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Abstract

Background: Bone-seeking radiopharmaceuticals based on bisphosphonates enable targeted therapy
of skeletal metastases. They are ideal carriers for therapeutic radionuclides such as Terbium-161
(*'Tb), a B-emitter that additionally releases short-range conversion and Auger electrons, which may
enhance radiation dose delivery to small lesions. This study aimed to investigate the potential of the
specific DOTA conjugated bisphosphonate - BPAMD (4-
{[(bis(phosphonomethyl))carbamoyl]methyl}-7,10-bis(carboxymethyl)-1,4,7,10 tetraazacyclododec-
1-yl)acetic acid) radiolabeled with *'Tb as a next-generation of bone-targeted radiopharmaceutical.
Methods: BPAMDwas radiolabeled with ''Tb and '”7Lu under mild conditions (pH 4.5, 95°C, 30min);
subsequently the radiochemical purity was assessed by radio-TLC and radioelectrophoresis.
Physicochemical properties (charge, lipophilicity, protein binding), in vitro stability (saline and
human serum, 48h), and hydroxyapatite binding were evaluated for *'Tb-BPAMD. Biodistribution
was studied in healthy Wistar rats (n=3 per time point) at 2h, 24h, and 7 days post-injection.
Complementary DFT calculations explored the coordination chemistry of Tb* and Lu®* with BPAMD.
Results: Both complexes achieved >98% radiochemical yield. '®Tb-BPAMD exhibited negative
charge, high hydrophilicity (logP = -3.92+0.13), low protein binding (19.07£1.01%), excellent
radiochemical stability under simulated physiological conditions (>97% at 48h), and strong
hydroxyapatite affinity (>98% with =10 mg HAP). Biodistribution showed high, stable bone uptake
(8.06% ID/g at 2h; 6.70% ID/g at 24h; 5.31% ID/g at 7d) with rapid blood clearance (<0.001% ID/g at
24h), and low non-target retention. To contextualize its performance, '¢'Tb-BPAMD was compared
with 77Lu-BPAMD, which demonstrated similarly strong skeletal retention (8.74% ID/g at 2h; 8.08%
ID/g at 24h; 5.25% ID/g at 7d) but comparatively higher non-target organ uptake. Complementary
DFT calculations indicate that both Tb* and Lu®* favor octa-coordinated BPAMD complexes.
Conclusions: *'Tb-BPAMD exhibits excellent radiochemical and pharmacokinetic properties, with
enhanced biodistribution selectivity over 77Lu-BPAMD. Combined with the radiobiological
advantages of '6'Tb, it represents a promising theranostic candidate for targeted therapy of bone
metastases.

Keywords: BPAMD; 161Tb-labeled phosphonates; hydroxyapatite binding; biodistribution;
bone-targeting; DFT

1. Introduction

Bone metastases are a frequent and serious complication of advanced cancers, particularly those
originating from the prostate, breast, and lungs [1-3]. These lesions are associated with significant
morbidity, including intractable pain, pathological fractures, spinal cord compression, and
hypercalcemia, which collectively reduce patient quality of life and increase health[4-6care burden
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[4-6]. Radiopharmaceutical therapy targeting skeletal metastases has emer[4-6ged as a valuable
strategy for palliative care, offering site-specific irradiation with minimal systemic toxicity [7-9].

Among the established radiotherapeutics, ~-emitting agents such as '*Sm-EDTMP and '"’Lu-
EDTMP have been employed for decades, demonstrating clinical efficacy [10-13]. However, these
first-generation polyphosphonate-based agents exhibit some limitations in terms of in vivo stability
and the need for high ligand concentrations due to weaker metal-ligand binding affinity [14-17]. The
reduced kinetic stability and relatively modest specific activity of 7Lu-EDTMP could result in
suboptimal bone targeting [14,15].

To address these drawbacks, macrocyclic chelators such as DOTA have been conjugated with
bisphosphonatesto create more robust and selective bone-targeting radiopharmaceuticals- BPAMD.
This complex combines the strong metal-chelating properties of DOTA with bisphosphonate moieties
that exhibit high affinity for hydroxyapatite, the primary mineral component of bone. Radiolabeled
with 7Ly, it demonstrated high radiolabeling yields, excellent in vitro and in vivo stability, and
outstanding bone uptake [14,18,19]. Moreover, the DOTA-based design of BPAMD allows it to
function as a theranostic agent [20,15]. Gallium-68-labeled BPAMD has been successfully used for
PET imaging of skeletal metastases, enabling precise localization and dosimetry before the
therapeutic administration of the corresponding 77Lu-labeled compound [21]. In early human
studies, ”7Lu-BPAMD showed strong accumulation in osteoblastic lesions and minimal uptake in
soft tissues, with a favorable toxicity profile and significant pain reduction [22]. Beyond """Lu,
BPAMD has also been successfully radiolabeled with other therapeutic (3-emitting radionuclides,
including Y, Yb, and %Sm, for the palliative management of painful bone metastases, further
demonstrating the adaptability and broad therapeutic potential of this bisphosphonate-based ligand
in radionuclide therapy [24-27]. These findings collectively underscore the potential of macrocyclic
bisphosphonates, such as BPAMD, to serve as adaptable and effective platforms for personalized
treatment of skeletal metastatic disease [15].

In recent years, terbium-161 (*'Tb) has attracted considerable interest as a therapeutic
radionuclide due to its favorable physical and radiochemical characteristics [28-31]. Like '77Lu, 'Tb
is a medium-energy (3~ emitter with a similar physical half-life (~6.9 days) and energy profile [32].
However, 'Tb offers an additional advantage: it emits a substantial number of low-energy Auger
and internal conversion electrons, which deposit high linear energy transfer (LET) radiation over
nanometer to micrometer ranges, making it suitable for the treatment of small and micrometastatic
lesions [33,34]. This enhanced LET is particularly beneficial for targeting small tumor clusters and
isolated tumor cells, where conventional [3- emitters may fall short [35-40].

In addition to its therapeutic potential, ''Tb also emits low-energy y-photons suitable for SPECT
imaging, making it compatible with theranostic workflows [41-45]. It can be stably coordinated by
DOTA, and previous studies have demonstrated the feasibility of radiolabeling DOTA-based
molecules with terbium radionuclides [30,46]. Taken together, these properties position 'Tb as a
compelling alternative to ”7Lu, potentially offering enhanced therapeutic efficacy while retaining
similar pharmacokinetics.

Despite these promising features, there is limited literature on '6'Tb-labeled bisphosphonates.
Given the proven performance of ”7Lu-BPAMD and the additional cytotoxicity potential offered by
161D, it is logical to explore '®Tb-BPAMD as a next-generation bone-targeting radiopharmaceutical.
The structural compatibility of BPAMD with both 77Lu and '6'Tb supports this substitution without
altering the pharmacokinetic behavior of the compound.

This study aims to investigate the radiolabeling efficiency, in vitro stability, and biodistribution
characteristics of 16'Tb-BPAMD. Radiolabeling was performed under practical conditions suitable for
potential clinical translation, and the stability of the radiocomplex was assessed in saline and human
serum. In vitro hydroxyapatite binding studies were conducted to confirm high mineral affinity,
which is critical for effective skeletal targeting. Biodistribution experiments were performed in
healthy Wistar rats to evaluate in vivo skeletal uptake and non-target tissue clearance. In parallel,
77Lu-BPAMD was examined under comparable experimental conditions to provide a reference
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framework using a clinically established {3~-emitting therapeutic. To complement the experimental
data and provide insights into the coordination chemistry underlying the stability and
pharmacokinetics of the Tb and Lu complexes, density functional theory (DFT) computational studies
were performed. By systematically investigating these parameters, this study evaluates the potential
of 'Tb-BPAMD as an improved bone-targeting therapeutic agent. If confirmed, *'Tb-BPAMD could
provide enhanced radiation dose delivery at metastatic sites through the emission of short-range
electrons, while retaining pharmacokinetics comparable to 77Lu-BPAMD, ultimately improving
therapeutic efficacy and reducing systemic toxicity.

2. Materials and Methods

2.1. Chemicals and Reagents

The ligand (4-{[(bis(phosphonomethyl))carbamoyl]methyl}-7,10-bis(carboxymethyl)-1,4,7,10-
tetraazacyclododec-1-yl) acetic acid (BPAMD) was purchased from ABX (Radeberg, Germany). A
stock solution of BPAMD was prepared by dissolving 1 mg of the ligand in 1 ml of ultrapure water
and stored at 4 °C until use. All other chemical reagents, purchased from Merck KGaA (Darmstadt,
Germany), were of analytical grade and used without further purification.

No-carrier-added 'TbCls solution in 0.05 M HCI was provided by Terthera, Breda, The
Netherlands, in a volume of 500 uL containing activity of 1 GBq. No-carrier-added 77LuCl; was
supplied by ITG Isotope Technologies Garching GmbH (Munich, Germany) with a specific activity
>500 GBg/mg Lu.

A 0.4 M sodium acetate buffer (pH 4.5) was freshly prepared from analytical-grade sodium
acetate trihydrate and glacial acetic acid, with pH adjustment using 0.1 M HCI or NaOH. All aqueous
solutions were prepared with ultrapure, deionized water obtained from a Milli-Q purification system
(Millipore, Billerica, MA, USA).

2.2. Equipment

A gamma counter (WIZARD 2480, PerkinElmer, Shelton, CT, USA) and a dose calibrator (CRC-
15R beta, Capintec Inc., Ramsey, NY, USA) were used to measure the radioactivity of the samples.
Radio-thin layer chromatography (radio-TLC) was performed using a Scan-RAM scanner (LabLogic
Group, South Yorkshire, UK).

2.3. Radiolabeling of BPAMD with '77Lu

The radiolabeling of BPAMD with 77Lu was performed according to the methods described by
Meckel et al. (2015) and Bergmann et al. (2016), with minor modifications to optimize reproducibility.
Briefly, 74 MBq of 7LuCls was added in an aqueous solution containing 100 pg of BPAMD in 0.5 mL
of sodium acetate buffer (0.4 M, pH 4.5). The reaction mixture was heated to 95 °C and maintained
for 30 minutes. After heating, the reaction mixture was allowed to cool to room temperature. The
resulting solution was directly analyzed by radio-TLC without any further purification.

2.4. Radiolabeling of BPAMD with 1'Tb

The labeling of BPAMD with ©'Tb was performed under the same conditions as those for 77Lu.
A solution of 100 ug BPAMD in 0.5 mL acetate buffer (0.4 M, pH 4.5) was mixed with 74 MBq of
161TbCl; and heated at 95 °C for 30 minutes in a sealed vial. After cooling to room temperature, the
reaction mixture was analyzed by radio-TLC.

2.5. Radiochemical Purity Assessment

Radiochemical purity (RCP) was evaluated by radio-TLC using silica gel ITLC strips ITLC-SG,
Agilent Technologies). Briefly, 5 uL of the radiolabeled solution and a control sample of pure
radionuclides were spotted on the strips and developed using two mobile phases: 1 M NaOH and
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ammonia/ethanol/water (1:10:20, v/v/v). After development up to 12 cm, the strips were dried and
scanned with a gamma/TLC scanner. Under these conditions, the radiolabeled complexes migrated
with the solvent front (Rf = 1.0), while free radionuclides remained at the origin (Rf = 0.0). RCP was
calculated as the percentage of radioactivity associated with the complexes relative to total activity.

2.6. Radioelectrophoresis

Radioelectrophoresis was utilized to assess the net charge of the ®'Tb-BPAMD complex and to
validate the efficacy of radiolabeling. For each sample, 5 uL of either the radiolabeled complex or a
control solution of 'TbCls was placed at the center of Whatman 3MM chromatography paper strips
(2 x 25 cm), which had been pre-soaked in 0.05 M phosphate buffer (pH 7.4). The strips were placed
in an electrophoresis chamber filled with the same phosphate buffer, and electrophoresis was
conducted at 250 V for 1 hour using a Gelman Instrument electrophoresis system (USA). After
completing the radioelectrophoresis, each strip was dried and the distribution of radioactivity along
the strip was then measured using a gamma/TLC scanner. This method allowed the determination
of the migration pattern of the radiolabeled species in comparison to free 'Tb%, providing
information about the charge and integrity of the formed complexes [47].

2.7. Determination of Lipophilicity

The partition coefficient (log P) of the *'Tb-BPAMD complex was determined using the shake-
flask method [48]. Equal volumes (1 mL) of 1-octanol and phosphate-buffered saline (PBS, pH 7.4)
were pre-equilibrated, and 100 uL of the radiolabeled complex was added. The mixture was vortexed
for 1 minute and centrifuged at 3000 rpm to separate the phases. Radioactivity in both phases was
measured using a gamma counter, and log P was calculated as the logarithm of the ratio of counts in
the octanol to aqueous phase.

2.8. Protein Binding Assay

The extent of protein binding of 16'Tb-BPAMD was assessed using the trichloroacetic acid (TCA)
precipitation method. Briefly, 100 puL of the radiolabeled complex was incubated with 500 uL of 12%
(w/v) human serum albumin (HSA) solution (provided by the National Blood Transfusion Institute,
Belgrade, Serbia) at 37 °C for 20 minutes. After incubation, 1 mL of 20% (w/v) trichloroacetic acid
(TCA) was added to precipitate the protein-bound fraction. The mixture was centrifuged for 5
minutes at 3000 rpm, and the resulting precipitate was rinsed with 0.9% NaCl. This procedure was
repeated three times to ensure complete separation. The radioactivity of the precipitate (protein-
bound fraction) and the supernatant (free fraction) was measured separately using a gamma counter.
The percentage of protein-bound ''Tb-BPAMD was calculated as the ratio of the radioactivity in the
pellet to the total radioactivity in the sample (pellet + supernatant), expressed as a percentage.

2.9. Hydroxyapatite Binding Assay

In vitro hydroxyapatite (HAP) binding affinity was evaluated to assess bone-targeting potential
[49]. Varying amounts (1, 2, 5, 10, 20, 30, 40, and 50 mg) of HAP powder were suspended in 2 mL of
saline solution and pre-equilibrated by gentle shaking for 2 h. Subsequently, 50 pL of ®'Tb-BPAMD
was added and incubated for 24 hours at room temperature. Samples were centrifuged, and the
radioactivity in the supernatant and pellet was measured. HAP binding was expressed as a
percentage of total radioactivity bound to the solid phase.

2.10. In Vitro Stability Studies

The in vitro stability of ®'Tb-BPAMD was evaluated in saline and human serum at 37 °C over 48
hours. Radiolabeled aliquots were incubated in the respective media, and at defined intervals (2, 24,
and 48 hours), samples were analyzed using radio-TLC described above to determine the percentage
of intact complex versus free radioisotope.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.11. Biodistribution Studies

Biodistribution experiments were carried out in healthy Wistar rats (100-120 g, n=3 per time
point) obtained from a colony of the Military Medical Academy (Belgrade, Serbia). Animals were
kept under a 12 h light-dark cycle, controlled room temperature (212 °C), humidity (40-45%), and
illumination (120 1x). All animal procedures were approved by the Ethical Committee of the Vinca
Institute of Nuclear Sciences (permission No. 002225501 2025, issued on 20 May 2025) and were in
accordance with the Directive 2010/63/EU of the European Parliament and of the Council of 22
September 2010 [50]. Rats were injected intravenously via the tail vein with 0.1 mL of 77Lu-BPAMD
or *'"Tb-BPAMD (~0.74 MBq). At 2 h, 24 h, and 7 d post-injection, animals were euthanized, and
organs of interest (blood, heart, lungs, liver, spleen, kidneys, stomach, intestines, muscle, and femur)
were excised, weighed, and counted in a gamma counter. The results were expressed as the
percentage of injected dose per gram of tissue (%ID/g). All data are expressed as a percentage of
injected dose per gram of tissue (%ID/g, mean + SD, n = 3).

2.12. Computational Details

The geometry optimization and energy minimization have been performed at BP86 level of
theory [51]. For heavy lanthanide Tb* ion SARC2-DKH-QZVP basis set has been applied, and for all
other atoms DKH-def2-SVP basis set has been used [52]. Also, SARC/J auxiliary basis set, which is a
decontracted def2/] auxiliary set, that is more accurate for relativistic calculations has been used [53—
56].

3. Results and Discussion

3.1. Radiolabeling Efficiency and Radioelectrophoresis

Radiolabeling of BPAMD with 6'Tb and '7Lu was successfully performed under identical
conditions, mildly acidic pH (4.5) and elevated temperature (95 °C) for 30 minutes, resulting in high
radiolabeling yields exceeding 98% for both radionuclides. The labeling yield for '©'Tb-BPAMD is
presented in Figure 1B, while the yield for ”7Lu-BPAMD agrees with previously reported values for
analogous DOTA-conjugated bisphosphonates radiolabeled with ”7Lu or %Ga [18,57,58]. Owing to
the high incorporation efficiency and negligible presence of unbound $'TbCls;, post-labeling
purification was not required, simplifying the preparation process for further in vitro and in vivo
applications. Further experiments were carried out only for ©'Tb-BPAMD, whereas ””Lu-BPAMD
was included only in the biodistribution study in healthy Wistar rats to enable direct comparison
with the *'Tb-labeled analogue. Radio-TLC of free ®'TbCls is shown in Figure 1A.

The net charge of the complex was further confirmed by radioelectrophoresis, performed at
physiological pH (7.4). Under these conditions, *Tb-BPAMD migrated toward the positively
charged anode, consistent with its negatively charged complex nature (Figure 1D). In contrast, free
161'TbCls remained at the origin (Rf = 0), indicating neutral or colloidal hydrolyzed terbium species
(Figure 1C). These findings confirm quantitative chelation of terbium (III) and the absence of any
detectable colloidal aggregates or hydrolysis products under physiological pH and ionic strength.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Radiolabeling yield: (A) '*'TbCls, and (B) *'Tb-BPAMD; Radioelectrophoresis: (C) *'TbCls, and (D)
161Th-BPAMD.

3.2. Protein Binding and Lipophilicity

The plasma protein binding value for '©'Tb-BPAMD was determined to be 19.07 = 1.01%,
indicating a low affinity toward plasma proteins. This low protein-binding profile of 'Tb-BPAMD
is particularly advantageous, as high plasma protein association can slow systemic clearance,
promote hepatic uptake, and increase the risk of non-target radiation exposure [22,59,60]. Therefore,
161Thb-BPAMD is expected to clear more rapidly from the circulation, thereby enhancing its
therapeutic index. Furthermore, the measured logP of -3.92+0.13 confirms the complex’s high
hydrophilicity, consistent with other macrocyclic bisphosphonates [15,61]. This physicochemical
profile suggests predominant renal excretion and minimal penetration across lipid-rich biological
barriers. Hydrophilic radiocomplexes are often favored for skeletal applications, as they exhibit high
bone-to-soft tissue ratios due to limited hepatic uptake and rapid blood clearance [15,62].
Consequently, the combination of low protein binding and high hydrophilicity supports the potential
of 16'Tb-BPAMD as a selective skeletal radiotherapeutic agent.

3.3. Hydroxyapatite Binding

Hydroxyapatite (HA) binding studies of ®'Tb-BPAMD revealed high-affinity, concentration-
dependent interaction following 24-hour incubation with increasing HA quantities (1-50 mg).
Binding efficiency exceeded 98% at HA concentrations 210 mg (Figure 2), indicating rapid saturation.
This profile closely parallels that of 7”Lu-BPAMD, which similarly reached a binding plateau at
relatively low HA levels [49]. The rapid saturation indicates that the bisphosphonate moieties within
BPAMD possess sufficient affinity to achieve near-maximal binding even under conditions of limited
mineral content, such as in early-stage osteoblastic lesions.

These results are consistent with known properties of bisphosphonate-based
radiopharmaceuticals, which exhibit strong chemisorption to calcium phosphate surfaces through
their phosphonate groups [63,64,65]. Effective skeletal targeting requires a high HAP binding
capacity, particularly when minimizing uptake in non-calcified tissues and delivering therapeutic
radiation doses to bone metastases.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Hydroxyapatite binding of *'Tb-BPAMD complex after 24 h incubation at different HA amounts.

3.4. In Vitro Stability

The in vitro stability of the radiolabeled complex '©'Tb-BPAMD was evaluated in both
physiological saline and human serum at 37 °C over a period of 48 hours (Figure 3). The results
demonstrated that the complex exhibits excellent radiochemical stability under simulated
physiological conditions. In saline, radiochemical purity remained remarkably high throughout the
entire observation period, with values of 99.43+0.52% at 2 hours, 99.18 +0.68% at 24 hours, and
98.22 +0.81% at 48 hours, indicating negligible degradation or dissociation of the complex. Similarly,
in human serum, where biological components such as proteins and ions could potentially interfere
with the stability of the radiometal complex, *'Tb-BPAMD maintained high integrity, with
98.95+1.09% at 2 hours, 98.05+0.68% at 24 hours, and 97.26 +0.85% at 48 hours. Although a slight
decrease in radiochemical purity was observed over time in serum, the values remained consistently
above 97%, confirming that the complex resists transchelation and remains stable in the presence of
endogenous biomolecules. This slight decrease is unlikely to be clinically significant, as the
radiopharmaceutical's uptake into bone is nearly complete within the first few hours post-injection,
before any substantial degradation occurs. These findings match previous results for 7Lu-BPAMD
and other DOTA-chelated bisphosphonates [49], and confirm that '©'Tb-BPAMD is highly stable in
vitro, supporting its potential for further in vivo evaluation and application in bone-targeted
radionuclide therapy.
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Figure 3. In vitro stability of '*'Tb-BPAMD in saline and human serum at 37 °C.

3.5. Biodistribution Studies of 0'Tb-BPAMD and 77Lu-BPAMD

Biodistribution analysis of #'Tb-BPAMD and 77Lu-BPAMD in healthy Wistar rats provides
insights into the therapeutic potential of both radiopharmaceuticals. For *'Tb-BPAMD (Figure 4),
bone uptake remained high across all measured time points (8.06 + 0.61 %ID/g at 2 h; 6.70 + 0.26
%ID/g at 24 h; 5.31 + 0.49 %ID/g at 7 days), demonstrating stable skeletal retention. A comparable
pattern was observed for 7Lu-BPAMD (Figure 5), which exhibited slightly higher early bone
accumulation (8.74 + 0.62 %ID/g at 2 h) and similarly stable retention at later time points (8.08 + 0.51
%ID/g at 24 h; 5.25 + 0.27 %ID/g at 7 days). These results confirm that both radiopharmaceuticals
effectively target bone tissue and maintain prolonged residence, which is essential for therapeutic
irradiation of metastatic lesions and palliation of bone pain.

Despite their similar skeletal kinetics, notable differences emerged in soft-tissue distribution.
161'Tb-BPAMD displayed consistently low uptake in major organs such as the liver, spleen, muscle,
and blood, with mean values typically below 0.03 %ID/g and minimal variability. Kidney uptake was
higher at early time points (0.23 + 0.05 %ID/g at 2 h) but declined substantially by day 7 (0.08 + 0.02
%ID/g), indicating efficient clearance. In contrast, 7Lu-BPAMD demonstrated higher soft-tissue
activity at early time points, particularly in the kidneys (0.31 + 0.04 %ID/g at 2 h; 0.25 + 0.06 %ID/g at
24 h), as well as slightly higher liver and lung uptake, relative to ¢'Tb.
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Figure 4. Biodistribution of 1*/Tb-BPAMD in healthy Wistar rats at 2 h, 24 h, and 7 d. Data are expressed as mean

+SD, n =3 animals per group. %ID/g = percentage of injected dose per gram of tissue.
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Figure 5. Biodistribution of ”7Lu-BPAMD in healthy Wistar rats at 2 h, 24 h, and 7 d. Data are expressed as mean

+ SD, n =3 animals per group. %ID/g = percentage of injected dose per gram of tissue.

The target-to-non-target ratios presented in Table 1 support the findings from the biodistribution
data and further highlight the distinct performance profiles of '¢'Tb-BPAMD and ”Lu-BPAMD.
Notably, these ratios highlight a key advantage of ®'Tb-BPAMD: its enhanced selectivity for bone
compared to major organs. Bone/liver ratios are consistently higher for *'Tb at all time points,
particularly at 24 h (352.7 vs. 161.5), reflecting markedly lower hepatic retention relative to bone. A
similar pattern is observed for bone/kidney ratios, where 16'Tb achieves higher values at each time
point, especially at 7 days (66.3 vs. 50.0). This trend corresponds directly with the biodistribution
findings, where ©'Tb exhibited lower soft-tissue uptake, faster non-target clearance, and a
pronounced decline in kidney activity over time. These properties indicate a more favorable
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biodistribution profile, with reduced non-target radiation that may translate into improved
therapeutic tolerability. Bone/spleen ratios follow the same trend, with ¥'Tb showing a noticeable
advantage after 24 h (468.7 vs. 269.2). These patterns suggest that 16'Tb-BPAMD offers more favorable
target-to-background ratios over time, with reduced nonskeletal retention and faster washout from
soft tissues.

These results indicate that both '®'Tb-BPAMD and 7Lu-BPAMD are highly effective bone-
targeting radiopharmaceuticals, with comparable and clinically relevant skeletal uptake profiles.
However, 'Tb-BPAMD demonstrates superior biodistribution selectivity, as reflected by lower soft-
tissue accumulation and declining kidney values over time, which may translate into reduced non-
target radiation exposure. Combined with the advantageous emission profile of ¢'Tb-particularly the
presence of low-energy conversion and Auger electrons that enhance dose deposition in small-scale
disease, these results indicate that terbium expands the therapeutic potential of BPAMD-based agents
beyond what is achievable with 77Lu alone. Therefore, while 7Lu-BPAMD remains a robust and
well-validated option for bone pain palliation, 6'Tb-BPAMD emerges as a promising and potentially
superior alternative, offering enhanced selectivity and an expanded therapeutic spectrum.

Table 1. Target/non-target uptake ratio for BPAMD radiolabeled with *'Tb and '7Lu at 2 h, 24 h, and 7 d in
healthy Wistar rats.

161Tb- 177Lu- 161Th- 177Lu- 161Th- 177Lu-
BPAMD BPAMD BPAMD BPAMD BPAMD BPAMD

Parameter

2h 24 h 7d

Bone uptake

(%ID/g)

8.06 £ 0.61 874+0.62 | 6.70+0.26 | 8.08+0.51 531+049 | 525+£0.27

Bone/liver
346.1 249.7 352.7 161.5 214.8 131.1
ratio

Bone/kidney
34.6 28.2 37.9 32.3 66.3 50.0
ratio

Bone/spleen
302.0 249.7 468.7 269.2 196.5 262.3
ratio

3.6. Computational Studies

To better understand the coordination chemistry of terbium and lutetium with the BPAMD
ligand, two initial structures were analyzed, shown in Figure 6.

Figure 6. Proposed ways of coordination for Tb* and Lu®* with the modified BPAMD ligand (structure 1: hepta-

coordination; structure 2: octa-coordination).
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The BPAMD ligand is modified by replacing the phosphonate groups with hydrogen atoms, so
the amid nitrogen carries methyl substituents. BPAMD ligand is modified to avoid possible
interactions with phosphonate groups. That allowed us to explore only the coordinative bond with
the amid branch. The first structure assumed the hepta-coordination of the chelate ligand, while the
second structure assumed the octa-coordination of the modified BPAMD ligand. The geometric
optimization of structure 1 did not lead to any changes in the way of coordination. The absence of
negative vibrational modes indicated that optimization resulted in an energy minimum. Also, the
optimization of the second, octa-coordinated, structure did not show any changes in the mode of
coordination. These findings are the same, regardless of the metal coordinated, terbium or lutetium.
Compared with the second structure, the first structure of terbium has approximately 14 kcal/mol more energy
(Table 2).

Table 2. Gibbs free enthalpies (kcal/mol) for investigated complexes of Tb%, along with energy contributions

(kcal/mol). The values are given relatively to the investigated hepta-coordinated structure 1.

Complex 1 2
Nuclear repulsion energy 0 127145.90
Electronic energy 0 -127161.58
AEnuctAEelec 0 -15.68
Enthalpy 0 14.92
Electronic entropy 0 0.00
Vibrational entropy 0 -0.42
Rotational entropy 0 -0.11
Translational entropy 0 0.00
Total entropy change 0 -0.53
Gibbs free enthalpy change 0 -14.40

Based on the data in Table 2, it is evident that nuclear repulsions favor structure 1, while
electronic stabilization favors structure 2. However, entropic factors favor structure 1, with the largest
contribution being vibrational entropy. In structure 1, the non-coordinated amid branch is oriented
in such a way that it is maximally distant from terbium and other coordinated groups. By moving to
structure 2, all groups are brought closer together, thereby increasing nuclear repulsive interactions.
At the same time, the binding of all groups to terbium in the octa-coordinated structure 2 leads to a
decrease in electronic energy.

The vibrational entropy of a ligand typically decreases when it binds to a metal. This reduction
in entropy results from the ligand becoming more constrained in its movements upon forming a bond
with the metal, limiting the number of vibrational modes available. Vibrational entropy is related to
the number and types of vibrations a molecule can undergo. These vibrations include bond
stretching, bending, and twisting. When a ligand binds to a metal, it forms a complex where the
ligand is held in a specific orientation and conformation. This binding restricts the ligand's ability to
rotate, translate, and vibrate freely, thereby reducing the number of accessible vibrational
modes. This is exactly what happens when free amid branch coordinates to terbium.

The dominant interaction in lanthanide-ligand bonding is electrostatic, meaning it's primarily
due to the attraction between the positively charged lanthanide ion and the negatively charged or
electron-rich portions of the ligand. Lanthanides act as hard Lewis acids, favoring interactions with
hard ligands (those with high charge density and low polarizability). The 4f electrons in lanthanides
are deeply buried within the atom's core and are generally not involved in bonding interactions. The
molecular orbitals with dominant f-character for structure 2 are shown in Figure 7.
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Figure 7. Molecular orbitals with dominant f-character for the octa-coordinated complex 2 of Tb®.

The ionic radius of the lanthanide ion plays a significant role in binding with chelating ligands.
Due to lanthanide contraction, AG for the interchange between structures 1 and 2 can significantly
vary through the lanthanide series. Thus, for example, the AG for the transition from structure 1 to
structure 2 for equivalent Lu®* complexes is -8,13 kcal/mol (DFT analysis at the same level of theory).
A much lower AG for the transition from hepta-coordinated to octa-coordinated complex of lutetium
indicates that the larger terbium ion has a stronger tendency towards higher coordination numbers.
However, regardless of the lanthanide used, both metals prefer octa-coordination. This behavior is
more obvious if the actual BPAMD ligand is used for coordination. If optimization starts with an
octa-coordinated structure (amide branch), energy minimization leads to the structure with the same
coordination number eight. However, if geometry optimization starts from the hepta-coordinated
initial structure, energy minimization leads to an octa-coordinated structure via one phosphonate
group (Figure 8).

Figure 8. Optimized octa-coordinated structure of Tb* complex with BPAMD, via one phosphonate group.

DEFT calculations showed that the energy difference between octa-coordinated structures via the
oxygen of the phosphonate group and via the oxygen of the amid group is negligible. In the case of
the Tb* complex, octa-coordinated structures via the phosphonate group are favored by just 0,4
kcal/mol. In the case of Lu3* complex with BPAMD, the octa-coordinated structure via phosphonate
group is 1,42 kcal/mol higher in energy than the other octa-coordinated structure.
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4. Conclusion

161Th-BPAMD was successfully prepared with high radiochemical yield, excellent in vitro
stability, and strong hydroxyapatite affinity. Its low plasma protein binding, high hydrophilicity, and
rapid systemic clearance contribute to a biodistribution profile characterized by selective and stable
skeletal uptake with minimal non-target retention. Although both ¢'Tb-BPAMD and '7Lu-BPAMD
demonstrate effective and clinically relevant bone targeting, 19'Tb-BPAMD exhibits more selective
biodistribution, reflected in lower soft-tissue accumulation and decreasing kidney activity over time.
Moreover, while its pharmacokinetic and binding characteristics closely mirror those of 77Lu-
BPAMD, 6'Tb-BPAMD offers the added therapeutic advantage of high-LET Auger and conversion
electrons, potentially enhancing dose delivery to metastatic bone lesions, particularly
micrometastases, while reducing systemic toxicity. DFT geometry optimizations of Tb* and Lu?
BPAMD model complexes support a preferred octa-coordinated binding mode, with the octa-
coordinated structures thermodynamically favored over a hepta-coordinated alternative (AG =-14.4
kcal/mol for Tb%; -8.1 kcal/mol for Lu®). The small energy separation between alternative octa-
coordination patterns suggests a flexible coordination environment that can accommodate different
lanthanides without compromising the stability of the complex. Taken together, these findings
highlight 6'Tb-BPAMD as a highly promising candidate for clinical translation, providing targeted,
effective, and stable radiation delivery to skeletal metastases, with an improved therapeutic profile
compared with existing BPAMD-based agents.
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