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Abstract—The goal of this investigation was to examine the possibilities for yttrium-90-labeling of the 2,3-dicarboxypropane-1,1-
diphosphonic acid (DPD), which is currently labeled with technetium-99m and as a *™Tc-DPD clinically used as bone imaging agent.
Analysis of the complex enclosed the radiochemical quality control methods, biodistribution studies, as well as the determination of
pharmacokinetic parameters. The biological behavior of complexes *°Y-DPD, *™Tc¢-DPD and *°Y-labeled DPD-kit formulation
[’°Y—(Sn)-DPD] in animal model was compared. The labeling conditions were standardized to give the maximum yield, which ranged
between 93% and 98%. The examined *°Y complex could be easily prepared, with an outstanding yield and was also found to be very
stable for at least 10 h after *Y-labeling. Protein binding value was 4.6 % 0.7% for **Y-DPD complex and the complex possess a hydro-
philic character. The satisfactory results of **Y-DPD biodistribution in healthy test animals were obtained; the uptake in the bone was
11-13% ID/g after 24 h depending on the pH value during the preparation. With high skeletal uptake, a minimum uptake in soft tissues

and rapid blood clearance the *°Y—DPD complex proved to be an excellent candidate for targeting tumor therapy.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, the use of compounds labeled with
radionuclides for the therapeutic treatment in the medi-
cal field has grown considerably. Such radiopharmaceu-
ticals are increasingly used for cancer therapy, palliation
of pain caused due to bone metastasis and for the treat-
ment of theumatoid arthritis.' 3 Primary tumors (breast,
lung, prostate, kidney, etc.) frequently metastasized and
the bone is one of the most common sites of this metas-
tasis in cancer patients, while the bone pain is the most
prominent symptom associated with bone metastases.
The pain becomes progressively severe as the disease ad-
vances. Targeted radionuclide therapy involves the
specific deposition of B-emitting radionuclides in malig-
nant tumor via labeled ligands that specifically bind to
tumor cells to reduce the amount of injury to normal tis-
sue and is found to be an effective treatment for the
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palliation of pain.*® Because of that several classes of
chelated ligands are being evaluated for therapy, and
simple effective methods are available.”® The therapeu-
tic radiopharmaceuticals, based on electron emission of
particular radionuclides and isotopes decaying by the
emission of B-particles, are preferred in most of these
applications. Nowadays, *°Y is a radioisotope widely
used for therapy and obtained from °°Sr as a high
yielded fission product. Yttrium-90 is a high energy
B~ particle emitter, with Epp- =2.27 MeV and
tip = 64.4h.'912 Furthermore, the considerable path
length in tissues of its B~ particles (rg5s = 5.9 mm) repre-
sents a major advantage in solid tumors. Higher energy
and hence longer particle range in tissues provide the
ability to treat larger tumors.!>!*4 The lack of gamma
radiation makes patient treatment feasible. Thus it has
gained acceptance in clinical practice.

For the detection and evaluation of bone metastasis,
9mT¢ Jabeled phosphonates compounds has been widely
accepted for bone scintigraphy, because of its high sen-
sitivity and easy evaluation of the whole skeletal system.
Methylenediphosphonate (MDP), dicarboxypropane
diphosphonate (DPD), hydroxyethylidine diphospho-
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nate (HEDP), and ethylenediamine-tetramethylene
phosphonate (EDTMP) labeled by **™Tc are clinically
used.!>!® The bone uptake mechanisms of phospho-
nates compounds are ion exchange and chemisorption
in the inorganic matrix of the bone, which consists of
ionic hydroxyapatite (Ca;o(PO4)s(OH),). Phosphate
groups of the surface of the bone matrix react with the
free POsH, groups of the used phosphonates ligand
coordinated to radioactive metal ion. Thus, this ion
exchange reaction results in the adsorption of the metal
ion—activity on the bone matrix. This process occurs in
the healthy bone, but accumulation is higher at sites that
are characterized by the increased bloodstream and in-
creased ossific activity (osteoblast function). Phosphonic
acid derivatives labeled with radionuclides emitting
B-particles are found to be effective palliative agents
for the treatment of bone pain.!® 23

A major concern with *°Y-labeled substances is the
selection of a chelate with sufficient thermodynamic
and kinetic stability to prevent in vivo loss of radiomet-
als from the complex because dissociated *°Y>* rapidly
accumulates in the bones, delivering an undesired
amount of radiation to the radiosensitive marrow.>*
The substance 2,3-dicarboxypropane-1,1-diphosphonic
acid labeled with **™Tc¢ (**™Tc-DPD) is used as bone-
seeking radiopharmaceutical for skeletal imaging to
detect the pathological foci.?> Also this substance as tet-
radentate ligand (with two phosphonates and two
carbohylic groups) is as effective chelating agent. Until
now it is radiolabeled only with *™Tc.

In the present study, we investigated the optimal
%0Y-labeling conditions for DPD by changing several
reaction parameters (concentrations of ligands, pH,
temperature, reaction times, etc.). The in vitro binding
to human serum albumin, lipophylicity and the stability
of this complex was also performed. The biological
properties were done in healthy white male Wistar rats.

Thermodynamic stability of radiopharmaceuticals is of
the crucial interest, because the loss of radiometal may
result in accumulation of radioactivity in non-target or-
gans. Therefore, the selected chelator must form a com-
plex with high thermodynamic stability to retain its
chemical integrity in competition with natural chelators
present in a blood stream. Chemical stability of com-
pounds may be judged according to molecular energy
data. Application of molecular modeling as a computa-
tion tool is useful for preliminary theoretical analysis of
chemical compounds without resorting to laboratory test-
ing. The molecular modeling studies have been carried out
for structural analysis of the complexes using software
HyperChem™ release 6.03, version for Windows.?¢%°

2. Results
2.1. Radiochemistry
A series of experiments were carried out in order to

determine the optimal °°Y-labeling conditions for
DPD substance. The labeling efficiency was measured

by a combination of ascending paper, thin-layer chro-
matography, and HPLC methods. The HPLC radio-
chromatographs of the labeling complex showed
satisfying separation of free *°Y from *°Y-DPD: reten-
tion times were 4.32 and 23.12 min, respectively. The
TLC-silica gel and paper Whatman No. 1 strips were
estimated as an appropriate stationary phase for the as-
say. For finding out a suitable mobile phase, different
organic solvents in various ratios were screened. Radio-
chemical purity was then determined using chromatog-
raphy with appropriate stationary and mobile phases.
The paper chromatography with pyridine-acetic acid-
water (5:3:1.5, V/V) as the mobile phase showed excel-
lent resolution of components, with R; value of the com-
plex around 1.0 and the free *°Y retained at the origin
(R;=0.0). Also, the other chromatography systems that
were applied showed satisfactory results. The obtained
results are presented in Figure 1.

The correlation between the concentration of DPD li-
gand and the labeling yield is shown in Figure 2. It
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Figure 1. Determination of labeling yield for *°Y-DPD with different
chromatographic methods (30 min at 95°C): (1) Whatman No. 1/
0.1 M phosphate buffer pH 6.5, (2) Whatman No. 1/pyridine-acetic
acid-water (5:3:1.5, V/V), (3) silica gel 60/ethyl acetate—ethanol (1:1, V/
V), (4) HPLC.
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Figure 2. Effect of the ligand concentration on the *°Y-DPD labeling
yield (30 min at 95 °C).



D. Dj. Djokic¢ et al. | Bioorg. Med. Chem. 16 (2008) 4457-4465 4459

90y_DPD

100 o
= B0 Al 215min
i Bl ®30min__ |
B 604 Al osomin
2 E
@ 40 =
i} =
o) =
g 20 £

0

at a0 a5
T(*C)

Figure 3. Effect of temperature and heating time on labeling yield for
*Y_DPD.

was observed that at the minimum concentration of
0.1 mg/ml (~0.35 JLmol/ml) of DPD ligand labeled with
trace amounts of *°Y (~0.337 nmol) during the reaction
time of 30 min at 95 °C, for ligand to metal ratio of
1038:1, significant labeling of about 82% was achieved.
As the concentration of ligand increased, labeling was
required near quantitative yield; about 98% of
°Y_DPD complex was obtained.

The influence of temperature on the labeling yield was
also obvious. When the labeling of the investigated li-
gand with *°Y was performed at ambient temperature
(a.t.), it was found to be poor as compared to the yield
obtained by heating the reaction mixture (in a water
bath during different times). The labeling efficiency of
the *°Y-DPD preparation at a.t. was between 25%
and 45%. When the labeling of the DPD with Y-90
was carried out at higher temperatures (50 and 95 °C)
for different time intervals (15, 30, and 60 min), there
were significant increases in the labeling yield (Fig. 3).
The samples heated at 95 °C for 30 min provided the
highest labeling yield. So, all further experiments (pro-
tein binding, lipophilicity, biodistribution study) were
performed with heated samples prepared in the same
manner. After cooling the samples down to ambient
temperature, HPLC purification was performed.

Concerning the influence of pH values on the labeling
yield it seemed that the values did not have any higher
effects on the labeling yield, especially in the heated sam-
ples. Thus for *°Y-DPD heated samples, the yield of
92.3% and 94.1% at pH 5.5 and at pH 7.5 was obtained,
respectively (Fig. 4).

2.2. Stability studies

The stability of the complex varied depending on the
labeling conditions. Thus, the complex prepared at
ambient temperature showed decomposition within
4 h. The decomposition rate for complex prepared at
higher temperatures varied depending on the tempera-
ture and the reaction time. The rate of complex decom-
position decreased when the temperature and heating
time increased (>15min). The optimum heating time
for attaining maximum stability was 30 min at 95 °C.
The results of the stability study for the *°Y-DPD com-
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Figure 4. Effect of solution pH value and temperature on the labeling
yield for *°Y-DPD.
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Figure 5. Stability study of *°Y-DPD complex (prepared at 95 °C for
30 min) stored at various intervals of time at ambient temperature.

plex prepared in the mentioned condition and then
stored at a.t. during different times are presented in
Figure 5. It can be seen that there is no significant
decrease in radiochemical purity for the *°Y-DPD
complex throughout the period of 10 h.

2.3. Serum stability studies

The stability of *Y—DPD in human serum was assessed
by measuring the release of *°Y from the complex at
37 °C over a 10-day period. The serum stability result
of *°Y-DPD showed that the complex was quite stable
at the studied conditions for more than 10 days. No sig-
nificant dissociation of activity from the complex was
observed. The percentage of *°Y released from this com-
plex at 10 days was <2.0%.

2.4. Protein binding and lipophilicity studies

The protein binding results of *’Y—DPD as well as those
for ™Tc-DPD (both prepared at pH 7.5), determined
by the TCA precipitation method, have shown that dur-
ing the incubation time of 1 h only 3.8-5.2% (4.6 £ 0.7%
for n=135) and 48-51% (48.6 £1.9% for n=15) was
bound to 12% HA, respectively.
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The lipophilicity of *°Y-DPD and *™Tc-DPD was
determined using the following method prescribed be-
low. The results of lipophilicity measurements of these
complexes showed that all radioactivity remains in the
aqueous phase, thusly the distribution coefficient is
approximately zero, namely complexes are hydrophilic.
No change in extractability with pH was observed.

2.5. In vivo experiments

Biodistribution studies of the **Y-DPD complex puri-
fied by HPLC and diluted with saline were performed
in an animal model—healthy male Wistar rats. Reten-
tion of this complex in animal model was observed up
to 24 h.

Followmg the intravenous injection of an aqueous solu-
tion of *°YCl,, adjusted to pH 7.5 with 0.1 M NaOH
solution, through the tail vein of normal rat (Fig. 6.),
radioactivity was found to distribute mainly in bone at
1 h (6.02% ID/g) and at 24 h (4.32% ID/g). The radioac-
tivity of bone slowly decreased with the time. The up-
take in the bone was calculated from the activity noted
in femur per gram. The other organs uptake at 1 h post
injection (pi) was cleared within 24 h pi except in the
muscle. The bone/blood ratio was 6.81 and 98.29, but
the bone/muscle ratio was 16.23 and 13.78 at 1 and
24 h pi, respectlvely Those results pointed out longer
retention of *°Y in the femur, the blood activity was
not detected after 24 h pi, but there was very slow clear-
ing activity from the muscles.

The comparing biodistribution study results of *°Y—
DPD complex, prepared at different pH, in selected or-
gans of the healthy Wistar rats are presented in Figure
7. These results showed varying degrees of bone uptake
in rats, which was dependent on preparation pH and the
time post injection. The biodistribution of DPD labeled
with *°Y at pH 7.5 showed higher bone uptake at 1 h pi
(13.98% ID/g) than at 24 h pi (11.34% ID/g). In the
heart, lungs, spleen, kidneys and blood, the radioactivity
significantly decreased at 24 h (p <0.05). The bone/
blood ratio was 55.76 and 98.86, but the bone/muscle ra-
tio was 152.32 and 470.50 at 1 h and at 24 h post injec-
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Figure 6. Biological behavior of **YCls, pH 7.5, in the Wistar rats
sacrificed at 1 and 24 h pi, values reported are % ID/g, n = 3-5.
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Figure 7. Organ uptake of *°Y-DPD labeled at pH values 3 and 7.5 in
the Wistar rats sacrificed at 1 and 24 h pi (n = 3-5; % ID/g).

tion, respectivelg Compared with DPD labeled with
Y at pH 7.5, *°Y-DPD labeled at pH 3.0 displayed a
significantly different bone uptake at 1 and 24 h post
injection (p < 0.05). The radioactivity in the bone was
higher at 24h pi (13.12%1D/g) than at 1h pi
(10.54% ID/g). The bone/blood ratio was 37.05 and
201.85, but the bone/muscle ratio was 502.08 and
1009.23 at 1 and 24 h pi, respectively. No significant
activity was found elsewhere.

The uptake of *’Y-DPD in rat is compared with the val-
ues obtained for *°Y— (Sn)-DPD complexes and com-
mercial *™Tc-DPD and is presented in Figure 8. All
complexes were prepared under similar pH conditions
(pH 7. 5) At 1 h after administration of radioactive com-
plexes, °Y-DPD showed mgmﬁcantlg increased bone
uptake (» < 0.05) in comparison with **™Tc-DPD. The
bone/blood ratio was 42.10 and 55.76, while the bone/
rnuscle ratio was 168.42 and 152.32 for 99mTC—DPD
and *°Y-DPD, respectlvely Compared to *™Tc-DPD
complex, the complex %Y—(Sn)-DPD showed slightly
lower the bone (7.56%), lung, spleen and kidneys up-
take, while slightly higher the liver and muscle uptake.
The bone/blood ratio was 20.44 and the bone/muscle ra-
tio was 103.3.
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Figure 8. Organ distribution of *™Tc-DPD, **Y-DPD, and **Y—(Sn)—
DPD in Wistar rats sacrificed at 1 h pi (pH 7.5, n = 3-5; % ID/g).
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2.6. Molecular modeling

Information on the chemical stability can be investi-
gated by looking at the molecular energy data. The sim-
ple rule is: lower is the total energy of the complex
(molecule), the more stable is the investigated one. Since
single crystals could not be grown for Y-90 complexes, it
was thought to be desirable to obtain structural infor-
mation through molecular modeling. The molecular
modeling calculations for the ligand DPD along with
the proposed complexes [*°Y(LH4)»(H,O),]~ and
[’°Y(LH,)(H,0),]” have been carried out using Hyper-
Chem™ release 6.03 version that allows for rapid struc-
tural building, geometry optimization, and molecular
display. Full geometry optimization was carried out
employing MM+ force field (calculations in vacuo),
the Polak—Ribiere algorithm (conjugate gradient) with
convergence of 0.0001 kcal/mol and an RMS gradient
at 0.001 kcal/A mol. The dissociation of the DPD as a
strong acid (named LHg in protonated form) with six
protonation sites (four oxygen’s on the phosphonic acid
moiety and two carboxylic acid groups) is in progression
with increased pH value as presented in Scheme 1.
According to literature data for similar phosphonates®
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Scheme 1. Proposed dissociation process of DPD free acid with
increasing pH value.

the overall dissociation constants are presented in case
of DPD, so different DPD ionic species may be involved
in the structure of [*°Y(LH4)>(H,0),]~ complex.

The structure of the free ligand was calculated, starting
from standard bond lengths and bond angles, and its
geometry was fully optimized by minimizing the energy
with respect to geometrical variables without any sym-
metry constraint. The obtained energy of geometry opti-
mized structure of DPD was 38.627 kcal/mol with
gradient 0.09410 kcal/A mol.

Complex formation between *°Y>* of very low concen-
tration (107° to 107® M) and DPD (3.5 mM) in great
excess depending on the pH value favored complexes
with metal to ligand mole ratio 1:2 and 1:1. The energy
ogtimized structures for the proposed complexes of
[°Y(LH4)»(H,0),]~ formed at lower pH value (mole
ratio 1:2) with energy values 78.172, 91.256, and
104.244 kcal/mol, respectively, are presented in Figure
9a—c. The structure of the proposed complex
[’°Y(LH,)(H»0),]~ formed at higher pH value (mole ra-
tio 1:1) is presented in Figure 10, the energy of these
optimized structure is 59.172 kcal/mol.

3. Discussion

The therapeutic radiopharmaceutical must have the fol-
lowing characteristics: high tumor uptake, high tumor-
to-background ratio, long tumor residence time, and
fast renal clearance. Coordination chemistry plays a sig-
nificant role in the development of therapeutic radio-
pharmaceuticals. The most common way to increase
the thermodynamic stability and kinetic inertness of a
metal complex is to use a polydentate chelator, which

Figure 9. The energy minimized structures of proposed complexes [*°Y(LH,),(H>0),] .
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Figure 10. The energy minimized structure of proposed complex
[Y(LH,) (H,0),] .

should have high hydrophilicity to improve blood clear-
ance and renal excretion of the labeled complex. The
2,3-dicarboxypropane-1,1-diphosphonic acid (DPD) as
tetradentate ligand has good chelation properties.

In the present study, in order to achieve the optimal con-
ditions for labeling DPD with *°Y in the form of *°YCl,
several factors must be considered. The concentration of
DPD substance influenced on the labeling yield. In this
study, the highest labeling yield (~98%) resulted with
a ligand concentration higher than 0.1 mg/ml (Fig. 2).
The heating step during labeling was essential to get a
product with high labeling yield and improved stability.
The experimental results suggest that quantitative label-
ing could be achieved with heating at a reaction temper-
ature of 95 °C. A minimum of 30 min heating in water
bath for completion of reaction was required (Fig. 3).

It seems that special conditions of pH values were not
necessary for quantitative labeling of DPD with *°Y.
During the study of the effect of pH value on the label-
ing yield, by adjusting the reaction mixture to different
pH values before adding °°Y, it was observed that pH
value did not have a significant effect on the labeling effi-
ciency (Fig. 4). The stability of the *°Y-DPD complex,
prepared at ogtimized conditions was monitoring up
to 24 h. This *’Y-DPD complex was stable up to 10 h,
which meets the requirement for treatment. The *°Y—
DPD complex prepared at a.t. was found to be unstable
within 4 h. The experiment clearly suggests that, the
heating step during the labeling is essential to get a prod-
uct with improved stability (Fig. 5).

The stability of the radiopharmaceutical is a very impor-
tant parameter, because much of the *°Y released in free
form will be taken up by the skeletal system and only be
released with a very long metabolic half life. Our stabil-
ity results are promising. In vitro, mixed with serum,
higher than 95% of the radioactivity was still DPD
bound after 10 days.

Significantly lower binding of *°Y-DPD to the human
albumin in comparison with *™Tc-DPD was observed.
This result is in accordance with literature data for
some of the *°Y-MDP complexes.® As expected, the
°Y_DPD complex posses a hydrophilic character as
well as Tc-99m complex.

If free °°Y is injected in a human subject, about 50% of
the injected dose will localize in the bone, 25% of the in-
jected dose will go to the liver, 10% of the injected dose
is evenly distributed in many other organs and tissues
while only 15% of the injected dose will be excreted
via the renal system.?! In animal model, the tissue distri-
bution results of an aqueous solution of **YCl; pointed
out that radioactivity is also distributed mainly in the
bone (6.02% ID/g is about 42% in bone) and than slowly
decreased with time. The radioactivity in other organs
was cleared within 24 h, but there was a very slow clear-
ing activity from the muscles (Fig. 6).

The tissue distribution data for the *°Y-DPD, prepared
at pH 7.5 and 3.0 1 h after intravenous administration,
were quite different than the data for the **™Tc-DPD
performed on the same animal models. In our study,
the biodistribution data showed that *°Y-DPD is signif-
icantly accumulated in the bone tissue and remains there
for a long time. The uptake in bone was calculated from
the activity observed in the femur. The bone uptake of
°Y_DPD, at pH 7.5, was the highest after the first hour.
Thereafter the radiotracer washed out from the bone tis-
sue very slowly. The radioactivity in the muscle and
blood was low and declined very quickly. At pH value
about 3.0 the *°Y-DPD complex also displays highly
selective uptake in the skeletal system. The bone uptake
increased from the first hour up to 24 h, while the soft
tissues uptake is in negligible quantities. We can con-
clude that while the influence of pH value on the label-
ing yield is negligible, complex formation is strongly
affected by pH value of the solution. The difference in
the structure between complexes formed at different
H™ concentrations is a reason for their different uptake
in animals.

The complex *°Y-DPD showed a significantly higher
uptake in the bone (p < 0.05) compared to *°Y—(Sn)-
DPD and *™Tc-DPD complexes formed at the same
conditions (see Fig. 8). A possible explanation for the
discrepancy between these data may be related to the
structure and stability of the comoplexes. Very low hu-
man albumin binding value of *°Y-DPD complex at
pH 7.5 is indicative. Also, we suggest that the influence
of Sn** ions in **Y—(Sn)-DPD formulation is negative
due to the stability decrease of complex between *°Y
and DPD substance. Because of that, complex accumu-
lation in the bone is significantly lower compared to the
°Y_DPD complex. The **Y—(Sn)-DPD showed slightly
lower bone uptake than those seen for **™Tc-DPD
(p > 0.05) and those results also pointed out the influ-
ence of Sn** ions on the *°Y-complex stability.

The Yttrium ion is in the +3 oxidation state, since 4f
electrons are not involved in bonding; interactions be-
tween donor atoms and lanthanide metal ions are
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predominately ionic. In aqueous solution yttrium ion is
coordinated by a number of water molecules. The metal
chelate formation process involves the replacement of
water molecules by a chelator.??

There is no literature data about protonation/dissocia-
tion constants for 2,3-dicarboxypropane-1,1-diphos-
phonic acid and/or stability constants of its
complexes. Also, the structure of DPD complexes is
not investigated, so we have to include molecular mod-
eling method to obtain any data about *°Y-DPD com-
plexes. The ligand DPD has been defined as HgL, but
it seems that two phosphonic acid OH groups are pres-
ent in protonated form under the investigated pH
region.’® Dissociation of DPD is in progress with
increasing pH value (Scheme 1), two protons are disso-
ciated at pH 3 and LH,*>" species are predominant in
solution. But this ionic form (because of the overlap-
ping constants) probably include three structures of
DPD? and three different complexes with the pro-
posed formula L90Y(LH4)2(H20)2]_ are formed in the
presence of the *°Y>*. Molecular energy data for those
complex structures suggest that structure with lowest
energy value (78.172 kcal/mol) is the most stable one
(Fig. 9a). This structure involved metal bonding via
both phosphonic groups with two molecules of DPD,
while two six-membered chelate rings improved the sta-
bility of the proposed complex. The other two struc-
tures (Fig. 9b and c¢) include metal-ligand bonding
via. -P-OH and —-COOH or two —-COOH groups,
respectively, while seven-membered chelate rings
slightly decrease the stability of the proposed
complexes.

Further increasing the pH value up to 7.5 favored disso-
ciation in the next two protons from LH,*~ and the
resulting LH,*~ species are now predominant in solu-
tion. The resulting complex with proposed structure pre-
sented in Figure 10, which include metal to ligand mole
ratio 1:1 and with the lowest energy of the optimized
structure (59.172 kcal/mol) is the most stable one. The
energy minimized structures of proposed *°Y-DPD
complexes include two coordinated water molecules
which increased their stability.

4. Conclusions

These experimental studies clearly show that DPD, as
the tested ligand, is capable of forming stable complexes
with *°Y. Serum stability studies indicate that the DPD
forms a more stable complex with *°Y (III) because
there is no measurable loss of *°Y (III) from the complex
for up to 10 days. The structure of *°Y-DPD complexes
strongly depends on the pH value, which is confirmed
via molecular modeling energy data. Those complexes
were obtained in good yields and were found to be stable
in investi%ated conditions. Those differences in the struc-
tures of *’Y-DPD complexes are a reason for their dif-
ferent biological behavior. All of those complexes need
to be characterized which will be the object of further
investigations. Investigation has to be made on localiza-
tion of these *’Y-complexes in tumor-bearing rats.

In the healthy rats, obtained complexes appear to pos-
sess remarkable biological properties.

5. Experimental
5.1. Materials and methods

5.1.1. Chemicals. The substance 2,3-dicarboxypropane-
1,1-diphosphonic acid (DPD), was synthesized in
‘Vinca’ Institute, Department for radioisotopes, by fol-
lowing reported procedure.”> The commercially
available (‘Vinca’) inactive freeze—dried lyophilized
DPD kit was used for labeling. *™TcO,~ was obtained
from *Mo/**™Tc¢ generator (‘Vin¢a’ Institute) and com-
mercially available (‘Vinca’). All other reagents and
solvents used in these studies were obtained from com-
mercial sources without further purification. *°YCl;
was purchased from Polatom, Poland in a no-carrier-
added form (29.64 GBg/cm?, in 0.05 M HCI).

5.1.2. Instrumentation. The Capintec CRC-15 beta
counting calibrator (Ramsey, NJ USA) with a calibra-
tion factor fixed at 48 x 10 was used. The radioactivity
of each piece of the organs and of the blood was counted
on a Nal(Tl) well-type gamma counter (LKB Wallac
Compu Gamma Counter). All measurements were car-
ried out under the same geometric conditions. All sam-
ples were made up to a 1 ml volume with water to
establish a linear relationship between counting rate
and samples size. Raw radioactivity data were corrected
for background and tested for quantization limits
according to literature method.*

For the HPLC analysis a Liquid Chromatograph, Hew-
lett Packard 1050, S/N with UV and Raytest gamma
flow detector, and a Zorbax CI18 column
(250 x 4.6 mm, 80 A pore size) was used.

Heating was performed in a temperature controlled
heating bath (Sutjeska, Belgrade, Serbia). Molecular
modeling of some of the complexes was carried out
using HyperChem™ release 6.03 for windows.

All experiments were carried out in triplicate.

5.1.3. Preparation of *°Y complexes

5.1.3.1. °*°Y-DPD preparation. The direct labeling
method was optimized by varying DPD concentration
in the labeling mixture, pH, the reaction temperature
and the reaction time. The stock solution of DPD was
prepared by dissolution in double distilled water. The
desired ligand concentration (0.01-10 mg/ml) was
Elaced in a vial and an appropriate amount of the
%Y _chloride solution was added (~370 MBq per vial).
The pH values of the resulting reaction mixtures were
adjusted to 3, 5.5 and 7.5 using the different buffers.
The sodium acetate buffer (0.1 M) was used to maintain
a pH value up to 5.5-6.0; 0.1 and 0.5 M ammonium ace-
tate buffer for pH 7.0-7.5.

The total reaction volume in each vial was maintained at
3 ml. Ascorbic acid (10 mg) was used as radiolytic stabi-
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lizer in all samples. Reagent concentrations and time of
the reaction were then optimized under the desired pH.
In order to optimize the reaction conditions, radiolabel-
ing was performed using a constant amount of the
radionuclide and increasing amounts of ligand. The ef-
fect of heating and time required for reaction was also
studied. The reaction mixtures were kept at room tem-
perature (a.t.) for 0.5-24 h, or were placed in a water
bath at 50 and 95 °C for 15, 30, and 60 min. After cool-
ing down to a.t., the complex yields and the radiochem-
ical purity were determined.

The radiochemical purity of the radiolabeled DPD was
studied by use of paper, thin-layer chromatography
(TLC) and high-performance liquid chromatography
(HPLC) in all the cases.

Chromatography: The labeling yield of the *°Y-labeled
samples was determined using ascending paper and
thin-layer chromatography:

1. Paper chromatography on Whatman No. 1 with
0.1 M (Phosphate buffer pH 6.5 as the mobile phase
(free °Y at Ry=0.0-0.1; *°Y-complex at R;=0.7—
1.0);

2. Paper chromatography on Whatman No. 1 with pyr-
idine-acetic aad—water (5:3:1.5, V/V) as the mobile
phase (free *°Y at Rr=0.0-0.1; *°Y-complex at
R;=0.8-1.0);

3. TLC on silica gel 60 strip using ethyl acetate—ethanol
(1:1, V/V) as the mobile phase (free *°Y at Ry=0.9—
1.0; *°Y-complex at Ry = 0.0-0.2).

The 5l of the reaction mixture was spotted at 2 cm
from the bottom of the strip (2.5 %20 cm) and devel-
oped in a mobile phase until the solvent reached the
top of the strip. The strips were dried and cut into 1-
cm sections and the radioactivity was measured with
Nal(Tl) detector to determine the yield of the radiolabel-
ing and thus radiochemical purity of the complex.
Radiochemical purity (RCP) is calculated by consider-
ing the peak areas. The activity corresponding to the
%Y -complex peak compared to the total activity on
the strip as 100% provides the radiochemical purity.

HPLC analysis: High-performance liquid chromatogra-
phy method is applied used a Liquid Chromatograph,
the flow rate of mobile phase was 0.75 ml/min. and
UV-detector is set at 215 nm. The elation was isocratic
with mobile phase as followed: 85% solvent A
(0.05 mol dm ™ phosphate buffer, pH 4.5) and 15% sol-
vent B (acetonitrile).

The stability of the prepared **Y-DPD complex, stored
at a.t., was studied at different intervals of time at the
pH optimized for labeling.

5.1.3.2. °°Y—(Sn)-DPD pregaratlon Radlolabehng of
the lyophilized DPD kit with *°Y is performed in a sim-
ilar manner; the lyophilized DPD kit was reconstituted
by adding *°YCl; solution (~370 MBq per vial), the
pH value of the reaction mixture was adjusted to 7.5
using the phosphate buffer and vial is placed into a water

bath at 95°C for 30 min. Each vial of the inactive
freeze—dried DPD kit contain 11.0 mg 2,3-dicarboxy-
propane-1,1-diphosphonic acid, 0.5 mg SnCl, x 2H,0,
2.0 mg (4-aminobenzoyl)-glutamic acid and 40 mg NaCl
in inert atmosphere. The pH value of preparation was
around 7.5. The total volume was 10 ml.

5.1.4. Preparation of *™Tc complex. To prepare **™Tc—

DPD, the freshly eluted 99mTCO solution, obtained by
elution of **Mo/”™Tc- generator (eluted previously at
24 h), was added to a lyophilized DPD kit according
to the instructions of the manufacturer. The lyophilized
product was reconstituted by adding 1.0-1.5 mCi (37—
55.5 MBq) of Tc-99m pertechnetate in 10 ml of physio-
logical saline. Instant thin-layer chromatography using
silica gel (ITLC-SG) and saline as mobile phase was
used to detect colloidal or reduced and hydrolyzed Tc-
99m, while paper chromatography (Whatman No. 1)
and acetone as mobile phase were used to detect free
pertechnetate.

5.1.5. Serum stability studies. DPD was labeled with *°Y
and its stability in human serum was evaluated up to
10 days. Human serum was prepared by allowing blood
collected from a healthy volunteer to clot 1 hat room tem-
perature in a closed tube. The sample was centrifuged and
the supernatant serum was transferred to sterile plastic
culture tubes. It was then incubated overnight at 37 °C
in a humidified 5% carbon dioxide, 95% air atmosphere.
The pH of an aliquot was measured as 7.4 before the addi-
tion of *°Y-DPD and maintained at pH 7.4 +0.1
throughout the experiment. In triplicate, 100 pl of labeled
DPD was then added to 2.0 ml of serum and then returned
to incubate at 37°C in a CO,-enriched atmosphere
(5%CO,). At each time pomt (1,2and4hand 1,2, 3, 5,
7, 10 d) the percentage of *°Y activity dlssomated from
the ligand was assessed by paper chromatography (What-
man No. 1) using pyridine-acetic acid—water (5:3:1.5, V/
V) as the mobile phase. Serum aliquots (10 pl) were spot-
ted on the chromatogr g)hy paper and allowed to run 12—
14 cm from the origin. *Y- labeled DPD moved to the sol-
vent-front and soluble free *’YCl; remained at the origin
in this condition.

5.1.6. Protein binding and lipophilicity measurements
For determination of the percentage of °°Y-labeled
DPD bound to 12% human albumin (HA, National
Blood Transfusion Institute, Belgrade) during incuba-
tion at 37 °C for different time intervals, trichloracetic
acid (TCA) precipitation method was used.?>3> All sam-
ples for determination of the lipophilicity were prepared
by solvent extraction method with n-octanol equili-
brated with 0.15M phosphate buffers (pH 3.5-
7.5).2%3% The measurements were performed at room
temperature.

5.1.7. Animal studies. Biodistribution studies were per-
formed in male healthy Wistar rats weighing between
100 and 120 g (4 weeks of age, three to five animals
per experiment). The animals were injected with 0.1 ml
(18.5-37.0 MBq) of the labeled complex into the tail
vein. The animals were sacrificed at 1 and 24 h pi. Dur-
ing 24 h period the rats were kept in special cages having



D. Dj. Djokic¢ et al. | Bioorg. Med. Chem. 16 (2008) 4457-4465 4465

free access to food and water. Major tissues of the body
were removed and assayed for radioactivity in compar-
ison to a standard source. The radioactivity was mea-
sured in Nal(Tl) detector and percentages of injected
dose in the tissues were calculated. The results are
expressed as the percentage of injected activity per organ
or gram of tissue (%IA/g). The entire animal study
conformed to ethical guidelines and complied with the
United Kingdom Biotechnology and Biological Sciences
Research Council’s Guidelines on the Use of Living
Animals in Scientific Investigations. The animals were
maintained at a well-ventilated, temperature-controlled
(30 £ 1 °C) animal room for few days prior to the exper-
imental period and provided with food and water. The
animals were acclimatized to laboratory conditions
before the test.

5.1.8. Statistical analysis. All experimental data are
expressed as mean * standard deviation (SD). Statistical
significance in all experiments was determined by one-
way analysis of variance (ANOVA) and independent
t-test. p values <0.05 were considered significant.
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