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ABSTRACT

Radionuclide therapy employing alpha emitters holds great potential for personalized cancer treatment. However, certain chal-
lenges remain when designing alpha radiopharmaceuticals, including the lack of stability of used radioconjugates due to nuclear
decay events. In this work, ultrasmall silver telluride nanoparticles with a core diameter of 2.1 nm were prepared and radiolabe-
led with lead-212 using a chelator-free method with a radiolabeling efficiency of 75%. The results from the in vitro radiochemical
stability assay indicated a very high retention of bismuth-212 despite the internal conversion effects originating from the decay
of 212Pb. To further evaluate the potential of the nanoparticles, they were radiolabeled with indium-111, and their cell uptake and
subcellular distribution were determined in 2D U87 cells, showing accumulation in the nucleus. Although not intentional, it was
observed that the indium-111-radiolabeled nanoparticles induced efficient tumor cell killing, which was attributed to the Auger
electrons emitted by indium-111. Combining the results obtained in this work with other favorable properties such as fast renal
clearance and the possibility to attach targeting vectors on the surface of the nanoparticles, all well-known from the literature,
these ultra-small silver telluride nanoparticles provide exciting opportunities for the design of theragnostic radiopharmaceuticals.

1 | Introduction radiopharmaceuticals very suitable to treat metastatic tumors,
while sparing surrounding healthy tissues [5].

Radionuclide therapy (RNT) is a cancer treatment modality

that typically uses radionuclides coupled to targeting vectors
to attack metastasized tumors [1]. The effectiveness of RNT
has been proven by numerous preclinical and clinical studies
of radiopharmaceuticals using alpha (&) and beta minus par-
ticles () [2]. Due to the high linear energy transfer (LET), a
particles can directly interact with the DNA molecules of tumor
cells, leading to lethal damage such as induction of double-
strand breaks (DSBs) [3]. Moreover, DNA damage by o particles
is not dependent on the oxygen level or the cell cycle of tumor
cells, providing the possibility to destruct tumors having high
radiation resistance [4]. Finally, a particles typically have short
ranges in tissues (i.e., equal to several cell diameters), making «

Currently in alpha RNT, the application of lead-212/bis-
muth-212 (*'*Pb/?!?Bi, t, ,,=10.6h and 60.5min, respectively)
in vivo generator is rapidly increasing [6]. Preclinical and
clinical evaluation of ?!2Pb-based radiopharmaceuticals has
been extensively reported in the literature for the treatment
of breast cancer [7-13], melanoma [14, 15], pancreatic can-
cer [16, 17], neuroendocrine cancer [18-20], ovarian cancer
[21-23], and brain metastases [24]. Moreover, the combina-
tion of 2%Pb (t, ,=51.9h, E =279.2keV, 80.94%) and 212pp has
been explored for tumor theragnostic applications [6, 25, 26].
Despite the positive results from these studies, it has been re-
ported that 37% of the daughter nuclide 2!2Bi is released from

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited and is not used for commercial purposes.

© 2024 The Author(s). Journal of Labelled Compounds and Radiopharmaceuticals published by John Wiley & Sons Ltd.

Journal of Labelled Compounds and Radiopharmaceuticals, 2024; 0:1-9
https://doi.org/10.1002/jlcr.4121

10f9


https://doi.org/10.1002/jlcr.4121
https://doi.org/10.1002/jlcr.4121
https://orcid.org/0000-0002-0542-3980
mailto:
mailto:a.g.denkova@tudelft.nl
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjlcr.4121&domain=pdf&date_stamp=2024-08-15

the used chelator complex (e.g., DOTA) due to the internal
conversion effect occurring during the decay of 22Pb [27].
Considering the complex in vivo environment, the free 212Bi3*+
ions are not likely to be recaptured by the chelator molecules
but will possibly distribute in the body according to their af-
finity to certain organs (i.e., mostly kidney uptake), leading to
undesired radiation burden [28].

Our group has previously shown that the loss of internally
converted daughter nuclides can be avoided by incorporating
the mother nuclide in core-shell structured gold nanoparticles
[29]. In the present work, we studied ultrasmall silver telluride
nanoparticles (Ag,TeNPs) with a core diameter of 2.1nm and a
hydrodynamic diameter of 2.5nm as a carrier of 2Pb. Besides
offering the possibility to retain 212Bi, the small size of these
Ag,TeNPs might also enable renal clearance and penetration
into the cell nucleus, providing more reasons to explore such
nanoparticles in alpha RNT.

2 | Methods and Materials
2.1 | Materials

Silver nitrate (>99.9%), L-glutathione (>98%),
5/6-carboxyfluorescein succinimidyl ester (FITC-NHS,
>90%) and sodium carbonate (>98%) were ordered from
Thermo Fisher Scientific (Landsmeer, the Netherlands).
Lead nitrate (> 99%), sodium tellurite (99%), and hydra-
zine hydrate (50%~60%) were purchased from Merck Sigma
(Zwijndrecht, the Netherlands). S-2-(4-Isothiocyanatobenzyl)-
diethylenetriamine pentaacetic acid (p-SCN-Bn-DTPA, > 90%)
and indium-111 (**InCl, in 0.01 M HCI) were kindly provided
by Erasmus Medical Center (Rotterdam, the Netherlands). The
224Ra/?12Pb generator was purchased from Oak Ridge National
Laboratory (ORNL, Oak Ridge, TN, USA). All chemicals were
used as received without further purification. Milli-Q water
was obtained from an in-house Milli-Q system (Millipore) and
used throughout this study.

2.2 | Elution of the ?>Ra/?'?Pb Generator

212Pp was obtained by slowly eluting the 22#Ra/?'?Pb generator
with 500uL of 2M HCI, followed by 250 uL of water. The col-
lected 2'?Pb solution was evaporated on a hot plate until soft
dryness. The residual was then redissolved in 500uL of 0.5M
sodium acetate (NaOAc) buffer (pH6.0). The elution efficiency
of 212Pb ranged from 87% to 99% (n > 5).

2.3 | Synthesis of Ultrasmall GSH-Ag,TeNPs

The synthesis of GSH-Ag,TeNPs was adapted from a previ-
ously reported protocol with minor adjustments [30]. In a typ-
ical synthesis, 1.5mL of 30mM silver nitrate (AgNO,), 1.5mL
of 15mM sodium tellurite (Na,TeO,), and 1.5mL of 90mM re-
duced L-glutathione (L-GSH) were mixed in an ice bath (0°C). A
total of 0.5mL of hydrazine hydrate (50%-60%, N,H,) was then
quickly injected into the mixture. The mixture was vigorously
mixed for 5min. The as-prepared GSH-Ag,TeNPs were washed

twice with water (10mL per wash) and twice with 1 x PBS buf-
fer (pH7.4, 10mL per wash) using Amicon centrifuge filters
(MWCO =10kDa) at 4200rpm for 20min at 4°C. The final vol-
ume of the GSH-Ag,TeNPs was adjusted to 2mL by 1x PBS and
stored at 4°C until further usage. The molar concentration of
the GSH-Ag,TeNPs in this stock solution was around 120 uM
(n>3). Detailed calculations can be found in the Supporting
Information.

2.4 | Characterizations

The shape and size of the nanoparticles were studied with a JEM-
1400 Plus transmission electron microscope (TEM, JEOL) at the
acceleration voltage of 120kV. The UV-vis absorption spectrum
of GSH-Ag,TeNPs was measured using a UV-vis-NIR spectro-
photometer (UV-6300PC, VWR). The hydrodynamic diameter
and zeta-potential of the nanoparticles were determined using
a zeta-sizer (nano-ZS, Malvern). The Ag content in the purified
GSH-Ag,TeNPs was determined using an ICP-MS (NexION®
2000, PerkinElmer) after being dissolved in concentrated nitric
acid. The results of the ICP-MS measurements were used to cal-
culate the concentrations of the nanoparticles.

2.5 | Conjugation of FITC on GSH-Ag,TeNPs

FITC waslinked to GSH-Ag,TeNPs via the NHS-amine reaction.
In a typical reaction, 15uL of 7mg/mL FITC-NHS in anhydrous
DMSO was added to 1 mL of purified GSH-Ag,TeNPs (20 uM) in
1 X PBS and left to react overnight at room temperature. The pro-
duced FITC-Ag,TeNPs were washed thrice by 1xPBS (10mL
per wash) using Amicon centrifuge filters MWCO =10kDa) at
4°C and redispersed in 1 mL 1 X PBS. The samples were stored at
4°C and protected from light. To prove the successful linkage of
FITC on the nanoparticles, the luminescent spectra of the FITC-
Ag,TeNPs and GSH-Ag,TeNPs were recorded using a Cary
Eclipse fluorescence spectrophotometer (Agilent, A, =495nm,
Ay =519nm).

2.6 | DTPA Conjugation on GSH-Ag,TeNPs

One hundred fifty microliters of purified GSH-Ag,TeNPs was
diluted to a total volume of 1 mL by PBS (30 uM). The pH of the
solution was adjusted to ~9.0 by adding 0.1M Na,CO, (typi-
cally 38 uL). Fifteen microliters of 13 mg/mL p-SCN-Bn-DTPA
(10 x molar excess to GSH-Ag,TeNPs) in anhydrous DMSO was
then added. The reaction was continued at 37°C for 2h under
constant shaking (800rpm). Unconjugated DTPA was removed
by washing the sample thrice (10mL of 1 X PBS per wash) using
Amicon centrifuge filters (MWCO =10kDa). The final volume
of the DTPA-Ag,TeNPs dispersion was adjusted to 1.5mL by
0.2M HEPES buffer (pH7.0), passed through a 20nm syringe
filter (GE Healthcare), and stored at 4°C until further use.

2.7 | Colloidal Stability Assay

The GSH-Ag,TeNPs were dispersed in PBS or 10% fetal bovine
serum (FBS) in PBS and incubated at 37°C for 72h. The UV-vis
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spectrum of each sample was recorded every 24 h. In addition,
the hydrodynamic diameter of the samples dispersed in PBS was
also measured every 24 h using a zeta-sizer.

2.8 | *2?Pb-Radiolabeling of GSH-Ag,TeNPs

In a typical reaction, 1.5mL of 30 mM silver nitrate (AgNO,),
1.5mL of 15mM sodium tellurite (Na,TeO,), and 1.5mL of
90 mM L-glutathione (L-GSH) as well as 37kBq 2'?Pb in 20 uL
of 0.5 M NaOAc buffer were mixed in an ice bath (0°C). A total
of 0.5mL of hydrazine hydrate (50%-60%, N,H,) was quickly
injected into the mixture and vigorously stirred for 5 min, fol-
lowed by the addition of 50 uL of 10mM EDTA, and further
incubated for 10 min. The produced [*'?Pb]Pb-GSH-Ag,TeNPs
were then washed thrice by water (10 mL per wash) using cen-
trifuge filters (MWCO =10kDa) at 4250 rpm for 20 min at 4°C
and redispersed in 1 mM EDTA. The radiolabeling efficiency
was determined by iTLC (iTLC-SG, Agilent) before wash-
ing the nanoparticles using centrifuge filters (EtOH: 10 wt%
NH,OAc=1:1, n=3).

2.9 | 'In-Radiolabeling of DTPA-GSH-Ag,TeNPs

Typically, 166 uL of DTPA-Ag,TeNPs (13.7 uM) was mixed with
37MBq of "InCl,. The total volume of this mixture was filled
up to 500uL with 0.2M HEPES buffer (pH=7.0) and then re-
acted at 37°C for 1h. The obtained ['''In|In-DTPA-Ag,TeNPs
were then passed through a PD-10 column using PBS as elu-
ent. The elution was portioned per 500uL, and the In activ-
ity in each fraction was determined using an automatic gamma
counter (Wallac Wizard? 2480, Perkin Elmer) to calculate the
radiolabeling efficiency.

2.10 | Radiochemical Stability (RCS) Assay

The RCS of [*'*Pb]Pb-GSH-Ag,TeNPs after being incu-
bated in 1mM EDTA for 4h or 24 h was determined by iTLC
using the same mobile phase as described in the previous
section (n =3).

For the 'In-radiolabeled nanoparticles, the fractions contain-
ing [M''In]In-DTPA-Ag,TeNPs were combined, and 10uL of
200mM DTPA (pH=7.0) was added to achieve a final DTPA
concentration of 1 mM. The mixture was then incubated at 37°C
for 24 h before being passed through a PD-10 column to separate
the ['''In]In-DTPA-Ag,TeNPs from the free ['''In]In-DTPA.
The RCS was then calculated by comparing the activity retained
in the nanoparticles with the initial activity used to radiolabel
the nanoparticles (n = 3).

2.11 | Cell Culture

U87 human glioblastoma cells (ATCC) were cultured in com-
plete Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% FBS and 1% penicillin/streptomycin. The
cells were incubated in a humidified environment at 37°C with
5% CO,.

2.12 | Biocompatibility Studies of GSH-Ag,TeNPs,
natph-GSH-Ag,TeNPs, and DTPA-Ag,TeNPs

U87 cells were seeded on 96-well plates with a cell density of
5000 cells/well. After being preincubated at 37°C for 24h, the
cells were incubated with nonradioactive GSH-Ag,TeNPs,
natph-GSH-Ag,TeNPs, and DTPA-Ag,TeNPs with concentra-
tions ranging from 1nM to 1000nM for another 24 h. The via-
bility of the treated cells was determined by CCK-8 assay after
washing the cells thrice with PBS. The viability of untreated
cells was also measured as a control (n=3).

2.13 | InVitro 2D Cell Uptake of ['''In]
In-DTPA-Ag,TeNPs

U87 cells were seeded on 12-well plates and preincubated
for 24h (8x10* cells/well). On the next day, 1mL fresh
culture medium containing 10, 50, and 100nM ["'In]In-
DTPA-Ag,TeNPs (18kBg, corresponding to a nanoparticle
concentration of 1.5nM) was added to the cells and incubated
for 4h or 24h at 37°C. Nonradiolabeled DTPA-Ag,TeNPs were
mixed with the ['!'In]In-DTPA-Ag,TeNPs to achieve the cho-
sen nanoparticle concentrations. The cells were then washed
three times with PBS and detached by trypsin. The separation
of the subcellular fractions was achieved using the Subcellular
Protein Fractionation Kit (Thermo Scientific) following the
instructions from the manufacturer. The activity of !'In in
each cell fraction was measured by an automated gamma
counter (Wallac Wizard? 2480, Perkin Elmer) and summed up
to calculate the total uptake. The cell uptake and subcellular
distribution of ['"'In]In-DTPA (18kBq) were also measured
for comparison (n = 3).

2.14 | Confocal Microscope

Approximately 2x 10*U87 cells/well were seeded on a p-Slide 8
well high-chambered coverslip (ibidi GmbH, Germany) and pre-
incubated for 24h. On the next day, the cells were treated with
300uL of 100nM FITC-Ag,TeNPs in culture medium and in-
cubated for another 24h. The cells were then washed thrice by
PBS before being fixed with 4% paraformaldehyde for 10min and
stained with 4’,6-diamidino-2-phenylindole (DAPI, Invitrogen)
for 10min. The confocal images were acquired using a Zeiss LSM
980 confocal microscope and analyzed by Zeiss Zen 3.8 software.

2.15 | In Vitro Cytotoxicity of ['1!In]
In-DTPA-Ag,TeNPs

The in vitro tumor cell killing efficiency of [*''In]In-DTPA-
Ag,TeNPs was determined by performing a colony formation
assay. U87 cells were seeded on 12-well plates (8 x 10* cells/
well) and preincubated at 37°C for 24h. ['"In]In-DTPA-
Ag,TeNPs with 1, 2, and 3MBq '"'In or 3MBq ['"'In]In-DTPA
were then added to the cells and incubated at 37°C for 24 h.
After the treatment, the cells were washed thrice by PBS,
tripsinated, and then reseeded on 6-well plates with a cell den-
sity of 500 cells/well and left undisturbed for 14 days to allow
colony formation. The culture medium was refreshed every 3
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days. On the last day of incubation, the colonies were fixed by
4% (w/v) paraformaldehyde, stained by 1% crystal violet, and
counted manually (n = 3).

2.16 | Statistical Analysis

Data are expressed as mean + standard deviation based on at
least three independent replicates. Student's t-test was used
for the comparison between the two samples. For the compar-
ison among multiple samples, one-way or two-way ANOVA
test was performed. p values: ns p>0.05, *p<0.05, **p<0.01,
#*%p <0.001, and *'p <0.0001.

3 | Results and Discussion

Nanoparticles with different compositions, sizes, and surface
modifications have been extensively studied for medical appli-
cations such as drug delivery [31]. However, the mononuclear
phagocyte system (MPS) capture of intravenously administrated
nanoparticles with a hydrodynamic diameter larger than 5.5nm
usually leads to high liver and spleen uptake. The slow clear-
ance of the nanoparticles from the liver and spleen might lead
to potential long-term toxicity to the body which can be caused
by the nanoparticles themselves but also by the radionuclides
used in case of applying therapeutic radionuclides [32]. One pos-
sible way to avoid high MPS capture is to reduce the hydrody-
namic diameter of the nanoparticles to less than 5.5nm, that is,
below the threshold value of renal clearance. Renal clearance
of nanoparticles through the urinary system is much more ef-
ficient than the slow clearance from MPS organs (e.g., liver and
spleen), thereby avoiding undesired side effects [33]. In this
work, ultrasmall glutathione coated silver telluride nanoparti-
cles (GSH-Ag,TeNPs) were chosen as carriers of 2!*Pb because
of their favorable pharmacokinetics, their small core size (3nm),
and strong CT contrast provided that sufficient accumulation
in tumor tissue is achieved [30]. Radiopharmaceuticals devel-
oped based on the GSH-Ag,TeNPs can provide several benefits
including low uptake in healthy tissues as well as imaging by
CT/PET or CT/SPECT if radiolabeled with the appropriate ra-
dionuclides. Furthermore, sub-5nm-sized nanoparticles have
been reported to passively accumulate in the cell nucleus after
internalization [34, 35].

3.1 | Synthesis of GSH-Ag,TeNPs

The GSH-Ag,TeNPs were formed by reducing silver salts with
hydrazine at 0°C in the presence of L-GSH as capping ligands.
The shape and size of the GSH-Ag,TeNPs were characterized by
TEM (Figure 1a) and were found to be quasispherically shaped
with a core diameter of 2.1 £0.3nm. Due to the GSH coating on
the nanoparticle surface, the number-based hydrodynamic di-
ameter of GSH-Ag,TeNPs was found to be 2.5+0.1nm by dy-
namic light scattering (DLS), slightly larger than the core size
(Figure 1b). The high sensitivity of the UV-vis spectrum to size
variations of the GSH-Ag,TeNPs allows for determining the
presence of large particles. As shown in Figure 1c, no obvious
peaks were observed in the spectrum, further confirming the
small size of the GSH-Ag,TeNPs [30]. The zeta-potential of the
GSH-Ag,TeNPs was found to be —31.4+0.3mV, suggesting high
colloidal stability due to repulsion [36].

3.2 | Colloidal Stability of GSH-Ag,TeNPs

To confirm the high colloidal stability, the GSH-Ag,TeNPs
were dispersed in PBS or 10% FBS and incubated at 37°C
for 72h. The UV-vis spectrum was recorded every 24h as
an indication of possible size increase or aggregation. As
shown in Figure 2, no significant change was observed in the
UV-vis spectrum of the samples in either PBS or 10% FBS, in-
dicating high colloidal stability of the GSH-Ag,TeNPs in these
solvents. The high resistance to protein adsorption could
be attributed to the zwitterionic coating provided by GSH,
which hinders protein binding [37]. The high colloidal stabil-
ity of the GSH-Ag,TeNPs in PBS was also demonstrated by
monitoring the change of hydrodynamic diameter over 72h
(Figure S1).

3.3 | Preparation of [**’Pb]Pb-GSH-Ag,TeNPs

According to our previous work, it seems that the dissociation of
internally converted daughter nuclides can be avoided if incor-
porating the mother nuclides inside a solid composed of high Z
elements such as gold [29, 38, 39]. Therefore, high ?!2Bi retention
might be achieved by incorporating 2!*Pb in GSH-Ag,TeNPs
(Figure 3).

30

20

Number %

d,=2.5+ 0.1 nm

0.4
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Normalized absorption

Hydrodynamic diameter (nm)

b 0.0 T T T T
10 300 400 500 600 700 800
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FIGURE 1 | Characterization of GSH-Ag,TeNPs: (a) TEM image, scale bar=10nm; (b) number-based hydrodynamic diameter; (c) normalized
UV-vis spectrum. The nanoparticles were dispersed in PBS for the DLS and UV-vis measurements.
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FIGURE 2 | Colloidal stability of GSH-Ag,TeNPs. The nanoparticles were dispersed in either PBS or 10% FBS in PBS and incubated at 37°C for
72h. The UV-vis spectrum of GSH-Ag,TeNPs in (a) PBS and (b) 10% FBS was recorded every 24 h and normalized.
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FIGURE 3 | Schematic illustration of the radiolabeling of GSH-Ag,TeNPs with 2!2Pb. 212Pb was radiolabeled via a chelator-free method during

the synthesis of GSH-Ag,TeNPs.

TABLE1 | Anoverview of the radiolabeling efficiency and radiochemical stability of ??Pb- and "' In-radiolabeled GSH-Ag,TeNPs.

Radionuclide Radiolabeling efficiency (%) 4h RCS (%) 24h RCS (%)
212ppa 75+4 103+5 96+6
Ml 73£2 —_ 91+1

aThe radiochemical stability (RCS) was determined as the sum of 2!2Pb and ?'?Bi by iTLC.

To verify this assumption, we first performed a pilot experiment
with nonradioactive Pb (NO,), to check the feasibility of incor-
porating Pb in the GSH-Ag,TeNPs. As shown in Figure S2, the
natpb-GSH-Ag,TeNPs had the same diameter as GSH-Ag,TeNPs
(2.1£0.3nm) and a hydrodynamic size of 2.7+0.6nm when
using an initial Pb to Ag feeding ratio of 1-1000 (n/n). To pre-
dict the radiolabeling efficiency of 2'2Pb, the conversion rate of
natph2+ and Ag* ions during the formation of the nanoparticles
was determined by ICP-MS. A comparable conversion rate of
about 70% was achieved for both Pb and Ag (Figure S3), prob-
ably due to the quenching of reaction at relatively early time
point (5min after the addition of hydrazine). Higher conversion
rate is likely achievable by extending the reaction time, but that
also leads to increase in the size of the nanoparticles [30]. To
maintain the renal clearance properties of the GSH-Ag,TeNPs,
we decided to proceed with the 2'?Pb-radiolabeling using a
reaction time of 5min, although the radiolabeling efficiency
might be suboptimal. It has to be mentioned that according to
the results of this pilot study, the maximum specific activity

of the [*'2Pb]Pb-GSH-Ag,TeNPs is roughly estimated to be as
high as 64 GBq/mg of Ag,Te or 1.5GBgq/nmol of [?Pb|Pb-GSH-
Ag,TeNPs. Detailed calculations can be found in the Supporting
Information.

According to this established method, the [*>Pb]Pb-GSH-
Ag,TeNPs were prepared by exchanging "Pb (NO,), by
212Pb(0AC),. The radiolabeling efficiency was determined to be
75%, consistent with the results from the pilot study (Table 1).
The change of the nitrate anions to acetate showed no effect on
the incorporation of Pb into the Ag,TeNPs.

3.4 | RCS of [*?Pb]Pb-GSH-Ag,TeNPs

When 212Pb decays to 21?Bi, the excitation energy can be released
by the emission of y photons but also via the ejection of an inner
shell (K or L) electron, which leads to the creation of an elec-
tron vacancy. The electrons from outer shells will then transit
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to fill in this vacancy, resulting in the emission of characteristic
X-rays or Auger electrons or both, which leads to the creation of
more electron vacancies. A cascade of Auger electrons eventu-
ally leads to the loss of a high number of electrons from the 2!2Bi
atoms, making the 212Bi"* ions highly positively charged (n> 3).
A possible mechanism for the release of 21?Bi from the carrier
molecules (e.g., DOTA) is the repulsive force between the 212Bi3*
ions and the positively charged carriers after the donation of
electrons to the 212Bi™* ions [27].

In this work, we developed the chelator-free labeling of 2'?Pb on
ultrasmall GSH-Ag,TeNPs. As the dissociated *'*Pb** and 2!?Bi**
ions are not likely to be reabsorbed by the nanoparticles, all free
212pp2+ and 21?Bi should be easily separated from the nanoparticles
using iTLC. The RCS can be calculated by comparing the retained
212pp/212Bi in the nanoparticles with the free 2'2Pb/?12Bi captured
by excess of the ligand EDTA. After being challenged with 1mM
EDTA for 4h or 24h, RCS of the [*?Pb|Pb-GSH-Ag,TeNPs was
found to be nearly 100% and 96%, respectively (Table 1). The high
RCS achieved from the [*'?Pb]Pb-GSH-Ag,TeNPs indicated the
strong retention of 21?Pb and the internally converted 2!?Bi. The
high RCS of 2'?Pb is likely to originate from the fact that PbTe is
highly insoluble in water [40]. In terms of 22Bi, the free electrons
from the surrounding Ag atoms might rapidly migrate to the
212Bj"* (n>3) ions, compensating the loss of electrons thus avoid-
ing the ejection of 21?Bi from the nanoparticles [29, 38, 39].

3.5 | Preparation of ['''In]In-DTPA-Ag,TeNPs

Despite the promising radiolabeling efficiency and high RCS, the
specific activity of the [?'?Pb]Pb-GSH-Ag,TeNPs was not satisfy-
ing due to the low 2!2Pb activity per sample (in kBq/iuM nanoparti-
cles) and the rather limited supply of 212Pb. Thus, to determine the
in vitro cellular uptake of the [*'2Pb]Pb-GSH-Ag,TeNPs, it was de-
cided to perform the biological studies using 'In as a radiotracer.
For this purpose, DTPA was conjugated on the surface of the GSH-
Ag,TeNPs to allow radiolabeling with In. The conjugation of
DTPA was found to have minor effect on the size of the Ag,TeNPs
as determined by DLS and UV-vis measurements (Figure S4).
The radiolabeling efficiency of '''In on the DTPA-Ag,TeNPs was
found to be 73% with a 24h RCS of 91% in PBS.

3.6 | Biocompatibility Study

Before performing the biological studies, the biocompatibility
of GSH-Ag,TeNPs, "Pb-GSH-Ag,TeNPs, and DTPA-modified
GSH-Ag,TeNPs was evaluated. The viability of U87 cells was
measured after being incubated with either type of nanopar-
ticles for 24h. As shown in Figure S5, all nanoparticles were
found to be nontoxic to cells at all tested concentrations.

3.7 | InVitro Uptake and Subcellular Distribution
of ['"'In]In-DTPA-Ag,TeNPs

The uptake and subcellular distribution of [''In]In-DTPA-
Ag,TeNPs in 2D U87 cells were determined after incubating
the cells with 10, 50, or 100nM of nanoparticles for 4 or 24h
(Figure 4). The uptake of ['''In]In-DTPA-Ag,TeNPs was found
to be around 0.1% of the initially added !!!In activity after 4h of
incubation. The uptake increased to about 0.15% after extending
the incubation time to 24h and remained comparable to that of
[""In]In-DTPA (Figure 4a). The number of internalized ["''In]
In-DTPA-Ag,TeNPs per cell was also calculated based on the
percentage of internalized !'In activity, and it was found to be
in the order of 103 nanoparticles/cell depending on the initial
nanoparticle concentration (Figure 4b).

The subcellular distribution of the [''!In]In-DTPA-Ag, TeNPs was
further studied by cell fractionation experiments. As shown in
Figure 4c, approximately 25% of the internalized ['''In]In-DTPA-
Ag,TeNPs were found to accumulate in the cell nucleus (24 h of in-
cubation). The degree of ['!!In|In-DTPA-Ag,TeNPs uptake in the
nucleus was surprisingly high and even comparable to some of the
nucleus-targeting peptides radiolabeled with In [41-43].

The results from in vitro uptake experiments suggest that these
small GSH-Ag,TeNPs are likely to be very efficient in cell kill-
ing if radiolabeled with 2'2Pb due to their accumulation in the
cell nucleus. To determine any possible difference between the
uptake of 1In- and 2'?Pb-radiolabeled nanoparticles, further
uptake studies should be performed with Pb isotopes such as
203ph using both in vitro and in vivo models. Higher retention
and thereby possibly higher cell uptake can be expected by the
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FIGURE 4 | In vitro uptake of the ['''In]In-DTPA-Ag,TeNPs in 2D U87 cells using various nanoparticle concentrations and incubation time of
4 or 24h. (a) Total uptake of [""'In]In-DTPA-Ag,TeNPs in U87 cell monolayers. The uptake of ['''In]In-DTPA using the same '!'In activity was also
measured for comparison. The results are presented as percentage of the initially added activity, n=3; (b) internalized ['''In]In-DTPA-Ag,TeNPs per
cell, n=3;(c) percentage of [1111n]1n—DTPA—Ag2TeNPs located in the cell nucleus, cytoplasm, and membrane determined by subcellular fractionation,
n=3.
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FITC DAPI

Merge

FIGURE 5 | Confocal images of U87 cells after 24h of incubation with FITC-Ag,TeNPs. The concentration of the NPs was 100nM. The cell
nucleus was stained by DAPI (blue, middle) while the FITC-Ag,TeNPs showed a green fluorescence (left). The merged image (right) indicates the
colocalization of FITC-Ag,TeNPs and the cell nucleus. Scale bar=10um. [Correction added on 21 August 2024, after first online publication: the

Figure 5 has been corrected in this version].

conjugation of tumor targeting moieties on the nanoparticle sur-
face while maintaining their small hydrodynamic diameters.

3.8 | Confocal Microscopy

To further confirm the localization of the nanoparticles in U87
cells, we modified the GSH-Ag,TeNPs with FITC and checked
their distribution in U87 cells using confocal microscopy. The
linkage of FITC was achieved by the NHS-amine reaction tak-
ing advantage of the high number of free amine groups avail-
able from the GSH coating. The successful FITC modification
was verified by measuring the emission spectrum and the UV-
vis spectrum of FITC-Ag,TeNPs (Figure S6). The confocal im-
ages shown in Figure 5 revealed that the FITC signal can be
observed in the cell nucleus. In addition to the nucleus, even
stronger FITC signal was observed in the cytoplasm and the
cell membrane, matching well with the results of the subcellu-
lar fractionation assays.

3.9 | InVitro Tumor Killing Efficiency of [1'In]
In-DTPA-Ag,TeNPs

Considering the nucleus uptake, we decided to evaluate the
tumor killing efficiency of the ['!'In]In-DTPA-Ag,TeNPs by per-
forming a colony formation assay to further prove the nucleus
accumulation of these small nanoparticles. During the decay of
HlTn, there are on average 7.4 Auger electrons coemitted along
with the photons [44]. Thus, high tumor killing efficiency can
be expected if the ['!'In]In-DTPA-Ag,TeNPs accumulate in the
cell nucleus after internalization. As shown in Figure 6, the sur-
viving fraction of U87 cells treated with 2 or 3MBq of [!!In]
In-DTPA-Ag,TeNPs significantly decreased compared to that
of untreated cells (p <0.001 for the 2MBq group, p <0.0001 for
the 3MBq group, one-way ANOVA test). Meanwhile, the treat-
ment with the 3MBq of ['''In]In-DTPA only decreased the cell
surviving fraction by 15%, indicating the vital role of the small
nanoparticles in cell killing. Based on the results of this cyto-
toxicity assay, the nucleus localization of the ['''In]In-DTPA-
Ag,TeNPs was indirectly confirmed.
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FIGURE 6 | In vitro tumor cell killing efficiency of [*!In]In-
DTPA-Ag,TeNPs as determined by colony formation assay after 24h
of incubation with ['''In]In-DTPA-Ag,TeNPs containing '''In activity
ranging from 1 to 3MBq. The tumor killing efficiency of [\ In]In-DTPA
(3MBq) was also measured for comparison, n=3. The specific activity
of ['""'In]In-DTPA-Ag,TeNPs was 11.9kBq/nM. p values: ns p>0.05,
*#*p <0.001, and ****p <0.0001.

4 | Conclusion

In summary, we developed a novel 212Pb/?!2Bi in vivo generator
by combining ?'*Pb and small GSH-Ag,TeNPs, enabling high
RCS and tumor cell nucleus accumulation. The experiments
using '"'In showed that these particles are able to induce cell
death, which implies that when applying 2!2Pb, even higher
killing efficiencies can be reached. Unfortunately, the limited
availability of 2'2Pb did not allow us to validate this hypothe-
sis. Considering the extra benefits of these nanoparticles such
as the potential renal clearance and the possibility of being
coradiolabeled by 2°*Pb for SPECT imaging, the [*'2Pb]Pb-
GSH-Ag,TeNPs might provide a new opportunity to develop a
theragnostic agent for RNT. For eventual clinical applications,
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the [*2Pb]Pb-GSH-Ag,TeNPs can be functionalized by tumor
targeting moieties which are currently under development in
our group.
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