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Abstract A set of tetraaza macrocycles containing pyri-
dine and methylcarboxylate (acspyl4) or meth-
ylphosphonate (MeP,pyl4 and P;pyl4) pendant arms
were prepared and their stability constants with La®",
Sm*", Gd®* and Ho®" determined by potentiometry at
25°C and 0.10 M ionic strength in NMeyNO;s. The
metal:ligand ratio for '>*Sm and '®®Ho and for acspyl14,
MeP,py14 and P;pyl4, as well as the pH of the reaction
mixtures, were optimized to achieve a chelation effi-
ciency higher than 98%. These radiocomplexes are
hydrophilic and have a significant plasmatic protein
binding. In vitro stability was studied in physiological
solutions and in human serum. All complexes are stable
in saline and PBS, but 20% of radiochemical impurities
were detected after 24 h of incubation in serum. Bio-
distribution studies in mice indicated a slow rate of
clearance from blood and muscle, a high and rapid liver
uptake and a very slow rate of total radioactivity
excretion. Some bone uptake was observed for com-
plexes with MeP,py14 and P;py14, which was enhanced
with time and the number of methylphosphonate
groups. This biological profile supports the in vitro
instability found in serum and is consistent with the
thermodynamic stability constants found for these
complexes.
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Introduction

Therapeutic radiopharmaceuticals are rapidly develop-
ing as an additional treatment modality in oncology and
a variety of radionuclides has been exploited for their
therapeutic potential [1, 2, 3, 4]. Recently, new thera-
peutic radiopharmaceuticals have been introduced with
the objective of delivering large radiation doses to the
diseased sites while sparing normal cells and normal
tissues [5, 6, 7]. This is mainly due to the development of
a range of carrier biomolecules, monoclonal antibodies
[8, 9, 10, 11] and peptides [12, 13, 14, 15], which can
target radionuclides more selectively to the disease site,
and also due to the wider availability of radionuclides
with desired physical properties [16, 17, 18, 19, 20].
'33Sm and '°Ho are attractive candidates for thera-
peutic applications due to their favorable chemistry and
physical characteristics [21, 22, 23, 24, 25]. Nevertheless,
developments in radionuclide therapy have not been
confined to proteins and peptides. Another active re-
search area is related to the development of bone pain
palliation radiopharmaceuticals [26, 27].

Macrocyclic chelators, namely 12- to 14-membered
tetraaza macrocycles with methylcarboxylate and/or
methylphosphonate arms, have been proposed as
bifunctional agents for labeling antibodies and peptides
and as agents for targeted radionuclide therapy [28]. It
has been shown that structural factors, such as cavity
size, rigidity of the macrocyclic backbone, type and
position of donor atoms, play a significant role in the
binding features of the macrocycles and on the stability
and kinetic inertness of the complexes [29, 30, 31]. The
12-membered dota (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid) and the 14-membered teta (1,4,
8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid)
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form thermodynamically stable and kinetically inert
complexes with divalent and trivalent metal cations [32].
Radiolabeled macrocycles with methylphosphonate
substituents, such as '>*Sm/!°°Ho-dotp, have already
been evaluated as bone-seeking radiopharmaceuticals,
but the exact mechanism for bone uptake is poorly
understood [23, 33]. Nevertheless, it is well known that
complexes of ligands containing phosphonate arms are
very effectively retained in the bone and calcified tissues
and tend to localize on the surface of hydroxyapatite
crystals (the main bone component) [33, 34]. However,
Kim et al. [35, 36] have also found considerable in vivo
bone uptake for cationic lanthanide complexes with
macrocyclic methylcarboxylate ligands containing one
or two pyridines. Recently, Aimé et al. [37, 38, 39]
studied complexes of 12- to 14-membered tetraaza
macrocycles containing pyridine and bearing acetate
and/or methylphosphonate arms with La(IIl), Gd(III)
and Lu(III) for NMR applications. They found that the
thermodynamic stability was dictated by the size of the
lanthanide ion and by the cavity size of the macrocycle.

Considering that the introduction of a pyridine
moiety in the macrocyclic backbone is expected to in-
crease the stereochemical rigidity of the resulting com-
plexes, to provide functionalization towards specific
targets and to allow the formation of neutral complexes
with Ln*", we decided to study 14-membered tetraaza
macrocycles containing pyridine and methylcarboxylate
(acspyl4) or methylphosphonate (MeP,pyl4, P;pyl4)
pendant arms gFig. 1). These studies were performed
with La*", Sm®", Gd*>* and Ho’", aiming at radio-
pharmaceutical applications. Herein, we report on the
stability constants of acspyl4, MeP,pyl4 and P;pyl4
with those lanthanide ions and also on the synthesis and
biological evaluation of the complexes prepared with
1338m and '*Ho.

Materials and methods
Materials

Enriched Sm,0; (98.4% '°*Sm) was purchased from
Campro Scientific and natural Ho,O3 (99.9%) from
Strem. All the macrocyclic compounds were synthesized
and purified according to methods previously reported
[40, 41, 42]. All materials were reagent grade unless
otherwise specified.

Fig. 1 Structures of the three A
macrocyclic ligands containing |
methylcarboxylate (acspyl4), N/
methyl (MeP,pyl14) and
methylphosphonate (P;py14)
pendant arms used in this study.
The parent macrocycles, pyl4
and Mepyl4, are also
represented

Potentiometric measurements

Reagents and solutions

Lanthanide ion solutions were prepared at 0.025-
0.050 M from the nitrate salts of the analytical grade
metals with demineralized water (from a Millipore/Milli-
Q system), and were kept in excess nitric acid to prevent
hydrolysis. Solutions were standardized by titration with
Na,H,edta [43]. The carbonate-free solution of the ti-
trant, NMe4,OH, was prepared by treating freshly pre-
pared silver oxide with a solution of NMeyl under
nitrogen [44]. Solutions were discarded when carbonate
was about 0.5% of the total amount of base [45, 46]. For
the back titrations a 0.100 M HNOj solution was used.

Equipment and work conditions

The equipment used was described previously [40, 41,
42]. The temperature was kept at 25.0+0.1 °C; atmo-
spheric CO, was excluded from the cell during the
titration by passing purified nitrogen across the top of
the experimental solution in the reaction cell. The ionic
strength of the solutions was kept at 0.10 M with
NMe4NO3.

Measurements

The [H '] of the solutions was determined by measure-
ment of the electromotive force of the cell,
E=E°+QlogH"]+E. E° Q, E and K,=
([H "]J[OH]) were obtained as described previously [41].
The term pH is defined as —log[H *]. The value of K,
was found equal to 107133 M2,

The potentiometric equilibrium measurements were
carried out using 20.00 mL of ~2.50x107* M ligand
solutions diluted to a final volume of 30.00 mL, in the
absence of metal ions and in the presence of each metal
ion for which the Cy:Cy ratios were 1:1 and 1:2. A
minimum of two duplicate measurements was taken.

Calculation of equilibrium constants

Overall protonation constants, f;, were calculated by
fitting the potentiometric data obtained for the free li-
gand to the HYPERQUAD program [47]. The stability
constants of the various species formed in solution were
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R = CH2P03H2 - P3py14

R =H; py14
R = CH3; Mepy14



obtained from the experimental data (potentiometric
titrations) corresponding to the titration of solutions of
ligands and different metal ions (in different metal:ligand
ratios), also using the HYPERQUAD program. The
initial computations were obtained in the form of the
overall stability constant values, BnmiLs

[MmHhLl]

1
M]"[L)[H]" W

Bm,m,L, =

Mononuclear species, ML, MH,L (i=1-4) and
MH_ L, were found for most of the metal ions studied
with the three macrocyclic compounds (being fiyp 1 =
ﬁML(OH) x Ky). Differences, in log units, between the
values of protonated or hydrolyzed and non-protonated
constants provide the stepwise reaction constants. The
species considered in a particular model were those
that can be justified by the principles of coordination
chemistry. The errors quoted are the standard devia-
tions of the overall stability constants given directly
by the program for the input data, which include all
the experimental points of all titration curves. The
standard deviations of the stepwise constants, shown in
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Table 1, were determined by the normal propagation
rules.

Production of '*3Sm and '"°*Ho

'3Sm (¢),,=46.8 h; Bmax=0.67 MeV, 34%; 0.71 MeV,
44%: 0.81 MeV, 21%:; y=0.103 MeV, 38%) and '°°Ho
(t12=26.8 h; Prax=1.85 MeV, 51%; 1.77 MeV, 48%;
y=280.6 keV, 7.5%; 1.38 MeV, 0.90%) were produced
bSy neutron irradiation of isotopically enriched
1928m(NO5); or natural Ho(NOs)s, respectively, as tar-
get materials at the ITN Research Portuguese Reactor
(RPI). Nitrate targets were prepared from the corre-
spondin% oxides. Briefly, 10-mg-sized samples of en-
riched '»?Sm,0; or natural Ho,O; were dissolved in
conc. HNO3 (2 mL) and evaporated to dryness. The
samples were taken up in 2 mL of 2% HNO; (v/v) and
again evaporated to dryness in order to obtain the cor-
responding nitrate forms. Irradiation was typically per-
formed as follows: power, 1000 kW; thermal neutron
flux, ~1.2x10" n/cm2 s; epithermal neutron flux,
~2.6x10'"" n/em? s. Following irradiation, the '**Sm and

Table 1 Protonation

constants™® of acspyl14, Ion Species acspyl4 MeP,pyl4 P;pyl4
ﬁzpigﬂﬁﬁtinfogsgﬂléé MHL loghymi  log Kvua,  loghvna  log Kmpa loghuua  log Kmnio
gc?r%lggg?/\%zhoggﬁrand H" 011 10.27° 10.27 10.97 10.97 11.22 11.22
lanthanide metal ions: 012 18.17° 7.90 20.22 9.25 20.38 9.16
T=25.0 °C; I=0.10 M in 013 23.35° 5.18 27.36 7.14 28.18 7.80
NMe,NO; 014 25.75° 2.4 32.49 5.13 34.07 5.89
015 - - 35.79 3.30 39.08 5.01
016 - - - <1 42.90 3.82
Ca*" 101 5.85° 5.85 5.34(2) 5.34 - -
111 - - 14.52(5) 9.18 - -
121 - - 23.13(5) 8.61 - -
La’" 101 8.93(2) 8.93 16.55(8) 16.55 17.11(4) 17.11
111 - - 23.95(5) 7.40 25.32(4) 8.21
121 - - 29.36(5) 5.41 31.58(3) 6.26
131 - - 34.04(5) 4.68 35.65(3) 4.07
141 - - - - 39.39(4) 3.74
1-11 1.39(5) 7.54 6.76(8) 9.79 7.97(5) 9.14
Sm? " 101 9.78(2) 9.78 17.26(6) 17.26 18.87(6) 18.87
111 - - 24.72(6) 7.46 27.02(5) 8.17
121 - - 29.65(5) 493 33.06(4) 6.04
131 - - 33.72(6) 4.07 36.83(3) 3.77
141 - - - - 40.27(5) 3.44
1-11 2.79(3) 6.99 7.84(7) 9.42 9.98(5) 8.89
1-21 - - —3.86(8) 11.70 —0.4(1) 10.38
Gd*™* 101 - - 16.62(8) 16.62 18.91(6) 18.91
111 - - 23.95(7) 7.33 27.10(5) 8.19
121 - - 29.11(6) 5.16 33.31(3) 6.21
131 - - 33.56(5) 4.45 37.17(2) 3.86
141 - - - - 40.60(3) 3.43
1-11 - - 7.35(9) 9.27 9.82(6) —-9.09
1-21 - - - - —1.11(9) 10.93
Ho ™" 101 10.31(1) 10.31 16.84(3) 16.84 19.16(5) 19.16
111 - - 23.81(3) 6.97 27.32(5) 8.16
a 121 - - 28.78(3) 4.97 33.71(4) 6.39
bRef. [42] 131 - - 32.89(4) 4.11 38.09(4) 4.38
1=0.10 M NMe4NO; [41] 141 _ _ _ _ _ _
“Values in parentheses are 1-11 3.38(5) 6.93 8.14(2) 8.70 10.46(5) 8.70
standard deviations in the last 1-21 _ _ _ _ 0.08(6) 10.38

significant figures
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1%Ho activities were measured by a radioisotope cali-
brator (Aloka, Curiemeter IGC-3, Tokyo, Japan) and
the radionuclide purity assessed by y spectrometry with a
Ge(Li) detector (Canberra). Typical yields for 3 h of
irradiation were 3-4 mCi/mg for '**Sm and 6-7 mCi/mg
for '®®Ho, values which are suitable for in vitro and
biodistribution studies in mice. The targets were recon-
stituted in H,O to produce a stock solution for complex
preparation.

Radiolabeling procedure

To prepare each radiolanthanide complex, 5 mg/400 pL
of ligands were used. The amount of ligand needed to
achieve quantitative complex formation was first dis-
solved in deionized water followed by alkalinization.
The required amount of '*Sm or '®*Ho solutions was
added, according to a 1:2 metal-to-ligand molar ratio,
and the pH adjusted to 8 with a 1.0 M NaOH solution.
Final ligand concentrations were 11.7 pmol/500 pL,
8.8 umol/500 pL. and 7.8 pmol/500 uL. for acspyl4,
MeP,pyl4 and P;pyl4, respectively.

Labeling efficiency, kinetics of the chelation reac-
tion and stability evaluation of the radiolanthanide
complexes were accomplished by ascending thin layer
chromatography (TLC) using the following chro-
matographic systems: silica gel TLC strips (Polygram,
Macherey-Nagel) developed with three different mobile
phases: methanol/H,O/acetic acid (4:4:0.2) (system A),
saline (system B) and acetone/H,O/HCI (7:2:1) (system
C). Radioactive distribution on the TLC strips was
detected using a Berthold LB 505 detector coupled
to a radiochromatogram scanner. The '>*Sm/!%Ho
complexes evaluated by system A migrate with
R;=0.80 (acspyld4), 0.08 (MeP,pyl4) and 0.09
(Pspyl4), while ionic '>*Sm and '®°Ho migrate with
R;=1.0. The '3Sm/'®Ho complexes evaluated by
system B migrate with R¢=0.08 (acspyl4), 0.08
(MeP,py14) and 0.09 (Pspyl4), while ionic '**Sm and
®Ho migrate with Rr=1.0. The '**Sm/'®*Ho com-
plexes evaluated by system C migrate with R;=0.90
(acspyl4), 0.40 (MeP,pyl4) and 0.09 (P;pyl4), while
ionic '**Sm and '®*Ho migrate with R=0.9. Colloidal
radioactive forms, which could be considered as a
mixture of neutral metal complexes and hydroxides,
remain at the origin.

In vitro studies

In vitro stability experiments

These were conducted by adding 50 pL of each '>3Sm or
'Ho complex to 100 pL of different physiological
solutions, namely saline, phosphate buffered saline
(PBS, pH 7.4), 0.1 M glycine-HCI (pH 4.0 and 2.0), and
human serum. The mixtures were incubated at 37 °C for
up to 5 days. At various time points (1, 2, 3, 4, 5 d) an

aliquot of sample was removed and evaluated by TLC
analysis, as described above. The percentage of radio-
chemical impurities was then calculated.

The overall complex charge

The overall complex charge was determined by electro-
phoresis on paper strips (Whatman no. 1) after exposure
to a constant voltage (300 V) in phosphate buffer
(pH 7.4) or Tris-HCI1 buffer (pH 7.4) for 1 h. The
radioactive distribution on the strips was analyzed using
a Berthold LB 505 detector coupled with a radiochro-
matogram scanner to determine the migration of the
macrocyclic '3Sm and '°*Ho complexes.

Lipophilicity

This was assessed through the determination of the
octanol/saline partition coefficients (log P values). It
was calculated by the ‘‘shakeflask” method based on
previously established procedures. Thus, 100 pL of
each radiolanthanide complex was added to a solution
containing 1 mL saline (pH 7.4) (obtained from a
saturated octanol solution) and 1 mL of octanol, in
triplicate. The resulting solutions were vortexed and
centrifuged at 3000 rpm for 10 min. Aliquots of
100 uL. were removed from the octanol phase and
from the water phase and the activity measured in a
gamma counter. The lipophilicity was calculated as
the average log ratio value of the radioactivity in the
organic fraction and the aqueous fraction from the
three samples.

Total human serum protein binding

This was studied by gel filtration, which enables sepa-
ration of protein-bound metal complexes from free
metal or metal complexes owing to the differences in
the molecular weight of the protein fractions
(> 60,000 kDa) and the low molecular weight fractions
associated with the complexes and free metals
(<850 kDa). A sample (100 uL) of each radiolantha-
nide complex was incubated with | mL of human serum,
at 37 °C. After 30 min of incubation, samples were ta-
ken. The percentage of radioactivity bound to human
serum proteins was determined by spotting the samples
(100 uL of each incubation mixture) on the top of a
0.9 cmx10 cm Sephadex G 25 (Pharmacia) column.
Saline was used as eluent. Eluate fractions of 0.5 mL
each were collected and the radioactivity measured in a
gamma counter (Berthold LB 2111). The percentage of
bound radioactivity was calculated relative to a standard
of total activity loaded on the column. Simultaneously,
another assay was performed using the same experi-
mental protocol in which each radiocomplex was incu-
bated in saline instead of human serum in order to
demonstrate the separation of protein-bound fractions
from complex fractions.



In vivo studies
Biodistribution

Biodistribution experiments were carried out with
groups of 3—5 female mice CD-1 (randomly bred Charles
River, from CRIFFA, Spain), weighing approximately
22-25 g. Animals were intravenously injected with
100 pL (MBq) of radiolanthanide complex via the tail
vein. Mice were maintained on normal diet ad libitum.
At 30 min, 2 h and 24 h post-administration, animals
were killed by cervical dislocation. The radioactive
dosage administered and the radioactivity in the sacri-
ficed animal were determined by counting in a dose
calibrator (Aloka, Curiemeter 1GC-3). The difference
between the radioactivity in the injected and sacrificed
animal was assumed to be due to excretion, mainly
urinary. Tissue samples of main organs were then re-
moved for counting in a gamma counter (Berthold LB
2111). Blood samples were taken by cardiac puncture at
sacrifice. The blood was then centrifuged, the serum was
separated and was analyzed by chromatography. Urine
samples were also collected at sacrifice. Biodistribution
results were expressed as a percent of injected dose per
total organ (% ID/organ). For blood, bone and muscle,
total activity was calculated, assuming, as previously
reported, that these organs constitute 7, 10 and 40% of
the total weight, respectively.

Results and discussion
Protonation and stability constants

The acid-base reactions of MeP,pyl4, P;pyl4 and
acspyl4 have been studied previously [41, 42] and the
corresponding protonation constants are summarized in
Table 1. The overall basicity of compounds having
methylphosphonate arms is very high compared with
that of the N-acetate derivative, acspyl4 (the order fol-
lowed is ac3pyld4 <MeP,pyl4 <P;pyl4) [41, 42]. This
expected increase in the overall basicity of the meth-
ylphosphonate derivatives is explained by electrostatic
effects and hydrogen bonding formation [42]. Indeed,
the electrostatic effect of the double negative charge on
the phosphonate groups prevails over the inductive
electron-withdrawal effect of these groups, making the
nearby amine more basic [42, 48]. However, the multiple
hydrogen-bond, which can be formed, also plays an
important role [42, 49]. The different overall basicity of
the studied ligands has a direct repercussion on their
complexation properties and, consequently, in their
biological applications.

The stability constants of MeP,pyl4, Ps;pyl4 and
acspyl4 with lanthanides (La”, Sm**, Gd**" and
Ho ") were also studied by potentiometric measure-
ments (Table 1). Only mononuclear species were found
for the complexes of the three ligands, namely ML and
MLOH species; in certain cases, ML(OH), were also
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formed. However, while no protonated species were
found for the ligand ac;pyl4, the compounds having
methylphosphonate arms form several MH,L (i=1-3 or
4) complexes as expected. We have checked the possi-
bility of formation of other species, but they are not
formed under our conditions.

As the ligands MeP,pyl4 and P;pyl4 form several
protonated complexes with the studied metal ions, the
completely deprotonated ML complexes only exist as
the main species at pH values up to 8.5, at which pH the
species MLOH start to be formed; see Fig. 2.

A decrease of the basicity of a donor center is ex-
pected upon coordination to the metal ion, and this
decrease should accompany an increase of the strength
of the M-L bond. Indeed, the Kyy ;1 values for the
studied complexes are similar to those corresponding to
the protonation of phosphonate oxygen atoms of the
free ligands (K3H and K, for MeP,pyl4 and KH-k M
for P;pyl4). However, the values of Ky and Kypor
are slightly higher than K3 and K,Y, respectively (ex-
cept for Ho/MeP,pyl4), and in general they are quite
insensitive to the type of metal ion, suggesting that the
protonation occurs in a phosphonate arm that is not
coordinated to the metal ion, or occurs in an oxygen of
an arm involved in the coordination although not di-
rectly coordinated. In this context it is worthwhile to
emphasize that the Ky;gor, values for the ligand P;pyl4
are systematically higher than K,", suggesting that at
least one arm is not directly involved in the coordination
to these metal ions, probably being away from the
coordination sphere.

The usual trend of stability constants for lanthanide
complexes was found for this series, namely that the
lowest value is obtained for the La complexes and the
highest one for the Sm or Ho complexes, the different
metal complexes with the same ligand presenting very
similar values.

The most interesting point concerning the values of
Table 1 is the remarkably different behavior between
the lanthanide complexes of the compound containing
acetate and those containing the phosphonate arms. In
fact, the latter compounds exhibit larger values of ML
stability constants, presenting almost double the
magnitude, than the corresponding acetate complexes.
This was not found for the complexes of Ni**, Cu®*
and Zn>" with the same ligands studied previously,
for which similar stability constants were found for
the acetate and methylphosphonate derivatives [42].
However, the direct comparison of stability constants
involving ligands having such different overall basicity
can led to erroneous conclusions, because the compe-
tition of metals and protons for the ligands is not
taken into account. Unlike stability constants, pM
values (=—log[M>"]) are dependent on the proton-
ation constants. In Table 2 are collected the pM
values for the three ligands calculated at different pH
values [50, 51].

Table 2 shows that the highest pM values were found
for solutions containing the compound with three
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Fig. 2 Species distribution
curves calculated for the 1:2
(M:L) complexes of Sm** with
the ligands ac;py14 (LY),
MeP,pyl4 (L) and P;pyl4
(L%; CL=2x10""M

% relative to total Sm conc. % relative to total Sm conc.
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Table 2 pM values® determined for the complexes of MeP,pyl4,
P;pyl4 and acspyl4 with some trivalent metal ions;7=25.0 °—
C;I1=0.10 M in NMe4NO;3; or KNO;

Ion Ligand pH 7.40 pH 9 pH 11
La’" acspyl4 5.69 9.08 12.31
MeP,pyl4 11.23 14.21 17.49
Pipyl4 11.87 14.76 18.55
Sm?** acspyl4 6.84 10.46 13.72
MeP,pyl4 11.97 15.00 18.64
Pspyl4 13.57 16.64 21.26
Gd>* acspyl4 - - -
MeP,pyl4 11.27 14.40 18.07
Pspyl4 13.65 16.58 20.73
Ho** acspyl4 7.42 11.06 14.30
MeP,pyl4 11.37 14.90 18.85
Pipyl4 13.89 17.04 21.74

*Values calculated for 100% excess of free ligand at different pH
values;Cp =2.0x107> M; Cy=1.0x10° M

Table 3 Labelling conditions for '**Sm- and '*Ho-labelled tetra-
aza macrocycles containing pyridine ligands

Ligand Reaction conditions Chelation
efficiency (%)
' Sm-labelled  '**Ho-labelled
macrocycles macrocycles
acspyl4 15 min at RT 5 min at RT ~100 ~100
MeP,pyl4 1 hat RT 5 min at RT ~100 ~100
Pipyl4 1 hat RT 5 min at RT ~100 ~100

phosphonate arms, followed immediately by those of the
ligand with two phosphonate groups, and finally the li-
gand containing the acetate arms. This means that in
these cases the pM and log Ky values follow the same
trend. As expected, the pM increases with the increase of
the pH.

Lukes et al. [52] found a linear correlation between
the thermodynamic stability constants (log Ky) of the
Gd(IIT) complexes with linear (edta and dtpa) and cyclic
compounds with acetic, phosphonic and phosphinic
arms with the sum of the four more basic protonation
constants (log K,\"'+log K,7'+log K;"'+log K=
logfs™), following the order phosphinate <acetate <
phosphonate. However, all the macrocyclic ligands
taken into account for this correlation are 12-membered
derivatives (of Hydota and pyl2), except Hytrita and
Hyteta. Our complexes, together with the values of
Hjteta, correlate well with log,", but with a lower slope
and intercept, indicating lower values for the stability
constants of the lanthanide complexes of 14-membered
derivative ligands.

865
Radiolabeling

Experimental conditions for the synthesis of '**Sm and
1%Ho complexes with pyridine macrocyclic ligands were
optimized for chelate concentration, pH and tempera-
ture in order to achieve radiochemical purities higher
than 98%. The reaction kinetics with '*Sm and '°Ho
for acspyl4, MeP,pyl4 and P;pyl4 ligands were found
to be dependent on chelate concentration and pH. At a
1:1 metal-to-ligand ratio, the labeling reaction was not
complete. Maximum complex formation was only
achieved at a 2:1 ligand-to-metal ratio. Optimal labeling
efficiency over the pH range 7-9 was also observed for
all the complexes. However, at pH levels below 7 a de-
crease in the percentage incorporation of the radio-
lanthanides was observed. At pH 6, complex formation
of 'Sm and '"®*Ho with acspyl4 did not occur imme-
diately. Taking into account the species distribution
diagram, this result is certainly due to kinetic effects.

The optimized reaction conditions for radiolabeling
each ligand with both radiolanthanides and respective
chelation efficiencies, expressed as a percentage, are
summarized in Table 3. For the '®*Ho complexes the
maximum chelation efficiency (>98%) was obtained
almost immediately after addition of the radiolantha-
nide, at room temperature, while the preparation of the
corresponding '3 Sm complexes takes more time,
approximately 15 min incubation or about 1 h with the
ligands containing acetate or methylphosphonate
groups, respectively.

The radiochemical behaviour of each radiolanthanide
complex and of the free metals on TLC is summarized in
Table 4. Using the three different chromatographic
systems A, B and C, it was possible to determine the
radiochemical purity since the three expected radio-
chemical species, °*Sm/'®*Ho macrocyclic complexes,
1onic 153Sm/ 1%6Ho, and radioactive colloidal forms,
could be identified, except in the case of P;pyl4. In the
reactions with this ligand it was clear that no ionic
1338m/'"®Ho was present, but we were unable to find a
chromatographic system that could separate the radio-
lanthanide complex from the eventual radiochemical
colloidal or polymeric species, as also reported for cy-
clam-based ligands with phosphonic acid arms [53] and
organophosphonate complexes [54].

In vitro stability studies

A major concern in the evaluation of radiolanthanide
complexes as potential radiopharmaceuticals is their
stability under normal physiological conditions. The

Table 4 Radiochemical

behaviour of 'Sm- and '®Ho-  Chromatographic Ry

labelled tetraaza macrocycles systems 153gm 160

containing pyridine ligands and m °

free radiolanthanides in the

chromatographic systems used ~ System A ~L0 ~10

in this study System B ~1.0 ~1.0
System C 0.90 0.90

1538m/"*Ho-acypyl4 '>*Sm/'®*Ho-MeP,pyl4 '**Sm/!'®Ho-P;pyl4
0.80 0.08 0.09
0.08 0.08 0.09
0.90 0.40 0.09
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release of radiolanthanides or formation of other
radiochemical impurities causes unwanted radiation
dose exposure and eventually toxicity in normal tissues
and highly limits their clinical efficacy.

All the radiolanthanide complexes prepared were
evaluated for in vitro stability in physiological media
and human serum over a five-day period at 37 °C.
Figure 3 illustrates the results found, as a percentage
of radiochemical impurities, when '**Sm/'®°Ho-
acspyl4 and 'Sm/'°°Ho-MeP,pyl4 complexes were

Fig. 3 In vitro stability of '3Sm and '®Ho complexes with
acspyl4 and MeP,pyl4, as a percentage of radiochemical impuri-
ties, in saline, PBS (pH 7.4), 0.1 M glycine-HCI solution (pH 4.0
and 2.0) and human serum over time
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incubated respectively in saline, PBS (pH 7.4), 0.1 M
glycine-HCI solution (pH 4.0 and 2.0) and human
serum.

From the analysis of the graphics it is clear that the
four complexes were stable up to five days in the
presence of saline, PBS (pH 7.4), and 0.1 M glycine-
HCI solution at pH 4.0, as no significant release of free
metal or appearance of radioactive colloidal species
could be detected. No radiochemical impurities were
also found by incubation with 0.1 M glycine-HCI
solution at pH 2.0, with the exception of the radio-
complexes with acspyl4, which are unstable at this
acidic pH, releasing free metals. The presence of
approximately 40% of radioactivity as free metal was
detected after one day of incubation and the total
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absence of radioactivity in the Ry corresponding to
that complex was found after the third day. The
instability of these complexes at pH 2 is in agreement
with the observation that at pH <6 the formation of
the radiocomplexes '>*Sm/'®*Ho-acspyl4 does not oc-
cur (data not shown). Indeed, the distribution species
diagram for this ligand, taking into account the sta-
bility constants of Table 1, shows that only at pH > 5.8
are the metal ions completely in the complexed form
(see Fig. 2).

In the studies performed in human serum, the pres-
ence of radiochemical impurities which do not migrate
was observed, and this decomposition increases with the
incubation time (total decomposition was observed after
four days of incubation at 37 °C). Based on TLC anal-
ysis, we can say that there are no free '>*Sm or '®*Ho
radiochemical impurities. Whether these species are
colloids, such as radiolanthanide hydroxides, or ternary
complexes of the type Ln(III)-phosphate—serum pro-
teins, is not clear [38, 55]. In fact, very recently, Ne-
umaier and Roésch [55] have claimed the formation of
such ternary radiocomplexes with endogenous phos-
phate and serum proteins (e.g., albumin) and have also
shown how the ionic radius of the Ln®" affects the
bound protein. Thus, the radiochemical impurities de-
tected may be related to the dissociation of the initial
radiolanthanide complex, which in the presence of hu-
man serum proteins may lead to the formation of a
ternary complex of this type, which should have a high
molecular weight and, consequently, does not migrate
under the TLC experimental conditions.

The stability of the radiolanthanide complexes with
Ps;pyl4 was also studied and we did not find any release
of free metal over the incubation time, but the possible
formation of colloidal forms and/or ternary Ln(III) ra-
diocomplexes could not be detected owing to the lack of
an adequate chromatographic system.

Incubation of the radiolanthanide complexes with
fresh human blood at 37 °C led to faster decomposition
relative to that observed in blood serum. After 30 min
the chromatographic analysis of the plasma superna-
tants presented predominantly radiochemical specie(s)
with R=0. This result indicated that the presence of
erythrocytes could be responsible for the fast decom-
position of the radiocomplexes. Indeed, competitive
displacement of the radiolanthanides by erythrocyte
cytoplasmatic constituents (e.g., haemoglobin) was also
found by other authors [58].

All the pyridine '*Sm and '®Ho radiocomplexes
were analysed by electrophoresis to determine the
overall charge of the radiolanthanide complexes. These
determinations were performed in phosphate and Tris-
HCI buffer (pH 7.4, in 0.1 M). All the '**Sm/'°*Ho
pyridine radiocomplexes remained at the origin, which
could indicate a neutral charge for these species. These
results do not agree with the expected charge for the
P3pyl4 complexes and probably indicate that they are
not stable under the electrophoretic experimental con-
ditions.

867
Partition coefficients

The lipo-hydrophilic character of the '**Sm-pyl4 ra-
diolanthanide complexes was evaluated based on the
octanol/saline partition coefficients or log P values
(mean values). They are defined as the radioactive con-
centration of each radiocomplex in the octanol phase
and in the aqueous phase at physiological pH (7.4). Data
from these determinations can be found in Table 5.

Analysis of these results indicated that all radio-
lanthanide complexes present high hydrophilic character
(log P<—1): —1.51 (acspyl4), —1.24 (MeP,pyl4) and
—1.17 (P3pyl4), probably due to the high degree of
ionization of the acetate and phosphonate groups in the
complexes.

Total human serum protein binding

When a radioactive complex is administered, like any
other drug there is always a fraction bound to the
plasma proteins. Protein binding can influence its dis-
tribution in the body, its diffusion rate from the vascular
compartment, and its rate of elimination, and conse-
quently affects its pharmacokinetics. In an attempt to
obtain a better understanding of the biokinetics of our
133Sm complexes, we evaluated their binding to human
serum proteins by gel filtration. Data from these deter-
minations are shown in Table 5. Assays performed in
parallel to determine the chromatographic behavior of
the complexes in the Sephadex G 25 column demon-
strated the separation of the protein-bound fractions
from the fractions associated with the complexes. After
incubation of the radiolanthanide complexes with serum
(30 min, 37 °C), 40-60% of the total radioactivity was
bound to plasmatic proteins. Taking into account the
instability found in vivo, we believe that this binding to
human serum proteins may be due to transchelation
and/or formation of radiocolloids.

In vivo studies

Although the instability of our radiocomplexes in serum
can allow an estimation of the in vivo behaviour [56], we
also consider that none of the in vitro studies by them-
selves can mimic the in vivo environment encountered
by the complexes when injected into the blood stream.

Table 5 Percentage of human plasmatic protein binding and lipo-
hydrophilic character of '**Sm-labelled tetraaza macrocycles con-
taining pyridine ligands

Ligand 153§ m-labelled macrocycles
Human serum Lipo-hydrophilic
protein binding (%) character, logP
acspyl4 63 —1.51
MeP,pyl4 51 —-1.27
P;pyl4 43 —1.17
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To obtain a much better insight into the nature of the
species in the blood after injection, as well as on the
nature of the species eliminated by the kidneys, we
decided to evaluate the in vivo behaviour of the radio-
complexes. The biological distribution of ' *Sm- and
1%6Ho-pyl4 complexes was assessed in CD-1 mice at
30 min, 2 h and 24 h after administration. Tissue dis-
tribution data of the radiolanthanide complexes was
expressed as a percentage of the injected dose per total
organ and the uptake and clearance from most relevant
organs can be overviewed in the histograms of Figs. 4
and 5. The total excretion of radioactivity over time is
graphically represented in Fig. 6.

Results from these studies indicated a similar pattern
for all the radiolanthanide complexes under study,
showing a slow clearance from organs like blood and
muscle and a very slow rate of total radioactivity
excretion from the whole animal body (less than 12% of
total injected dose at 24 h after administration). A very
high and rapid liver uptake that increases over the time
associated with a high hepatic retention of radioactivity
was also found. Only a small amount of injected dose is
cleared via the liver into the intestines (less than 5% up
to 24 h post-administration). The low kidney uptake
associated with the low total radioactivity excretion
indicated that those complexes almost do not clear
through a kidney pathway. Significant spleen and lung
uptakes were also observed for some complexes, sug-
gesting the presence of radioactive colloidal/polymeric
forms. High accumulation in the spleen that increases

Fig. 4 Biodistribution data, expressed as a percent of injected dose
per total organ (% ID+SD) of *3Sm complexes with acspyl4,
MeP,pyl4 and P;pyl4, at 30 min, 2h and 24 h after i.v.
administration in female CD-1 mice (n=3-4)

with post-administration time was found in the case of
complexes with the acs;pyl4 ligand ('>*Sm-acspyl4:
13.3+3.4% ID/organ; '®®Ho-acspyl4: 10.9+0.8% ID/
organ, at 24 h). Significant lung uptake was also ob-
served initially for '°*Sm-ac;py14 (20.0 +2.0% ID/organ
at 30 min) that decreased over time. Thus, complexes
with this ligand seem to be more unstable, leading to the
formation of radiochemical species of a colloidal/poly-
meric nature. Indeed, a tendency to polymerize has also
been observed for Ln(IIT) complexes with polyamino-
carboxylate ligands [37]. The main differences in the
biodistribution of the different radiolanthanide com-
plexes are related to the rate of clearance from blood
and liver uptake as well as the degree of bone uptake.
From all the complexes studied, those with ac;pyl4
presented more rapid blood clearance and consequently
the fastest accumulation of activity in the liver. This
observation may be related to the highest instability of
these complexes.

The highest accumulation of radioactivity in bone of
the complexes with ligands containing methylphospho-
nate pendant arms is expected to be due to the binding
of these groups to bone hydroxyapatite. In the com-
plexes with MeP,py14 and P;pyl14, this accumulation is
enhanced over time with the increased number of
methylphosphonate groups. However, the complexes
containing acetate groups as pendant arms also exhib-
ited a significant bone uptake, especially the '®°Ho
complex after 24 h (**Sm-ac;pyl4: 3.1+1.0, 4.3+0.1
and 5.0+0.4; '“®Ho-acspyl4: 6.2+1.0, 5.9+0.1 and
12.5+£0.5, respectively, at 30 min, 2 h and 24 h). Thus, it
is not clear if the observed bone uptake can only be
attributed to the presence of ligands with meth-
ylphosphonate arms or if it is due to the low stability of
the complexes, which promotes the release of the metal

153Sm-tetraazamacrv::acycIes containing pyridine complexes
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Ho-tetraazamacrocycles containing pyridine complexes
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Fig. 5 Biodistribution data, expressed as a percent of injected dose
per total organ (% ID+SD) of '*Ho complexes with acspyl4,
MeP,pyl4 and P;pyl4, at 30 min, 2h and 24 h after i.v.
administration in female CD-1 mice (n=3-4)

and leads to its accumulation in bone. Other authors
have considered the skeletal and the reticuloendothelial
system as the main target organs for the release of
heavier and lighter radiolanthanides, respectively [55,

56]. This can probably also justify the bone uptake
found by Kim et al. [36] when they studied the in vivo
behavior of '*3Sm complexes with 12-membered pyri-
dine macrocyclic ligands with two methylcarboxylate
pendant arms.

In order to obtain a better insight into the in vivo
behavior found for our complexes, we carried out some
metabolic studies. Samples of urine and mice blood were
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Fig. 6 Excretion rate of total 12 1
radioactivity, expressed as a
percent of injected dose of
153§m/'%Ho complexes with
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after i.v. administration in
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o 8-
n
[}
(a]
©
2 6
(33
2
£
2 4.
2 , -
0

24
Time (hours)



870

collected at sacrifice time, as described above, and ana-
lyzed by TLC to determine the extent of complex dis-
sociation. Data from these analyses revealed that none
of the radiolanthanide complexes was stable in vivo and
different radiochemical species, other than the original
radiocomplexes or free metals, were found. The chro-
matographic system C allowed the identification of a
predominant radiochemical impurity in urine and mice
serum with a R0, while the injected complexes
(acspyl4, MeP,pyld4) migrate with Ry values of
approximately 0.9 and 0.4, respectively. These findings
support the hypothesis of in vivo dissociation of the
radiocomplexes and the formation of other species,
resulting certainly from binding to blood components,
like plasma proteins, and/or formation of colloidal
species. If dissociation of the complexes tends to occur,
it is highly probable that the released radiolanthanide
binds to plasma proteins. Besides albumin, it is well
known that trivalent lanthanides may behave in vivo
similarly to Fe® . In blood the main carrier protein for
Fe*" is transferrin, which also forms complexes with
lanthanides [56]. The conditional stability constants for
the two binding sites of transferrin with Gd(III) are log
Ky =7.96 and log Ky, =5.94 at pH 7.40 and the
values for Sm(III) are only slightly higher (log
Ky =8.10 and log Ky =5.95), which will give
pSm=28.10 [57, 58]. These values are very small when
compared to the corresponding Fe(IIl) ones (log
K’y =20.7; also at physiological conditions,
pFe=20.7). However, the serum transferrin is not nor-
mally saturated with iron, having still some binding
capacity for the coordination of other hard metal ions,
such as Ln*". This interaction, although being a possi-
ble explanation for the instability of the radiocomplexes
prepared with acspyl4, does not explain the behavior
observed for the other complexes described in this work
(Table 2).

In vivo studies with '>*Sm and '°°Ho nitrate solutions
were also performed, using the same animal models, and
the tissue distribution evaluated. Since the biological

Fig. 7 Biodistribution data,

behavior was similar for both radiolanthanides, we only
show in Fig. 7 the biodistribution data for '**Sm(NO;)s.

The biodistribution profile shows a low excretion of
radioactivity and high hepatic uptake. Urine and blood
samples were collected at the same time points after
administration and analyzed by TLC. Identical chro-
matographic TLC profiles were observed: the main
radiochemical specie(s) present a R0 value and no free
radiometal could be found. The in vivo behavior of the
free radiolanthanides indicated that they form com-
plexes that do not migrate in our analytical systems,
which could explain the unexpected low degree of
clearance through the kidneys. Probably they form ter-
nary complexes with carrier proteins in blood and/or
colloidal forms, as previously described [55]. These re-
sults reinforce our previous considerations that the in
vivo behavior found for our radiocomplexes does not
result from the tissue distribution of them as such, but
from the tissue distribution of species which result from
their in vivo decomposition.

Conclusions

Potentiometric studies of the tetraaza macrocyclic li-
gands ac3]3y14 MePzpy14 and Pspyl4 with La®",

and Ho’ " have shown that only mono-
nucledr species are formed, namely ML and MLOH,
with protonated MH,L species also identified with the
MeP,pyl4 and P;pyl4 ligands. The ML stability con-
stants found for Ln®" complexes with Pspyl4 and
MeP,pyl4 are almost double the values found for the
corresponding complexes with acspyl4, this trend also
being followed by the corresponding calculated pM
values. The kinetics and radiolabeling yield of the
reactions with '**Sm and '®*Ho were maximized at a 1:2
metal-to-ligand ratio and in the pH range 7-9. In gen-
eral, the complexes are stable in saline, PBS and glycine-
HCI solution (pH 4). However, the studies performed
with human serum indicated a significant protein bind-

153Sm nitrate
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ing for all the complexes, as well as a high instability. As
far as chromatographic studies indicated, the radio-
chemical impurities formed are not free metals, being
certainly either colloidal species or ternary complexes of
the type Ln(III)-phosphate—serum proteins. The in vivo
behavior of these hydrophilic complexes (log P, range:
—1.17 to —1.51) present a slow rate of blood and muscle
clearance, presenting also a high liver uptake and a slow
rate of total excretion. This profile compares with the
biological profile found for the '**Sm and '"®*Ho nitrates
and, according with the low values found for the sta-
bility constants and relatively high protein binding,
seems to indicate that these radiocomplexes decompose
in vivo.

Our results confirm that the rigidity imposed by the
pyridine moiety, the cavity size and the number and
coordination capability of the pendant arms are
important structural features that could be responsible
for the low stability constants found for our complexes
and for their in vivo instability. These bifunctional
chelators are not appropriate for preparing stable lan-
thanide complexes for targeted radiotherapy. The large
size of the lanthanide ions needs the use of ligands with
different frameworks and/or pendant arms with higher
coordination capability. Attempts to achieve these goals
are in progress.
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