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Abstract Due to the promising results of 4-{[(bis(phos-
phonomethyl))carbamoyl]methyl}-7,10-bis(carboxymethyl)
-1,4,7,10-tetraazacyclododec-1-yl)acetic acid (BPAMD)
complexes in human studies, in this study, new therapeutic
complex of '7>Yb-BPAMD was investigated. The effect of
various parameters on the labelling yield of '”>Yb-BPAMD,
stability tests, partition coefficient and hydroxyapatite
binding of the complex were studied. Biodistribution stud-
ies (SPECT imaging and sacrifice) were performed after
injection of the complex to rats and compared with the
biodistribution of the 'Yb cation and other '">Yb bone-
seeking agents. Totally, '"Yb-BPAMD has interesting
characteristics compared to the other '”>Yb bone-seeking
agents and can be considered as a potential agent for bone
pain palliation.

Keywords Ytterbium-175 - BPAMD - Bone pain
palliation - Biodistribution - Radiolabeling

Introduction

The skeleton is the most common organ to be affected by

metastatic cancers such as breast, lung and prostate [1, 2].
Bone metastases are often clinically silent; they can lead to
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serious sequelae, such as pain, fractures, and hypercalcemia
that generally has the high negative impact on the quality of
life [3].

Among the methods for treatment of the metastatic bone
pain including systemic analgesics, antitumor agents, hor-
mones, chemotherapy, steroids, local surgery, anesthesia,
and external beam radiation, a systemic bone-avid radio-
pharmaceutical for treatment of widespread bony metas-
tases has potential benefit in patients who have progressive
disease despite treatment [4, 5]. In general, no single
method will keep the patient free of symptoms for an
extended period of time, and usually a combination of
systemic and local modalities may be required.

Bisphosphonates are known to show high and fast bind-
ing to apatite structures especially those of high biological
activity and nowadays, various phosphonate ligands labelled
with B~ -emitting radionuclides have shown good efficacy
for bone pain palliation [6, 7]. Some requirements and
restrictions of the first generation phosphonates have
encouraged the researchers to develop and evaluate the new
generation of bisphosphonate such as (4 {[(bis(phospho-
nomethyl))carbamoyl]  methyl}-7,10-bis(carboxymethyl)-
1,4,7,10-tetraazacyclododec-1-yl)acetic acid (BPAMD)
(Fig. 1) [6, 8].

The physical characteristics of Ytterbium-175 [¢, =
4.18 d, Pumax =470 keV (86.5 %) and 7y = 396 keV
(6.4 %)] [9] as well as its medium specific activity in a
moderate flux reactor make it a favorable radioisotope for
bone pain palliative applications. Also, the other studies
have indicated that radionuclidic impurities upon thermal
neutron bombardment of natural ytterbium target should
not cause any serious problem in the in vivo application of
75Yb [10] and therefore, bisphosphonate ligands labelled
with '°Yb such as '>Yb-DOTMP, '"Yb-EDTMP, '">Yb-
PDTMP, '”Yb-DTPMP and '”Yb-TTHMP have been
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developed as the potential agents for bone pain palliation
therapy [9, 11].

In continuation of developing BPAMD therapeutic
agents [12, 13] and due to the interesting properties of
BPAMD and '"°Yb, the authors tried to investigate the
possible production of '"Yb-BPAMD as an agent for bone
pain palliative application. In this study, radiolabeling,
quality control, partition coefficient and hydroxyapatite
(HA) binding assay of '">Yb-BPAMD were studied and
finally the biodistribution data of the radiolabelled com-
pound was acquired after injection of the complex to the
rats using SPECT imaging and scarification.

Materials and instruments

">Yb was produced with a specific activity of approxi-
mately 1.11 GBg/mg by irradiation of natural Yb,O; at a
thermal neutron flux of 5 x 10" n cm™2 s™! for 5 days at
Tehran Research Reactor (TRR). The Yb,O3 powder was
obtained from Isotec Inc. (USA). BPAMD was purchased
from ABX (Radeberg, Germany). All other chemical
reagents were obtained from Sigma-Aldrich (Heidelberg,
Germany). Whatman No. 2 paper was observed from
Whatman (Buckinghamshire, U.K.). Radio-chromatogra-
phy was performed by Whatman paper using a thin layer
chromatography scanner (Bioscan AR2000, Paris, France).
The activity of the samples was measured by a p-type
coaxial high-purity germanium (HPGe) detector (EGPC
80-200R) coupled with a multichannel analyzer card sys-
tem (GC1020-7500SL, Canberra, U. S. A.). Planar images
were taken by a dual head SPECT system (DST-XL, SMV,
Buc, France).

Methods

Production and quality control of "’*YbCl; solution
Ytterbium-175 was produced by neutron irradiation of
1 mg of natural Yb,0O3 at Tehran Research Reactor (TRR).
The irradiated target was dissolved in 1 mL of 1.0 M

hydrochloric acid (HCI) to prepare a stock solution of
7>YbCl; and diluted to the appropriate volume with ultra-
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pure water. The mixture was filtered through a 0.22 pum
biological filter and sent for use in the radiolabeling step.

The radionuclidic purity of the solution was tested by
gamma-ray spectroscopy on an HPGe detector basing on the
major photons of '">Yb. The radiochemical purity of the
173YbCl; was checked using two solvent systems for instant
thin layer chromatography (ITLC) (A: 10 mM DTPA pH 4
and B: ammonium acetate 10 %: methanol [1:1]).

Preparation and quality control of >Yb-BPAMD

In order to yield maximum labelling, the effect of various
parameters on the labelling yield of '">Yb-BPAMD
including ligand concentration, pH, temperature and reac-
tion time were studied.

A stock solution of BPAMD was prepared by the dissolu-
tion of 1 mg of the ligand in 1 mL pure water. Distinct values
of BPAMD (150-350 nmol) were added to the 10-mL conical
vials including approximately equal amounts (300 MBq) of
">YbCl;. The temperature and pH of the mixture were
exchanged from 70 to 100 °C and 3 to 7, respectively, while
the radiochemical purity of the mixture was checked by
instant thin layer chromatography (ITLC) method. For ITLC,
a 5 pL sample of the final fraction was spotted on a chro-
matography Whatman No. 2 paper, and developed in various
mobile phase mixtures (Ammonium hydroxide:Methanol:
Water (0.2:2:4; v/v/v), 0.1 M sodium citrate (pH 4) and 10 %
Ammonium acetate: Methanol (1:1)).

To remove the non-complexed '">Yb from the radiola-
belled compound, the mixture was passed over the strong
cation exchanger (Strata-X-C 60 mg) preconditioned with
ImL 4M HCI and 1 mL water. The '">Yb-BPAMD
complex was passed from the exchanger and collected to
the separate vial, while the non-complexed Ytterbium was
immobilized on the exchanger.

Stability studies

To determine the stability of the '”>Yb-BPAMD, a sample
of solution was kept at room temperature for 48 h and
frequent analyses have been performed using Whatman
No. 2 chromatography paper in NH,OH:MeOH:H,O
(1:10:20) system.

The stability of '">Yb-BPAMD in human serum was
determined by incubating the final solution (50 pCi, 50 pL)
in the presence of the freshly collected human serum (500
pL) at 37 °C for 2 days after preparation using above
mentioned chromatography system.

Hydroxyapatite binding assay

HA binding assay was performed according to the previ-
ously described procedure [14], with only a slight
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modification. In brief, to vials containing 5.0, 10.0, 15.0,
20.0, 25.0 and 50.0 mg of solid HA, 2 mL of saline solu-
tion of pH 7.4 was added and the mixtures were shaken for
2 h. Then, 50 pL of the radioactive preparation was added
and the mixtures were shaken for 24 h at room tempera-
ture. The suspensions were centrifuged, and two aliquots of
the supernatant liquid were taken from each vial and the
radioactivity was measured with a well-type counter. Test
experiments were performed using a similar procedure, but
in the absence of HA. The percentage binding of '>Yb to
HA was calculated according to HB =1 — A/B x 100,
where A is the mean radioactivity value of the supernatant
sample under study and B is the mean total value of whole
activity used.

Partition coefficient Determination

Partition coefficient of '">Yb-BPAMD was calculated fol-
lowed by the determination of P (the ratio of specific
activities of the organic and aqueous phases). A mixture of
1 mL of 1-octanol and 1 mL of isotonic acetate-buffered
saline (pH = 7) containing approximately 5.55 MBq of the
radiolabeled complex at 37 °C was vortexed 1 min and left
5 min. Following centrifugation at >1200 g for 5 min, the
octanol and aqueous phases were sampled and counted in
an automatic well-type counter. A 500 pL sample of the
octanol phase from this experiment was shaken again three
times with fresh buffer samples. The reported log P values
are the average of the extractions from three independent
measurements.

Biodistribution studies of 1’YbCl; and 75Yb-
BPAMD in rat

Biodistribution studies of '">YbCl; and '">Yb-BPAMD
were investigated in rats (n = 5) until 72 h post injection.
Final '"YbCl; and the radiolabelled complex solution
containing approximately 5.55 MBq (150 pL) of radioac-
tivity were injected to rats through their tail veins. The
animals were sacrificed at specified intervals (2, 4, 24, 48
and 72 h) using the animal care protocols. Five animals
were sacrificed for each interval.

The specific activity of tissues (heart, lung, intestine,
stomach, kidneys, spleen, liver, bladder, muscle and bone)
was calculated as the percentage of injected dose per gram
(%ID/g) using HPGe detector. All values were expressed
as mean =+ standard deviation (Mean + SD) and the data
were compared using student T test. Animal studies were
performed in accordance with the United Kingdom Bio-
logical Council’s Guidelines on the Use of Living Animals
in Scientific Investigations, second edition.

Imaging studies of '*Yb-BPAMD

3.7 MBq of '>Yb-BPAMD was injected intravenously into
a rat through their tail vein. The rat was anesthetized using
xylazine-ketamine mixture. Planar images were taken at 2
and 48 h after administration of the radiolabelled complex
by a dual-head SPECT system. The rat-to-high energy
septa distance was 12 cm. The useful field of view (UFOV)
was 540 x 400 mm.

Results and discussion
Quality control of 175ypCl,

The radionuclidic purity of '>Yb produced was >96 % as
obtained from the analysis of the gamma-ray spectrum
(Fig. 2).

Also, radiochemical purity of '7>YbCl; was determined
by ITLC method using two solvent systems (Fig. 3). At the
mixture of 10 mM DTPA solution as the mobile phase, the
free Ytterbium cation in the '">Yb3+ form, was chelated
with the polydentate eluting leading to the migration of the
cation in '>Yb-DTPA form to higher R (R; 0.7); any other
ionic species would lead to the observation of new radio-
peaks, especially at the origin (R; 0.0-0.1). At the mixture
of 10 % ammonium acetate: methanol (1:1) as another
solvent system, '”>Yb>" remains at the origin while other
ionic species would migrate to higher Rs. Species such as
YbCl,  might be present due to possibility of coordination
of more anions to central Yb as a transition metal espcially
at lower pHs.

Preparation and quality control of '>*Yb-BPAMD
In order to obtain maximum labelling yield, several

experiments were carried out by the variation of different
reaction parameters.
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Fig. 2 Gamma-ray spectrum of the natural Yb,O5 irradiated in TRR
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Fig. 3 ITLC chromatograms of 175YbCl3 solution in DTPA (pH.5) (left) and 10 % ammonium acetate: methanol (1:1) (right) using Whatman

No. 2

The results indicated the growth of labelling yield with
increasing the amount of BPAMD and reached above 97 %
by adding 225 pL (389 nmol) of the ligand. It was
observed that at the temperature range of 90-100 °C, the
maximum complexation yield would be achievable. The
effect of pH on the labelling yield was also studied by
varying the pH of the reaction mixture from 3 to 7 using
HEPES. Maximum yield was observed at pH 5-6 while
decreased beyond this range. The reaction mixture was
incubated at 100 °C temperature for different time periods
and 45 min incubation was found to be adequate to yield
maximum complexation.

Different chromatographic systems were used for the
detection of the radiolabelled compound from the free
cation. The best ITLC mobile phase was considered by
Whatman No. 2 paper using NH;OH:MeOH:H,0 (0.2:2:4).
In this mixture, free cation remains at the origin of the
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paper as a single peak, while the radiolabelled compound
migrates to higher Ry (0.7-0.8) (Fig. 4).

Stability tests

The study of the stability tests in room temperature and in
human serum in 37 °C was performed until 48 h post
preparation showing the radiochemical purity of greater
than 96 %.

Hydroxyapatite binding assay of '’*Yb-BPAMD

HA assay demonstrated high capacity binding for 75Yb-
BPAMD to HA. Even at 5 mg amount of HA, more than
84 % binding was observed. At further amounts of HA
(>15 mg), approximately, all radiolabelled complex was
bound to HA (Fig. 5).
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Fig. 4 ITLC of '>YbCls (left) and '">Yb-BPAMD (right) in NH,OH:MeOH:H,0 (0.2:2:4) solution on Whatman No. 2 papers
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Fig. 5 Binding percentage of '">Yb-BPAMD to solid hydroxyapatite
for different HA amounts (2.5, 5.0, 10.0, 15.0, 20.0, 25.0 and
50.0 mg)

Partition Coefficient Determination of 17>Yb-
BPAMD

The partition coefficient (P,/w) was calculated by dividing
the counts in the octanol phase by those in the buffer, and
the results expressed as log P,/w. The average value from
three independent measurements for '”>Yb-BPAMD was
—1.67 £ 0.03 witch highlight the strong hydrophilic nature
of the complex.

Biodistribution of "*YbCl; and the Radiolabelled
Complexes in Rats

The percentage of injected dose per gram in rat organs
were determined up to 72 h post injection of '">YbCl; and
5Yb-BPAMD (Figs. 6, 7). In the case of '">YbCls, the
maximum amount of the retained activity accumulates in
the liver. The spleen, kidney and bone are the other organs
with significant accumulation. Also, the obtained results, it
is clearly concluded that the major portion of the injected
activity of the complex is transferred from the blood cir-
culation into the bone.

Fig. 6 Percentage of injected
dose per gram (%ID/g) at 2, 4,
24, 48 and 72 after intravenous
injection of '">YbCl; into rats

When metastases are widespread or when new sites
continue to appear, systemic radiotherapy is the first
choice. Recently, various useful radiopharmaceuticals for
systemic treatment of bone pain in bone metastases using
different beta emitter radionuclides have been reported.
7>Yb seems to be an attractive therapeutic radioisotope
because of its suitable physical properties.

Therefore, radiolabelled complexes such as 175 Yb-DOTMP,
'">Yb-TTHMP, '*Yb-EDTMP, '*Yb-PDTMP, and '"Yb-
DTPMP have been produced and shown good accumulation in
bone tissue. In this research study, BPAMD as a new generation
of bisphosphonate ligand was labelled with '”>Yb. The com-
plex is prepared in 45 min with radiochemical purity
of >97 %.

As it can be seen in Fig. 7, the main part of the remained
activity of the complex was transferred from blood circu-
lation into the bones. Low accumulation is indicated in the
liver and also gastrointestinal system (intestines, colon).
The main way of the excretion for the labelled compound is
through the urinary tract due to the water solubility of the
compound.

Nowadays, many radiopharmaceuticals are developed
for treatment of painful metastases. The most important
point which should be considered in developing radio-
pharmaceuticals as bone pain palliative agents is the
absorbed dose delivered in the bone marrow. Whereas the
radionuclides with low B~ particle energies are recom-
mended for bone pain palliation, those with higher energies
are used for bone marrow ablation [15].

Among the radionuclides of 1%6Ho (Efmax = 1.85 MeV),
13Sm (Efmax = 0.810 MeV), "*°Re (Efmax = 1.07 MeV)
and '°Yb (Ef e = 470 keV [86.5 %)), the last one has the
lowest beta energy. Because of the lower beta particle
energy of '">Yb rather than other mentioned radionuclides,
for a given absorbed dose to the bone surface, lower dose
would be delivered to the bone marrow in the case of '">Yb-
BPAMD usage. Having the higher beta energies of '°°Ho

Tissue
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and '3Sm is the reason for their bone marrow ablation
applications in the patients with multiple myeloma [16-19].

On the other hand, the half-life of the radionuclides as a
noticeable parameter should be considered. It can affect the
required irradiation and complex preparation times. Also,
the radiopharmaceutical transportation to the farther hos-
pitals is an important parameter for radionuclides with
shorter half-life especially for countries with limited pro-
duction centers. '7>Yb with half-life of 4.18 d can solve
this limitation compared to 193Sm (t1o, = 1.93 d) and Ho
(t1» = 26.8 h). However, the physical properties of 77 0
[t1, = 6.73 d, Efnax = 497 MeV] are comparable with
Syb, but the calculation results show that especial
activity of the '">Yb would be about 3 times higher than
"Ly after irradiation of natural ytterbium and lutetium in
the same flux and time. Generally, these characteristics

Table 1 Target/non target uptake ratio for '”>Yb-BPAMD

Time ratio 2h 4h 24 h 48 h 72 h
Bone/liver 15.2 159 20.5 42.8 439
Bone/spleen 12.5 16.7 17.86 38.7 80.2
Bone/kidney 9.4 21.9 26.6 30.6 30.2

m2h
ma4h
24 h
m48h
m72h

& Q> < N N e e <
S 2 & < O & (2

Tissue

introduce '>Yb as a good candidate for bone pain pallia-
tive therapy.

The comparison between '’Yb and '">Yb-BPAMD
demonstrate different biokinetic pattern for both species.
Low blood radioactivity content demonstrates that rapid
removal of '">Yb from the circulation after injection. In
fact, because of the water solubility of the Yb cation, the
free Yb can be excreted via urinary tract. The liver has
significant '°Yb uptake related to metal transfer in plasma
in protein-bond form. The maximum liver radioactivity
uptake is seen in 24 and 48 h (about 2.3 %) that is com-
parable to other radio-lanthanides. Also, spleen and bone
indicate considerable uptake. The muscle, thyroid and
intestine do not demonstrate considerable uptake after
injection of '"3YbCls.

For an ideal therapeutic radiopharmaceutical, the receiving
dose to the critical non-target organs is a very important point
that should be considered. The ratios of bone/non-target
organs for ' Yb-BPAMD are shown in Table 1. The target to
non-target organ ratios for ' >Yb-BPAMD are compared with
175Yb-alendronate (!””Yb-ALN) and 175Yb-pamindronate
(">Yb-PAM) as the two recently synthesized '">Yb bone-
seeking agents [20] in Table 2.

Table 2 Target/non target uptake ratio for different '’>Yb bone-seeking agents at early times after injection to rats

Bone/Liver Bone/Kidney Bone/Blood

175yh. 175yh. 5yp. 75yh. 175yp. 175y h. 175yh- 15yp. 17Syh.

BPAMD PAM ALN BPAMD PAM ALN BPAMD PAM ALN
2 h 15.15 5.26 1.93 9.38 1.47 0.16 16 24.26 6.90
4 h 15.89 4.54 3.6 21.92 1.58 0.5 34.89 20.37 17.26
24 h 20.53 5.19 2.79 26.58 2.73 0.76 36.35 79.01 146.58
48 h 42.84 5.58 391 30.61 2.69 1.04 49.17 120.76 201.1
Reference This work [20] [20] This work [20] [20] This work [20] [20]
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Fig. 8 Planar images of rats at 2 h (left) and 48 h (right) after 3.7 MBq intravenous injection of 175Yb-BPAMD (xylazine-ketamine anesthesia,

scanning time of 10 min)

The bone to liver, spleen and kidney ratios for '">Yb-
BPAMD is greater than these ratios for other '”>Yb bone-
seeking agents. This means for a given dose to the bone
tissue as the target organ, other critical organs such as liver,
spleen and kidney would receive lesser dose in the case of
'>Yb-BPAMD.

Imaging studies of '"Yb-BPAMD

Planar images were taken from normal rat 2 and 48 h after
administration of the radiollabeled complex (Fig. 8).
Imaging of the rat showed a distinct accumulation of the
radiotracer in the skeletal region 2 and 48 h after injection.
The images proved that the activity accumulate to the bone
very fast and retain in the bone for long time.

Conclusions

In this study, 'Yb-BPAMD was prepared with high
radiochemical purity (>97 %, ITLC) in 45 min. The
complex demonstrated significant stability at room tem-
perature and in human serum at least for 48 h. HA binding
assay demonstrated at the amount of more than 15 mg,
approximately, all radiolabelled complex was bind to HA.
At the pH 7, log P,/w was —1.67 £ 0.03. The final
preparation was administered to rats and biodistribution of
the complex was checked until 72 h post injection. Both
SPECT and scarification showed major accumulation of
the radiolabelled compound in the bone tissue. All tissues
approximately have insignificant uptake in comparison
with bone tissue. The comparison of the bone to the critical
organs ratios for '">Yb-BPAMD and other '”>Yb bone-
seeking agents showed greater amounts for '”>Yb-BPAMD
at early times after injection. Totally, it can be concluded
that '”>Yb-BPAMD has interesting characteristics as an

agent for bone pain palliation, however further biological
studies in other mammals are still needed.
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