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Radiolabeled bisphosphonates have shown the potential for targeted bone applications in both diagnostic im-
aging and therapy. In this study, we investigated the radiochemical properties and in vivo biodistribution of two
novel radiopharmaceuticals; [58Ga]Ga-NOTA-pamidr0nic acid and [6sGa] Ga-DOTA-pamidronic acid, with the
aim of determining their suitability for clinical applications.

Radiolabeling was achieved with a high radiochemical purity (RCP) of over 95 % for both, with [*®Ga]Ga-
DOTA-pamidronic acid having a slightly higher RCP (99.48 %) compared to [*®Ga]Ga-NOTA-pamidronic acid
(97.48 %). This difference emphasises the superior affinity of DOTA for binding Ga>" ions, which is likely due to
its structural flexibility and enhanced coordination capabilities. The biodistribution studies were performed in
healthy Swiss Webster mice. Both radiopharmaceuticals showed efficient renal clearance and minimal non-
specific uptake in the major organs. The kidneys and bladder showed the highest uptake, indicating renal
excretion, with [®Ga]Ga-DOTA-pamidronic acid showing significantly higher uptake in the bladder. However,
bone uptake remained relatively low for both radiopharmaceuticals, with [®3Ga]Ga-NOTA-pamidronic acid
showing higher uptake (1.33 %ID/g) compared to [*®Ga]Ga-DOTA-pamidronic acid (0.26 %ID/g). This may be
attributed to rapid excretion and the possible changes in bisphosphonate binding properties due to chelation.
Free ®8Ga showed extensive non-specific uptake, highlighting the advantages of chelated radiotracers in mini-
mising off-target distribution.

While [58Ga]Ga-NOTA-pamidronic acid and [68Ga]Ga-DOTA-pamidr0nic acid showed promising renal clear-
ance and minimal non-specific uptake, their bone affinity remains suboptimal. These results emphasise the need
for further structural modifications to improve binding to hydroxyapatite and thus provide the basis for the
development of ®3Ga-based radiopharmaceuticals with improved bone-targeting capabilities.

1. Introduction

Bone cancer occurs when abnormal cells multiply uncontrollably in
the bone, leading to the destruction of normal bone tissue. A distinction
is made between primary bone cancer, which is rare and includes sar-
comas such as osteosarcoma, chondrosarcoma, Ewing’s sarcoma, and
chordoma, and secondary bone cancer, which is more common and
arises from metastases of other primary cancers, including breast cancer
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(70 %), prostate cancer (85 %), lung cancer (40 %), and kidney cancer
(40 %) (Coleman et al., 2020; Cosphiadi et al., 2018; Omotade et al.,
2024; Oniankitan et al., 2014; Siegel et al., 2023). Secondary metastatic
diseases are responsible for most cancer-related deaths and not the
primary cancer itself (Sharma et al., 2021).

The diagnosis of bone cancer in nuclear medicine involves the use of
radiopharmaceuticals to produce detailed images of the bone. A
commonly used radiopharmaceutical is [\®F]NaF, a bone-seeking agent
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introduced by Blau et al., in 1962 and approved by the FDA in 1972 to
detect osteogenic activity (Araz et al., 2015). The development of [*8F]
NaF-PET has addressed a critical clinical challenge by enabling the
identification and assessment of bone metastases (Souche et al., 2024;
Wang et al., 2022).

Bisphosphonates (BPs) are pyrophosphate analogues characterised
by a P-C-P core that enables strong binding to calcium in the hydroxy-
apatite of bone, especially in regions with high bone turnover (Mbese &
Aderibigbe, 2021; Pozzi & Raje, 2011). Pamidronic acid, a
nitrogen-containing bisphosphonate, has superior bone selectivity and is
widely used in the imaging and treatment of bone disease (Keeling et al.,
2023). Its nitrogen group makes it around 100 times more effective than
previous bisphosphonates, such as etidronate and clodronate
(Papapoulos, 2020).

The introduction of the ®8Ge/%®Ga generator in the early 2000s
revolutionised radiopharmacy due to the beneficial properties of *®Ga,
including positron emission, 68-min half-life, rapid elimination and
diagnostic precision (Ashhar et al., 2020; Banerjee & Pomper, 2013;
Nelson et al., 2022). 8Ga-labelled peptides have emerged as a new class
of radiopharmaceuticals characterised by rapid target localisation and
efficient blood excretion, providing an alternative to traditional **™Tc
agents (Nelson et al., 2022). In contrast to covalent PET isotopes such as
18F or 11C, %8Ga in its Ga®" form requires a bifunctional chelating agent
(BCA) for conjugation with target molecules. Chelators such as NOTA (1,
4,7-triazacyclononane-1,4,7-triacetic acid) and DOTA (1,4,7,10-tetraa-
zacyclododecane-1,4,7,10-tetraacetic acid) have facilitated incorpora-
tion of ®®Ga and enabled precise PET imaging (Shetty et al., 2010;
Damerow et al., 2023; Rinne et al., 2019; Arjenaki et al., 2024).

Preliminary studies with [18F]A1F—NOTA—parnidronic acid showed
strong binding to hydroxyapatite and osteoblast cells in vitro (Hassan
et al., 2022), supporting its potential as a radiopharmaceutical targeting
bone. The aim of this study is to evaluate the in vivo biodistribution of
[68Ga]Ga-NOTA-pamidronic acid and [68Ga]Ga-DOTA-pamidronic acid
in healthy male Swiss-Webster mice to gain insight into its suitability as
a diagnostic imaging agent for bone disease, as understanding its bio-
distribution is crucial for assessing its clinical potential.

2. Materials and methods
2.1. Materials

Pamidronic acid (C3H;1NO7P;) was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA), while NOTA-NHS ester (C¢H24N40g)
was obtained from CheMatech (Dijon, France). DOTA-NH; and the 68Ga
radionuclide were sourced from ITM %8Ge/%%Ga generators (Munich,
Germany). Other reagents included dimethylformamide (DMF), trie-
thylamine (CgHjsN), ammonium acetate (NH4CH3CO3), acetic acid
(CH3COOH), formic acid (CH205), ethanol, sodium acetate (CoH3NaO»),
sodium hydroxide (NaOH), and methanol, all obtained from Sigma-
Aldrich (USA) or Merck (Kenilworth, USA). Water for injection (WFI),
0.9 % sodium chloride, and isoflurane were provided by B. Braun (USA).
Instant Thin Layer Chromatography-Silica Gel (ITLC-SG) plates were
purchased from Agilent (Santa Clara, CA, USA), and hydrochloric acid
(HCI) was used for generator elution. Instrumentation included a radi-
oTLC imaging scanner (AR-2000, Eckert & Ziegler) and a PerkinElmer
Wizard2 2470 Automatic Gamma Counter.

2.2. Methods

2.2.1. Preparation of NOTA-pamidronic acid and DOTA-pamidronic acid

Pamidronic acid was prepared by dissolving 20 mg in 2 mL of
deionised water to reach a final concentration of 10 mg/mL. This pre-
pared solution was then divided into two portions, one for the prepa-
ration of NOTA-pamidronic acid and the other for DOTA-pamidronic
acid. The solution was shaken thoroughly until completely dissolved to
ensure homogeneity. The pH of the solution was adjusted to 8 with 30 pL
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triethylamine (TEA) and monitored with pH indicator strips. Separately,
20 mg NOTA-NHS was dissolved in 1 mL dimethylformamide (DMF) and
then 468.4 pL of the NOTA-NHS solution was added to the pamidronic
acid solution (3:1 ratio of pamidronic acid to NOTA-NHS). For the
preparation of DOTA-pamidronic acid, 20 mg DOTA-NHS was also dis-
solved in 1 mL DMF and approximately 540 pL of the DOTA-NHS so-
lution was then added to the pamidronic acid solution, maintaining a
similar ratio of pamidronic acid to DOTA-NHS of 3:1 as previously
described. The reaction mixture was incubated 4 h at room temperature
with gentle shaking in a microplate shaker and the pH was monitored
hourly with pH indicator strips to ensure that it remained neutral to
slightly basic.

Following the reaction, the crude NOTA-pamidronic acid and DOTA-
pamidronic acid was purified to remove organic impurities. Solid phase
extraction (SPE) was performed using a Sep-Pak C18 Plus Light cartridge
(Waters, Milford, MA, USA), followed by filtration through a 0.22 pm
nylon syringe filter (PhenexTM-NY, USA). The purified product was then
validated with Liquid Chromatography Mass-Spectrometry Analysis for
further use (Hassan et al., 2022).

2.2.2. Radiolabeling of nga]Ga—NOTA-pamidronic acid and [68Ga]Ga—
DOTA-pamidronic acid

The ®8Ga eluate was obtained from a®®Ge/%®Ga generator (ITM,
Munich, Germany). Given the advanced age of the generator, the highest
58Ga concentration was achieved by elution with 0.05 M HCl, discarding
the first 1 mL fraction and collecting the subsequent 4 mL to minimise
metallic impurities. For radiolabelling, approximately 50 pg (96.2 nmol)
of NOTA-pamidronic acid in 50 pL was reacted with 1.3 + 0.1 mGi 3Ga
in a total volume of 1 mL. The reaction mixture was buffered with 110 pL
of 1.0 M sodium acetate (NaOAc) to achieve an optimal pH of 3.9,
enabling efficient radiolabelling. The reaction was carried out at 100 °C
for 15 min (Fig. 1). A similar protocol was followed for the preparation
of [%®Ga]Ga-DOTA-pamidronic acid using 50 pg (80.5 nmol) of DOTA-
pamidronic acid in 50 pL. The radiochemical purity (RCP) was deter-
mined using an instant thin layer chromatography-silica gel (iTLC-SG)
plate as a stationary phase and 0.4 M acetic acid: methanol (1:1) mixture
as a mobile phase and analysed using a Radio TLC-Scanner (AR-2000,
Eckert & Ziegler, Berlin, Germany).

2.2.3. Biodistribution studies of [68Ga]Ga—NOTA—pamidronic acid and
[6 8Ga]Ga—DOTA—pamidronic acid

Biodistribution studies were performed with 12 healthy male Swiss-
Webster mice (12-16 weeks old, 35-40 g), with three animals assigned
to each experimental group: free %8Ga, [°3Ga]Ga-NOTA-pamidronic acid
and [*®Ga]Ga-DOTA-pamidronic acid. Analyses were performed at two
time points: 15 min and 30 min after injection. The mice were kept in
ventilated cages under standard laboratory conditions and had ad libi-
tum access to food and water.

For the experimental procedure, mice were anaesthetised with iso-
flurane and 0.4 mL (30.4 £+ 22.9 pCi) [68Ga]Ga—NOTA—pamidronic acid
was administered intravenously via the tail vein. 30 min after injection,
the mice were euthanised by exsanguination of the heart (Aguwa et al.,
2020). The organs of interest, including liver, spleen, kidney, muscle,
femur, lung, heart, blood, stomach and intestine, were carefully har-
vested, weighed and analysed for radioactivity using a PerkinElmer
Wizard2 2470 automated gamma counter. Biodistribution results were
expressed as percentage of injected dose per gramme of tissue (%ID/g)
(Arjenaki et al., 2024; Silva et al., 2022; Hu et al., 2022). The protocol
was applied in a similar way for [®®Ga]Ga-DOTA-pamidronic acid and
free %8Ga, following identical steps for injection, euthanasia, organ
harvesting and radioactivity measurement. The in vivo study was per-
formed with approval from the Committee on Animal Research and
Ethics (CARE), Universiti Teknologi MARA, authorization no. UiTM
CARE: 442/2024 (600-UiTMCARE(PT.1/3/1)).
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Fig. 1. Workflow illustration for radiolabeling of [*®Ga]Ga-NOTA-pamidronic acid.

3. Results and discussion

3.1. Radiolabeling of [686a]Ga—NOTA—pamidronic acid and [68Ga]Ga—
DOTA-pamidronic acid

For the radiolabeling of [°8Ga] Ga-NOTA-pamidronic acid and [°8Ga]
Ga-NOTA-pamidronic acid, the i-TLC result showed that both [®8Ga]Ga-
NOTA-pamidronic acid and [8Gal Ga-DOTA-pamidronic acid achieved
excellent radiolabeling purity (RCP), with values above the 95 %
threshold required for clinical applications (Table 1). [°8Ga]Ga-DOTA-
pamidronic acid consistently showed higher RCP values, 99.5 % =+ 0.01
(n = 3) compared to [%8Ga] Ga-NOTA-pamidronic acid, (97.5 % + 0.09
(n = 3), indicating a more efficient radiolabeling process. This higher
RCP value ensures accurate dosing and optimal results in imaging and
therapy.

The retention factors (R¢) of both compounds were similar, indicating
comparable physical and chemical properties after labelling (Fig. 2).
While both compounds exhibit high RCP and stability, the slightly
higher RCP of [®®Ga]Ga-DOTA-pamidronic acid highlights its potential
preference for applications demanding higher purity, such as high-
resolution imaging or precise therapeutic dosing.

The observed differences in radiolabelling efficiency can be attrib-
uted to the structural properties of the chelators. DOTA is widely rec-
ognised for its superior binding affinity with ®3Ga. This is due to its
cyclic structure with four carboxylic acid arms, which provides multiple
coordination sites that enhance metal-chelator interactions and stabil-
ity. The larger ring structure of DOTA offers a flexible geometry that
facilitates efficient coordination with ®8Ga, making it the most
commonly used chelator in the development of metal radiopharma-
ceuticals (Davey & Paterson, 2023). Its versatility, in vivo stability and

Table 1
RCP of [%®Ga]Ga-NOTA-pamidronic acid and [®Ga]Ga-DOTA-pamidronic acid.

Radiopharmaceutical %RCP (n = 3) Retention factor (Ry)
n=3

[®8Ga]Ga-NOTA-pamidronic acid 97.5 (40.09) 0.949 (+£0.001)

[®8Ga]Ga-DOTA-pamidronic acid 99.5 (40.01) 0.951 (+0.003)

the availability of bifunctional derivatives emphasise its utility (Souche
et al., 2024).

Conversely, NOTA has distinct advantages, particularly in diagnostic
applications (Lee et al., 2023). A study by Kakela (2020) summarised
other studies and highlighted the rapid reaction kinetics, high in vivo
stability, efficient radiolabelling at room temperature and strong selec-
tivity for °3Ga offered by NOTA chelators (Kikel4, 2020). The cavity size
of NOTA-based ligands is perfectly suited for trivalent gallium (Ga>*).
They form thermodynamically stable complexes without the distorted
octahedral structure observed in DOTA-based Ga®" complexes (Kubicek
et al., 2010). These properties make NOTA an excellent choice for
medical imaging applications where diagnostic accuracy is paramount.

Nevertheless, the physicochemical properties of [®®Ga]Ga-NOTA-
pamidronic acid and [*8Ga]Ga-DOTA-pamidronic acid, such as hydro-
philicity (log P values) and in vivo stability, were not investigated in this
study. These properties could influence the affinity of the compounds for
bone and overall pharmacokinetics. Future research should incorporate
these analyses to further enlighten the effects of chelation on bio-
distribution and binding properties. Despite these limitations, the study
provides valuable preliminary data on the in vivo biodistribution of
68Ga-labelled bisphosphonates and serves as a basis for further refine-
ment and evaluation in disease-specific models.

In summary, both [68Ga]Ga—NOTA—pamidronic acid (Fig. 3) and
[°8Ga] Ga-DOTA-pamidronic acid (Fig. 4) exhibit excellent radio-
labelling efficiency and stability. The higher RCP of [%8Ga]Ga-DOTA-
pamidronic acid may make it more suitable for applications where
radiochemical purity is critical. The use of i-TLC provided valuable
preliminary data on radiolabelling conditions and highlighted the
complementary role of DOTA and NOTA chelators in the development of
radiopharmaceuticals.

3.2. Biodistribution studies of [68Ga]Ga—NOTA—pamidronic acid and
[68Ga]Ga—DOTA—pamidronic acid

The biodistribution study investigated the tissue distribution of
[68Ga] Ga-NOTA-pamidronic acid, [68Ga] Ga-DOTA-pamidronic acid and
free %8Ga in healthy male Swiss-Webster mice (n=3 per group). The
percentage of injected dose per gram of tissue (%ID/g) was determined
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Fig. 2. RCP analysis for (a) [*®Ga]Ga-NOTA-pamidronic acid, and (b) [*®Ga]Ga-DOTA-pamidronic acid using iTLC-SG plate and 0.4 M acetic acid: methanol (1:1) as

the mobile phase.

Fig. 3. The structure of radiolabeled [®Ga]Ga-NOTA-pamidronic acid.

30 min after injection to determine pharmacokinetic profiles and organ-
specific uptake. The results, presented in Table 2, provide a comparative
analysis of the radiotracers and highlight the differences in uptake and
clearance patterns between organs. This comparison provides insight
into the potential suitability of the radiotracers for bone-targeting
applications.

Free %8Ga showed significantly higher uptake in most organs,
including the liver (5.32 + 1.04 %ID/g), spleen (6.35 + 1.66 %ID/g),
kidneys (10.21 + 0.68 %ID/g), lungs (14.31 + 4.11 %ID/g), heart
(10.37 £ 2.53 %ID/g) and blood (33.71 + 3.15 %ID/g) (Table 2). This
non-specific biodistribution indicates that free ®Ga remained largely
unbound, resulting in extensive retention in highly perfused tissue and
low clearance. The increased activity in the blood also suggests that a
significant proportion of free ®3Ga circulates unbound and is only taken
up to a limited extent by certain organs.

Fig. 4. The structure of radiolabeled [*®Ga]Ga-DOTA-pamidronic acid.

In contrast, both [68Ga]Ga—NOTA—pamidronic acid and [*®Ga]Ga-
DOTA-pamidronic acid showed significantly lower uptake in most tis-
sues, highlighting the efficacy of chelation in reducing non-specific
binding and improving clearance (Fig. 5). The highest uptake of
[*8Ga]Ga-NOTA-pamidronic acid was observed in the kidneys (2.63 +
0.70 %ID/g), followed by the bone (1.33 + 0.16 %ID/g), indicating a
predominant renal excretion while maintaining some affinity for hy-
droxyapatite in bone. A similar pattern was observed for [%8GalGa-
DOTA-pamidronic acid, with the highest uptake in the kidneys (3.60 +
1.11 %ID/g), although uptake in bone remained low (0.26 + 0.08 %ID/
g). These results suggest that both tracers undergo rapid renal clearance,
with [%®Ga]Ga-NOTA-pamidronic acid exhibiting slightly higher bone
retention compared to its DOTA-conjugated counterpart.
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Table 2
The %ID/g of related organs for [68Ga]Ga-NOTA-pamidronic acid, [°®Ga)Ga-
DOTA-pamidronic acid and free ®Ga 30 min p.i
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Table 3
The in vivo biodistribution of [®®Ga] Ga-NOTA-pamidronic acid in healthy male
Swiss-Webster mice, %ID/gram for organ of interest, 15- and 30-min p.i

Organs [**Ga]Ga-NOTA- Free ®8Ga [*®GalGa-DOTA-
pamidronic acid pamidronic acid
Liver 0.48 + 0.17 5.32+1.04 0.36 +0.14
Spleen 0.14 + 0.08 6.35+1.66 0.26 + 0.20
Kidneys 2.63 £0.70 10.21 + 0.68 3.60 £1.11
Muscle 0.13 + 0.02 279 +0.86 0.27 +0.17
Bone 1.33 £ 0.16 518 +£1.93 0.26 + 0.08
Lungs 0.32 + 0.06 1431 £+4.11  0.58 £0.43
Heart 0.11 £ 0.01 10.37 +£2.53  0.28 +0.29
Blood 0.27 + 0.07 33.71 £3.15 0.68 + 0.26
Stomach ~ 0.09 + 0.02 5.39+1.31 0.21 £0.17
Gut 0.14 £ 0.02 6.40 + 2.80 0.38 +£0.33
5
4
E 34 3 e
e = 58G5]Ga-NOTA-pamidronic acid
)
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Fig. 5. The in vivo biodistribution study between [68Ga]Ga-NOTA-pamidronic
acid and [68Ga]Ga-DOTA-pamidronic acid 30 min p.i.

Both [68Ga] Ga-NOTA-pamidronic acid and [68Ga] Ga-DOTA-pami-
dronic acid showed relatively low bone uptake, with [®8Ga]Ga-NOTA-
pamidronic acid showing slightly higher uptake (1.33 + 0.16 %ID/g)
compared to [68Ga]Ga—DOTA—pamidronic acid (0.26 + 0.08 %ID/g).
This was unexpected given the well-documented high bone affinity of
bisphosphonates in a previous study (Meckel et al., 2017). Several fac-
tors may explain this discrepancy. Firstly, the rapid renal clearance of
both substances may limit the time available for binding to bone tissue.
This could be due to the ionic structure of [68Ga]Ga—NOTA—pamidronic
acid and [®®Ga] Ga-DOTA-pamidronic acid, which may favour excretion
over a longer retention time in bone, which has been observed partic-
ularly for [68Ga]Ga-DOTA-pamidronic acid (Ashhar et al., 2020). Sec-
ondly, chelation of pamidronic acid by NOTA or DOTA may alter its
binding properties and reduce its affinity for hydroxyapatite in bone
compared to the non-chelated form. The observed difference in uptake
between the two tracers suggests that the choice of chelating agent may
influence targeting accuracy in bone, possibly due to variations in
charge distribution and steric effects.

To further investigate the time-dependent distribution of [®8Ga]Ga-
NOTA-pamidronic acid, biodistribution was analysed at 15 and 30 min
after injection (Table 3). Due to experimental limitations, a similar time
course analysis was not possible for [®3Ga]Ga-DOTA-pamidronic acid;
however, the data provide insight into the early pharmacokinetics of
[68Ga]Ga-NOTA-pamidronic acid. The temporal biodistribution data of
[®®Ga]Ga-NOTA-pamidronic acid showed progressive accumulation in
most organs between 15 and 30 min after injection, with marked uptake
in the kidneys (9.27 + 2.57 %ID/g), confirming efficient renal clearance
(Table 3). A slight increase in uptake over time was also observed in
liver, lung, blood, stomach and intestine, suggesting continued systemic
distribution and slower clearance from these tissues. Uptake into bone
showed a modest increase from 0.29 + 0.15 %ID/g at 15 min to 1.33 +

Organs 15 min 30 min

Liver 1.14 £ 0.16 0.48 £ 0.17
Spleen 0.09 + 0.09 0.14 + 0.08
Kidney 9.27 + 2.57 2.63 + 0.70
Muscle 0.81 +£0.11 0.13 £ 0.02
Bone 0.29 + 0.15 1.33 £ 0.16
Lungs 1.98 + 0.59 0.32 + 0.06
Heart 0.94 £ 0.37 0.11 £ 0.01
Blood 2.63 £ 0.96 0.27 + 0.07
Stomach 1.28 + 0.66 0.09 + 0.02
Gut 0.83 + 0.26 0.14 + 0.02

0.16 %ID/g at 30 min, indicating a limited but delayed affinity for bone
tissue (Fig. 6).

This study demonstrated the successful radiolabeling of NOTA- and
DOTA-conjugated pamidronic acid with ®3Ga, providing important in-
sights into their in vivo biodistribution. Both radiotracers exhibited high
radiochemical purity (RCP) and efficient renal clearance, confirming
their suitability for further evaluation as radiopharmaceuticals for bone.
However, the expected high bone uptake characteristic of bisphospho-
nates was not observed. This unexpected finding indicates possible
limitations in the binding affinity of these radiotracers and suggests that
chelation with NOTA and DOTA may affect the interaction between
pamidronic acid and hydroxyapatite in bone tissue. A similar effect was
observed in Pfannkuchen et al., who reported significant improvements
in the blood-bone ratio when they added various chelating agents to
zoledronic acid (Pfannkuchen et al., 2017).

Several %8Ga-labelled bisphosphonates have been investigated for
bone imaging, including [°8Ga] Ga-DOTA-bisphosphonate ligand BPAPD
([68Ga]Ga—BPAPD), [68Ga]Ga—NODAGA—pamidronic acid and [°®Ga]Ga-
DOTA-zoledronic acid ([GSGa]Ga-DOTA-ZOL), which have shown high
accumulation in the bone and rapid excretion in the blood (Ashhar et al.,
2020; Meckel et al., 2016). Compared to these tracers, [%8Ga]lGa-NO-
TA-pamidronic acid and [®®Ga]Ga-DOTA-pamidronic showed relatively
lower bone uptake despite their structural similarity to other
bisphosphonate-based agents. For example, [68Ga]Ga-BPAPD was re-
ported to have a bone uptake of 3.21 + 0.62 %ID/g, 60 min after in-
jection, while [%8Ga]lGa-DOTA-ZOL showed better hydroxyapatite
binding due to its higher charge density and rigid chelate structure (5.40
+ 0.62 %ID/g). In contrast, in this study, [68Ga]Ga-NOTA-pamidronic
acid and [68Ga] Ga-DOTA-pamidronic acid showed relatively low bone
uptake (1.33 + 0.16 %ID/g and 0.26 + 0.08 %ID/g, respectively, 30

104
£
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2
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xR
)
0-
< o N ) ) o I > 0§ ¥
S EEFTES S EO
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D

Fig. 6. In vivo biodistribution of [°®Ga]Ga-NOTA-pamidronic acid at 15- and
30- minutes p.i.
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min after injection).

One possible explanation for this difference is that the chemistry of
the chelates significantly influences bone affinity (Ashhar et al., 2020).
DOTA and NOTA chelators lead to different charge distributions, which
may alter the overall hydrophilicity of the radiotracer and affect its
binding to hydroxyapatite. While previous studies suggest that
NODAGA-based  bisphosphonates  ([*8Ga]Ga-NODAGA-pamidronic
acid) have better bone uptake due to a more favourable charge to lip-
ophilicity ratio, Ashhar et al., found no improvement in bone affinity
with [68Ga]Ga—NODAGA—pamidronic acid compared to [68Ga]
Ga-DOTA-pamidronic acid (Ashhar et al., 2020; Meckel et al., 2016).

In contrast, our study showed that [®8GalGa-NOTA-PAM had a
significantly higher %ID/g in bone compared to [®3Ga]Ga-DOTA-PAM
30 min after injection (p < 0.05). This suggests that the NOTA chelator
may have better bone retention properties than DOTA in conjunction
with pamidronic acid. The observed difference emphasises the potential
influence of chelator selection on bone targeting efficiency and warrants
further investigation of the underlying mechanisms.

Another factor contributing to the lower bone uptake observed in
this study could be the differences in molar activity and precursor
concentration. In previous studies with [68Ga] Ga-DOTA-ZOL and [68Ga]
Ga-BPAPD, lower precursor amounts (25 nmol) were used, which
increased molar activity and possibly allowed for greater binding af-
finity to hydroxyapatite (Meckel et al., 2016). In contrast, 80-100 nmol
of precursors (NOTA-pamidronic acid and DOTA-pamidronic acid) was
used in this study, which may have resulted in lower molar activity,
possibly leading to receptor saturation effect and reducing the fraction
of radiotracer available for bone binding. Higher precursor concentra-
tion may also increase non-specific binding and faster renal clearance,
further limiting accumulation in the skeleton (Lever et al., 2017). This
may explain the lower %ID/g in bone observed in our study, high-
lighting the need for further optimisation of precursor concentration to
improve targeting accuracy in bone.

The results show important differences in the pharmacokinetics of
free 68Ga, [68Ga] Ga-NOTA-pamidronic acid and [68Ga]Ga-DOTA-
pamidronic acid. While free %Ga exhibited widespread non-specific
distribution and prolonged retention, both chelated compounds
showed improved clearance profiles with minimal non-specific uptake.
However, the relatively low bone uptake for both [®8Ga]Ga-NOTA-
pamidronic acid and [%8Ga]Ga-DOTA-pamidronic acid highlights the
need for further optimisation to improve the properties of the bone
target. Despite these limitations, the efficient renal clearance and in vivo
stability of [®®Ga]Ga-NOTA-pamidronic acid suggest its potential as a
theranostic agent, provided that further modifications improve its bone
specificity.

3.3. Limitation of the study

This study has some limitations that should be considered when
interpreting the results. Firstly, the use of healthy mice instead of a bone
cancer model may have influenced the observed biodistribution pat-
terns. Due to budgetary constraints, this preliminary investigation
focused on evaluating the basic pharmacokinetics of [®8Ga]Ga-NOTA-
pamidronic acid and [68Ga]Ga-DOTA-pamidronic acid rather than
disease-specific targeting. Future studies should use bone tumour
models to better assess the specificity and clinical relevance of these
radiotracers.

Secondly, biodistribution analysis was only performed at two early
time points (15 and 30 min after-injection), which limits the under-
standing of long-term retention and clearance of the tracer. A more
comprehensive time course study with extended time points would
allow a better understanding of the stability and accumulation of the
radiotracer in the bone tissue.

Thirdly, important physicochemical properties such as hydrophilic-
ity (log P values) and in vivo stability were not assessed. These factors
play a crucial role in the affinity of bisphosphonate-based radiotracers
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for bone and their overall biodistribution. Future studies should incor-
porate these analyses to determine the effects of chelation on bone ef-
ficacy. Despite these limitations, this study provides valuable
preliminary data on the in vivo biodistribution of ®%Ga-labelled
pamidronate derivatives and establishes a basis for further optimisation.

4. Conclusion

This study investigated the radiolabelling efficiency and bio-
distribution of [68Ga]Ga-NOTA-pamidronic acid and [68Ga]Ga-DOTA-
pamidronic acid and demonstrated their high RCP and efficient renal
clearance. However, the expected high bone uptake was not observed,
suggesting that chelation of pamidronic acid with NOTA and DOTA may
alter the binding affinity to hydroxyapatite. This unexpected result un-
derlines the need for further structural modifications to improve bone
specificity while maintaining favourable pharmacokinetics.

Despite the limitations of the study, which include the use of healthy
mice and a short biodistribution window, the results provide important
insights into the pharmacokinetics and excretion profiles of these ra-
diotracers. Future research should focus on evaluating these compounds
in bone cancer models, extending the biodistribution time points and
evaluating the physicochemical properties to optimise their diagnostic
and therapeutic potential. These improvements will be essential for the
conversion of %Ga-labelled bisphosphonates into clinically useful ra-
diopharmaceuticals targeting bone.
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