapsulation in La(227Th)PO4 C and C2S NPs
Figure 5 shows the fraction of activity, referred to as leakage, in the dialysate of 227Th, 223Ra, and 

211Pb from La(227Th)PO4 C and C2S NPs synthesized following procedure A. The leakage of 227Th from 
La(227Th)PO4 C NPs reached a maximum of 1.0 ± 0.7% after 23 days, while the maximum leakage of 
decay daughters was 0.8 ± 0.4% for 223Ra and 1.3 ± 0.8% for 211Pb. The deposition of two LaPO4 shells 
onto La(227Th)PO4 C NPs decreased the activity of radionuclides in the dialysate by one order of 
magnitude, resulting in a leakage of ≤0.08 ± 0.02% for 227Th, ≤0.13 ± 0.08% for 223Ra, and ≤0.15 ± 
0.09% for 211Pb (Fig. 5b). A greater concentration of Na5P3O10 during synthesis of La(227Th)PO4 C NPs, 
samples prepared using procedure B, increased the leakage of radionuclides over time with respect to 
samples synthesized following procedure A (Fig. 6a). This increase in dialysate activity may be related 
to the formation of radionuclide complexes, particularly 227Th complexes with pyrophosphate groups 
(P2O7

4–), encouraged by the higher concentration of Na5P3O10. The fraction of activity of 223Ra was 
slightly lower than that of 227Th, whereas the leakage of 211Pb reached a maximum of 10.8 ± 1.0% after 
3 days and then decreased to ~4%. The retention of radionuclides was enhanced significantly in 
La(227Th)PO4 C2S NPs, where all the radionuclides evaluated had a leakage below 0.25%, and in some 
cases, no activity was found in the dialysate (Fig. 6b). La(227Th)PO4 C NPs, synthesized following 
procedure C, had a maximum leakage of 0.33 ± 0.05% for 227Th after 6 days, and no activity was 
detected in the dialysate after 13 days (Fig. 7a). A maximum leakage of 20.3 ± 1.1% for 223Ra and 13.5 
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± 1.0% for 211Pb was obtained for La(227Th)PO4 C NPs prepared following procedure C. Deposition of 
two LaPO4 shells enhanced the retention of decay daughters, which showed a continuous increase in 
activity over time to a maximum of 5.9 ± 0.4% for 223Ra and 6.3 ± 0.5% for 211Pb after 31 days (Fig. 7b). 
Compared to Gd(227Th)VO4 C and C2S NPs both La(227Th)PO4 C and C2S NPs displayed enhanced 
encapsulation of 227Th and retention of its decay daughters, 223Ra and 211Pb. The maximum leakage of 
223Ra (20.3 ± 1.1%) and 211Pb (13.5 ± 1.0%) obtained in this work were lower than the leakage observed 
from Gd(227Th)VO4 C2S NPs (~25% for 223Ra and >30% for 211Pb).44 The enhanced retention of 223Ra 
and 211Pb within La(227Th)PO4 NPs may be related to the nine-fold coordination of 227Th cations, 
compared with the eight-fold coordination of 227Th in Gd(227Th)VO4 NPs.12 It has been calculated based 
on a La concentration of 0.1 M and the fact that a 5 nm LaPO4 C NP contains ca. 1,000 La cations,13 
that there is roughly 1 227Th cation per 7,000–29,000 LaPO4 C NPs when using 12–49 µCi of 227Th, 
respectively. The specific activity of LaPO4 C NPs synthesized by procedure A and C is approximately 
4.6 µCi/mg and 46 µCi/mg, respectively. These estimates and the radionuclide encapsulation results 
suggest that there is ample capacity to increase the specific activity of 227Th in La(227Th)PO4 C NPs for 
therapeutic applications.

Fig. 5 Enhanced 227Th encapsulation and retention of decay daughters (223Ra and 211Pb) after deposition 
of two LaPO4 shells onto La(227Th)PO4 NPs synthesized following procedure A. Leakage of 227Th, 
223Ra, and 211Pb from La(227Th)PO4 (a) C and (b) C2S NPs. Radionuclide leakage did not exceed 2.0% 
in La(227Th)PO4 C NPs, whereas a 10-fold reduction in leakage was obtained after deposition of two 
LaPO4 shells. The results shown are the mean and standard deviation of two and four independent 
experiments for La(227Th)PO4 C and C2S NPs, respectively.
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Fig. 6 Enhanced 227Th encapsulation and retention of decay daughters (223Ra and 211Pb) after deposition 
of two LaPO4 shells onto La(227Th)PO4 NPs synthesized following procedure B. Leakage of 227Th, 
223Ra, and 211Pb from La(227Th)PO4 (a) C and (b) C2S NPs. Radionuclide leakage was below 12.0% in 
La(227Th)PO4 C NPs, whereas less than 0.2% leakage was obtained after deposition of two LaPO4 shells. 
Data represent the result of a single experiment (see Section 2.4 for propagation of uncertainty details).

Fig. 7 Enhanced 227Th encapsulation and retention of decay daughters (223Ra and 211Pb) after deposition 
of two LaPO4 shells onto La(227Th)PO4 NPs synthesized following procedure C. Leakage of 227Th, 
223Ra, and 211Pb from La(227Th)PO4 (a) C and (b) C2S NPs. Decay daughter leakage was ~20% in 
La(227Th)PO4 C NPs, whereas there was a 4-fold decrease in leakage after deposition of two LaPO4 
shells. Data represents the result of a single experiment (see Section 2.4 for propagation of uncertainty 
details).

The 227Th radiochemical yields obtained for La(227Th)PO4 C and C2S NPs prepared by the 
different procedures are summarized in Table 2. As indicated for procedure A, no significant difference 
between the radiochemical yields of La(227Th)PO4 C and C2S NPs was observed, and the mean value 
was >94%. La(227Th)PO4 C NPs prepared following Procedures B and C exhibited 227Th radiochemical 
yields <90%, while the mean radiochemical yield of La(227Th)PO4 C2S NPs was >92% (Table 2). 
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Overall, the mean radiochemical yield of La(227Th)PO4 C2S NPs was greater than that of La(227Th)PO4 
C NPs for most of the samples. The high 227Th radiochemical yields of La(227Th)PO4 C and C2S NPs 
may be attributed to the high capacity of the LaPO4 crystal lattice to encapsulate tetravalent actinides.12 
The fraction of 227Th cations adsorbed on the particle surface, due to an electrostatic interaction between 
Th4+ and P2O7

4–, is likely responsible for the activity of 227Th detected over time in the dialysate for 
both La(227Th)PO4 C and C2S NPs. For instance, La(227Th)PO4 C NPs prepared following procedure B 
had a maximum leakage of 227Th of 7.2 ± 0.4%, but less than 1.0 ± 0.7% of 227Th activity was found in 
the dialysate when using procedure A. The activity of 227Th in the dialysate decreased after deposition 
of two LaPO4 shells because the adsorbed surface species were either removed during dialysis, 
consumed during synthesis, or both.

Table 2 Radiochemical yields of La(227Th)PO4 C and C2S NPs synthesized using different procedures.

Radiochemical yield (%)
Procedure La(227Th)PO4 C La(227Th)PO4 C2S

A 96.8 ± 2.3 94.4 ± 3.8
B 87.5 ± 11.4 92.4 ± 11.7
C 85.8 ± 11.5 98.1 ± 12.6

The lower leakage of 223Ra compared with that of 227Th from La(227Th)PO4 C NPs, synthesized 
using procedures A and B (Figs. 5 and 6), is attributed to 223Ra leaking from the particles while the 
fraction of 227Th in the dialysate originates from cations adsorbed onto the particle surface. The higher 
activity of 211Pb in the dialysate relative to both 227Th and 223Ra is associated with its greater recoil 
energy compared to 223Ra, and the fact that 211Pb is the fourth decay daughter. The partial retention of 
223Ra and 211Pb in La(227Th)PO4 C and C2S NPs is attributed to their recoil energy and hence, their 
range within LaPO4.13 In LaPO4 with an estimated density of 5.12 g/cm3 the range of 223Ra (~110 keV) 
and 211Pb (~140 keV) is 27.0 nm and 32.6 nm, respectively.67 Recoil energies were calculated using 
classical conservation of momentum, whereas the Stopping and Range of Ions in Matter program was 
used to estimate the range of radionuclides in LaPO4. Based on the calculated recoil energies and ranges, 
a greater fraction of 223Ra and 211Pb activity would normally be detected in the dialysate (~100%), for 
both La(227Th)PO4 C and C2S NPs, than was observed. Potentially, the recoil energy of each decay 
daughter is partially distributed to the NP by translational, rotational, and vibrational modes.13,68,69 
Considering the complex bond structure of a NP and its relative mass with respect to that of the decay 
daughter, the effective recoil energy available for bond rupture may be decreased by ~103.13,68 A 
simplified mathematical expression for the effective energy available for bond breaking is represented 
by

,𝐸𝑒𝑓𝑓
𝑟 = 𝐸𝑚𝑎𝑥

𝑟
𝑀𝐷𝐷

𝑀𝐷𝐷 + 𝑀𝑁𝑃
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where  is the maximum recoil energy,  is the atomic weight of the decay daughter, and  𝐸𝑚𝑎𝑥
𝑟 𝑀𝐷𝐷 𝑀𝑁𝑃

is the molecular weight of the NP.13,68 Therefore, a low effective energy for bond rupture will result in 
a shorter range of decay daughters in LaPO4 and hence, greater retention. The leakage of 223Ra and 
211Pb decreased after the deposition of two LaPO4 shells onto La(227Th)PO4 C NPs for each of the 
different synthesis procedures (Figs. 5–7). This enhanced radioisotope retention is partially attributed 
to the nonradioactive shells functioning as a dense atomic barrier,14,16,43,44 which prevents decay 
daughters from leaking. The greater mass and moment of inertia of the La(227Th)PO4 C2S relative to 
that of the La(227Th)PO4 C NPs may also lead to a larger fraction of the recoil energy being distributed 
through translational and rotational modes, which in turn enhances the retention of decay daughters.

3.5 Cytotoxicity of LaPO4 C and C2S NPs
LaPO4 C and C2S NP suspensions prepared using procedure A were selected for cytotoxic 

evaluation given the high radionuclide encapsulation obtained with La(227Th)PO4 C and C2S NPs and 
hence their promising application in TAT. The cytotoxicity of LaPO4 C and C2S NPs was assessed by 
measuring the metabolic activity (MTT assay) of RAW 264.7 murine macrophage and BT-474 human 
breast cancer cells cultured in monolayer formats. The cell viability of RAW 264.7 cells was ~90% for 
concentrations of LaPO4 C NPs between 29.2 µg/mL and 58.5 µg/mL, >100% from 116.9 µg/mL to 
935.5 µg/mL, and <60% for 1,817 µg/mL (Fig. 8). A decrease to ~90% in cell viability between 
29.2 µg/mL and 58.5 µg/mL may be attributed to a shift in zeta potential values to less negative (Table 
S4 in the ESI), which may facilitate an electrostatic interaction between the particles and the cell 
membrane.70 The shift in zeta potential to less negative values as a consequence of NP concentration is 
related to contributions from extraneous particulate matter and has also been associated with an increase 
in particle size.71 Compared with LaPO4 C NPs, LaPO4 C2S NPs displayed higher cytotoxicity for all 
the concentrations evaluated (Fig. 8), and at 935.5 µg/mL and 1,817 µg/mL, the cell viability dropped 
to 55.1 ± 1.4% and 16.8 ± 1.2%, respectively. The greater toxicity exhibited by LaPO4 C2S NPs on 
RAW 264.7 cells is assumed to be related to their larger size compared with that of LaPO4 C NPs. 
Overall, no significant morphological changes in RAW 264.7 macrophage cells were observed after 
incubation for 24 h with LaPO4 C and C2S NPs and an increase in cell density shows that the NPs did 
not significantly alter the cell growth (Fig. S6 in the ESI).
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Fig. 8 LaPO4 C2S NPs are more cytotoxic to murine macrophage cells than LaPO4 C NPs. The cell 
viability of RAW 264.7 murine macrophage cell line was determined by MTT assay after exposure for 
24 h to different concentrations of LaPO4 C and C2S NPs prepared following procedure A. 

Neither LaPO4 C nor C2S NPs exhibited toxic effects to monolayers of BT-474 cells at 
concentrations ranging from 29.2 µg/mL to 233.9 µg/mL (Fig. 9a), suggesting that BT-474 cells may 
be less sensitive than RAW 264.7 cells to the changes in concentration, size, and zeta potential of both 
LaPO4 C and C2S NPs. Increasing the concentration of LaPO4 C NPs above 467.7 µg/mL led to a 
decrease in cell viability below 51.9 ± 8.0%, whereas the cell viability was ~30% for concentrations of 
LaPO4 C2S NPs exceeding 935.5 µg/mL. At the highest concentration (1,871 µg/mL), a significant 
precipitation of particles was observed which led to RAW 264.7 and BT-474 cells being completely 
coated with the NPs, potentially limiting their access to nutrients and thereby inducing a greater 
cytotoxic effect. Morphological changes in BT-474 cells after incubation with either LaPO4 C or C2S 
NPs were difficult to assess due to the significant precipitation of particles on top of the cells even at 
the lowest concentration (Fig. S7 in the ESI). Assessment of particle cytotoxicity using BT-474 
spheroids takes advantage of a heterogeneous model where cell–cell interactions, oxygen gradients, and 
particle exposure provide a better approximation of in vivo tissue microenvironments.72–74 BT-474 
spheroids with an average diameter of 441.2 ± 17.5 µm were obtained after incubation of 3 × 103 cells 
per well for 72 h (Fig. S8 in the ESI). A decrease in cell viability with increasing concentration of both 
LaPO4 C and C2S NPs was observed with BT-474 spheroids (Fig. 9b). Both LaPO4 C and C2S NPs 
exerted cytotoxic effects on BT-474 cells when the concentration was >58.5 µg/mL, as evidenced by a 
cell viability <50%. The toxicity exerted by LaPO4 C2S NPs on BT-474 was significantly higher 
relative to that observed for all concentrations of LaPO4 C NPs (p < 0.01). The U-shape of the plate 
allowed for precipitation of NPs beneath and around BT-474 cell spheroids, increasing the overall 
relative exposure of cells to LaPO4 C and C2S NPs (Fig. S8 in the ESI). Further investigation is required 
to assess the cellular uptake, cytotoxic effects, and localization of LaPO4 C and C2S NPs in both 
monolayer and spheroid cultures. Surface modification of LaPO4 NPs to attach fluorescent dyes will 
allow for tracking of the cellular localization and identification of the potential associated cytotoxic 
effects. A feasible approach to label LaPO4 NPs with fluorescent dyes as well as targeting vectors may 
be based on carbodiimide crosslinker chemistry.13 These experiments will serve as controls when testing 
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and understanding the therapeutic effect (i.e., cytotoxicity) of La(227Th)PO4 C and C2S NPs in both 
monolayer and spheroid cultures.

Figure 9 Greater cytotoxic effect of LaPO4 C and C2S NPs on BT-474 human breast cancer cell 
spheroids relative to monolayer cultures. The cell viability of BT-474 cells in (a) monolayer culture and 
(b) spheroids was determined by MTT and CellTiter-Glo® 3D assays, respectively, after exposure for 
24 h to different concentrations of LaPO4 C and C2S NPs prepared following procedure A. * denotes 
statistically significant difference when compared cell viability of LaPO4 C and C2S NPs at each 
concentration (p < 0.01).

4 Conclusions
La(227Th)PO4 C and C2S NPs were evaluated as radionuclide delivery platforms for TAT 

applications to leverage their potential to encapsulate 227Th and retain decay daughters at the treatment 
site. This has the two-fold advantage of minimizing potential damage to normal tissue from circulating 
decay daughters (223Ra and 211Pb), while also increasing the local impact at the tumor site. The 
morphology, surface charge, and cytotoxicity of LaPO4 C and C2S NPs without their 227Th payload 
were characterized.  Morphological characterization of LaPO4 C and C2S NPs showed particles having 
a mean particle size below 6 nm with spherical and ellipsoidal shape, where the mean particle size and 
the crystallite size increased after the deposition of two LaPO4 shells onto LaPO4 C NPs. High 
encapsulation of 227Th was evidenced by the low levels of activity detected in the dialysate with a 
maximum leakage of 7.2 ± 0.4% and 0.17 ± 0.01% from La(227Th)PO4 C and C2S NPs, respectively. 
Deposition of two nonradioactive LaPO4 shells contributed to a significant increase in decay daughter 
retention (>93.7%) with respect to that obtained for La(227Th)PO4 C NPs (<80%). The cytotoxic effects 
of nonradioactive LaPO4 C and C2S NPs were evaluated in both cancer (epithelial) and immune 
(macrophage) cells types. Initial evaluation using monolayer configurations indicated that both LaPO4 
C and C2S NPs induced a significant decrease in cell viability at high concentrations (>935.5 µg/mL) 
for both BT-474 and RAW 264.7 cells. By comparison, BT-474 spheroids exposed to LaPO4 C and 
C2S NPs were more sensitive than BT-474 monolayer cultures. These results may point to a potentially 
additive effect of LaPO4 C and C2S NPs that could be leveraged for treating solid micrometastatic 
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tumors. Current efforts are focused on the surface modification of LaPO4 NPs with fluorescent dyes to 
assess their toxic effect based on cellular interactions and allow visual localization within individual 
cells and within tumor spheroids.
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