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Lanthanide complexes of DOTA derivatives 2a (BPAMD) and 2b (BPAPD), having a monoamide pendant
arm with a bis(phosphonate) moiety, were comparatively tested for application in MRI, radiotherapy, and
bone pain palliation. 'H, *'P, and 7O NMR spectroscopy show that they are nine-coordinated, with one
water molecule in the first coordination sphere of the Ln(IIl) ion. The bis(phosphonate) moieties are not
coordinated to the lanthanide and predominantly mono- and diprotonated at physiological pH. The parameters
governing the longitudinal relaxivities of the Gd complexes are similar to those of other monoamides of
DOTA reported in the literature. Upon adsorption on hydroxyapatite, the relaxivities at 20 MHz and 25 °C
of Gd-2a and Gd-2b were 22.1 and 11 s™' mM ™', respectively. An in vivo y-ray imaging study showed
that the '”’Lu complexes of 2a and 2b have a high affinity for bones, particularly for growth plates and

teeth with a prolonged retention.

Introduction

A major field of applications of MRI contrast agents (CAs®)
is in diagnosis of carcinoma in soft tissues.'™ However, it is
known that metastasis of almost all types of cancer may affect
bones.® A variety of other diseases like cerebral and myocardial
infarcts cause abnormal calcium accumulations in soft tissues
as well.® Curiously, the presently applied imaging techniques
for calcified tissues are solely based on radiodiagnostic methods,
and there is currently no MRI alternative available in clinical
use.

Radiodiagnosis relies on y-ray scanning using **™Tc com-
plexes with simple geminal bis(phosphonate) ligands, such as
methanediphosphonic acid (MDP) and 1-hydroxoethane-1,1-
diphosphonic acid (HEDP).” The bis(phosphonic acid) group
exhibits a high affinity for the bone surface both in the free
form and in the form of metal complexes. It is adsorbed
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“ Abbreviations: BPAMD, (4-{[bis-(phosphonomethyl))carbamoyl]-
methyl}-7,10-bis(carboxymethyl)-1,4,7,10-tetraazacyclododec-1-yl)acetic acid;
BPAPD, (4-{[(bis(phosphonopropyl))carbamoyl}methyl}-7,10-bis(car-
boxymethyl)-1,4,7,10-tetraazacyclododec-1-yl)acetic acid; CA, contrast
agent; DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate; DO3A,
1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid; DTPA, diethylenetri-
amine-N,N,N',N" ,N" -pentaacetic acid; HA, hydroxyapatite; HEDP, 1-hy-
droxoethane-1,1-diphosphonic acid; ID, injected dose; LIS, lanthanide-
induced shift; MDP, methanediphosphonic acid; NMRD, nuclear magnetic
resonance dispersion; Rj, longitudinal relaxation rate; R,, transversal
relaxation rate; SA, square-antiprismatic; TSA, twisted square-antiprismatic.
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Figure 1. Structures of ligands discussed.

preferentially to the active parts of bones such as areas of natural
growing and those undergoing some pathological changes.®

In efforts to develop bone-targeted CAs for MRI, phosphonate
and/or bis(phosphonate) moieties have also been exploited to
deliver the CA to the area of interest.>?~'> For example, the
Ln(Ill) complexes of phosphonate analogues of 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA, 1) and
diethylenetriamine-N,N,N',N" ,N" -pentaacetic acid (DTPA, 3;
i.e., compounds 4 and 5; Figure 1) have been shown to exhibit
a rather strong adsorption on hydroxyapatite (HA), a model of
bone surface.”'® These complexes, however, have major
drawbacks; the relaxivity of Gd-4 quenches upon adsorption to
HA due to expulsion of second-sphere water molecules from
the vicinity of the complex,” whereas Ln-5 shows critical loss
of complex stability upon interaction with HA due to extensive
interaction with its surface.'® Another candidate, a bis(phos-
phonate)-modified DTPA, showed a low in vitro stability.'?
Recently, we achieved rather promising results by attaching a
bis(phosphonate) via an amide moiety to DOTA (compound
2a; Figure 1)."> An in vitro study showed swift, very strong,
and reversible adsorption of the Ln(IIl) complexes of 2a on
HA. Furthermore, the relaxivity of Gd-2a appeared to be rather
high, and no quenching occurred upon adsorption on HA; on
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Figure 2. Synthesis of the bone targeting ligand 2b. (i) CICH,C(O)Cl,
acetonitrile, K,CO3, —50 °C to RT, 24 h; (ii) ~BusDO3A, acetonitrile,
K>COs, RT, 4 d; (iii) CF3COOH/CH,Cl, (1:1), reflux, 12 h; (iv) 30%
HBr in dry AcOH, RT, 24 h.

the contrary, the relaxivity increased upon adsorption due to
the immobilization of the complex.'”

Now, we extended our research to lanthanide(III) complexes
of a ligand with a somewhat longer linker between the DOTA
unit and the bis(phosphonate) function: (4-{[(bis(phosphono-
propyl))carbamoyl]methyl} —7,10-bis(carboxymethyl)-1,4,7,10-
tetraazacyclododec-1-yl)acetic acid (2b, see Figure 1). Here, we
report on its synthesis, the relaxivity of its Ln(III) complexes
and on in vivo studies with Ln(IIT) complexes of both 2a and
2b.

As a result of the shielding of their 4f valence electrons by
the 55 and 5p electrons, the 15 Ln(IIl) ions have very similar
chemical behavior and the various Ln(III) complexes of a
particular ligand are generally almost isostructural. In the present
study, we exploited this isostructurality by performing each of
the various physicochemical and in vivo studies with the use
of the most effective Ln(IIl) ion for that particular technique.
It may be assumed that the results give a good picture for the
properties of the complexes of all other Ln(IIl) ions. For
example, a comparison of the pharmacokinetics and biodistri-
bution in rats was determined by y-ray imaging using the '""Lu
complexes of 2a and 2b. The adsorption of both compounds
on HA appeared to be very strong;'>'® these complexes are
bound as a monomolecular layer on the surface of HA. The
affinity constants for Tb-2a and Tb-2b for HA are 2.1 x 10°
and 2.2 x 10* L mol ', respectively.'® In the latter studies '*°Tb
was the selected Ln(III) ion because of its long half-life time
(72.1 days).

Results and Discussion

Syntheses. The pendant arm (7) of ligand 2b was prepared
in 89% yield by the reaction of chloroacetylchloride with
tetraethyl 3-aminopropyl-1,1-bis(phosphonate) (6; see Figure 2).
Alkylation of the tris(z-butylester) of DO3A with this bis(pho-
sphonate) followed by a two-step de-esterification procedure
of the resulting ester (8) and purification by repeated column
chromatography on a weak cation exchange resin gave the
desired 2b in 30% yield. The rather low yield is caused by
degradation during the de-esterification steps and by a low
efficiency of the chromatographic purification. The Ln(III)
complexes of 2b were prepared by heating of aqueous solutions
of the lanthanide(IIl) chloride or nitrate in question with the
ligand in 10% excess at pH 8-9 followed by adjustment of the
pH. The synthesis of ligand 2a has been described previously.'

The Structure of Ln-2a and Ln-2b in Aqueous Solution.
Because bis(phosphonates) have a strong affinity for Ca(Il), they
may have an even stronger affinity for Ln(II) ions. Therefore,
it is important to establish that the Ln(III) ion in its complexes
of 2a and 2b is coordinated in the macrocyclic cavity and that
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Table 1. Amount of the Diastereoisomer m (TSA, mol %) in Solutions
of Lanthanide(IIT) Complexes of some DOTA Derivatives (pH 7, 25 °C)

Ln 14 2a’ 2b°
Eu 22 18 19
Yb 7 0 7

@ Ref 17. ” Ref 15. © This work.
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Figure 3. Plot of A'/CP vs <S,>/CP for the 7O water shifts of Ln-
2b (pH 7, 76 °C).

the phosphonate functions in these complexes are not involved
in the coordination of the Ln(III) ion.

The 'H NMR spectra of the Eu(Ill) and Yb(III) complexes
are very similar to those of the corresponding DOTA complexes
(see Supporting Information, Figure S1). The number of
resonances in the spectra of the Ln-2a'> and Ln-2b complexes,
however, is larger due to the lower symmetry of these complexes
as compared to Ln-DOTA. Typically, two sets of peaks were
observed, of which the lanthanide-induced chemical shifts of
one of the sets were larger than those of the other one.
Lanthanide(IIT) complexes of DOTA-like ligands are known to
occur in solution as a mixture of two diastereomeric forms,
which differ in the mutual orientation of the “nitrogen” and
“oxygen” planes of the coordination polyhedron: the square-
antiprismatic (SA, usually labeled M) and twisted square-
antiprismatic forms (TSA, usually labeled m)."” The ratio of
m/M commonly changes along the lanthanide series. The ratios
of the intensities of the two sets of spectra of Ln-2a and Ln-2b
(see Table 1) are similar to those reported for Ln-DOTA
complexes.'®!” The great similarity of the "H NMR spectra of
these compounds with those of the corresponding Ln-DOTA
complexes suggests that the Ln(III) ions are bound in a similar
fashion.

The number of water molecules in the first coordination
sphere of the Ln(IIl) ion in Ln-2b was evaluated with the use
of the lanthanide-induced 7O NMR chemical shifts (Ln = Pr,
Nd, Eu, Tb, Dy, Er, Yb). These shifts were extrapolated to a
molar ratio of Ln-complex to water of 1 and then corrected for
the diamagnetic contribution by subtraction of the shifts for the
corresponding diamagnetic La(IlT) complex. A plot of A'/CP
versus <S,>/CP for Ln-2b gives a perfect straight line (cor-
relation coefficient > 0.97, see Figure 3). Here A’ is the
extrapolated and corrected lanthanide-induced shift and C and
<§,> are parameters, which are dependent on the lanthanide
and which are tabulated in the literature.>*~>* The linearity in
this plot indicates that the hydration number (g) of the complexes
concerned is constant along the Ln(III) series. The slope of this
line (F) is —71.9. Previously, it has been shown that F = g x
(=70 & 11)*7% and, therefore, it can be concluded that Ln-2b
complexes have one coordinated water molecule in the first
coordination sphere of all Ln(II) ions. Previously, we have
reached a similar conclusion for Ln-2a.'> Therefore, it is very
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Table 2. pK, and logf; values of the bis(phosphonate) moieties of
Yb-2a and Yb-2b in water (0.15 M)“

Yb-2a Yb-2b Hjaca®
species logfs pKa logf pKa logp pKa
H4L 15.64(14) 1.8 23.35(24) 1.6 25.34(8) 1.4
HiL~ 13.89(11) 49  2176(11) 41  2398(7) 5.8
HL>  8.97(6) 90  17.6311) 67 1822(6) 7.5
HL*~ >13 10943) 109  10.73(4) 107

“ As determined from *'P and/or 'H NMR titration data in comparison
with those for Hyaca (acetamidomethyl-bis(phosphonic acid; 25 °C).  Ref
30.

unlikely that the bis(phosphonate) group is coordinated to the
Ln(IIl) ion as well in these complexes.

Further support for the noninvolvement of the bis(phospho-
nate) function in the coordination of the Ln(III) ion was obtained
from the distances of the bis(phosphonate) function from the
Ln(IIl) ion, as determined by means of lanthanide-induced
longitudinal relaxation rate enhancements. The two *'P reso-
nances of Dy-2a were well separated, so the longitudinal
relaxation rates of these nuclei were measured, and with the
use of an equation taking into account both the dipolar and the
Curie relaxation,” the distances between the Dy(III) ion and
the two phosphorus atoms were estimated to be 6.5 and 6.2 A,
respectively.'® These distances are too long for binding of the
phosphonate groups to the Dy(III) ion. In the NMR spectra of
the Ln-2b complexes, the *'P resonances were coinciding at
the chemical shift of this resonance in the free ligand (20 ppm).
Therefore, for this system, the R; value of the 'H resonance for
the —CH(PO3H,), proton in Yb-2b (25.3 sfl), which was not
overlapping with any other resonance, was used. From this
relaxation rate enhancement, the distance of this proton to the
central Yb(III) ion was calculated to be 5.0 A. An inspection
of molecular models then suggests that the bis(phosphonate)
pendant arm is in the proximity of the macrocyclic part of the
molecule (Figure S2). This can be ascribed to the involvement
of the phosphonate groups in intramolecular hydrogen bond
formation. However, a direct coordination of the bis(phosphonic
acid) group to the metal ion can be excluded (*'P NMR spectra
show signals only around 20 ppm).

The pK, values of bis(phosphonate) moiety in the Yb(III)
complex of 2a were determined from NMR titration data of
the two nonequivalent *'P resonances. The pK, values of the
bis(phosphonate) moiety in Yb-2b were determined using NMR
titration data of the —CH(PO3H»), proton and those of the
equivalent *'P resonances (see Supporting Information, Figure
S3). The latter pK, values of the bis(phosphonate) moiety
obtained for Yb-2b (see Table 2) are in good agreement with
data reported commonly for bis(phosphonate) moieties,?*>°
which once again demonstrates that the bis(phosphonate) group
in this complex is not coordinated to the Ln(IIl) ion, because
coordination would have resulted in a decrease of the pK, values.
The values of pK,3 and pK,4 for Yb-2a are substantially higher,
whereas the latter one is even 3 orders of magnitude higher
than the value found for the corresponding acetamide® (see
Table 2), which suggests that the mono- and diprotonated species
are stabilized by rather strong hydrogen bonds between the
phosphonate functions and the macrocycle. This is in agreement
with the conclusions based on the relaxation rate enhancements
(see above).

Therefore, it can be concluded that the Ln-2a and Ln-2b
complexes are nine-coordinated with one coordinated water
molecule in the first sphere and free bis(phosphonate) moieties,
which occur predominantly in the mono- and diprotonated forms
at physiological pH.
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Table 3. Relaxivities of Gd-2a and Gd-2b and the Most Important
Parameters Governing It, as Compared To Those of Gd-1 (pH = 7.5,
25 °C)

A? r1 [20 MHz;
ligand ™ [us] wlps] 7o lps]  [s%10"] s 'mM]
2a%? 1.1+0.2 95+£5 22+1 26+£0.1 5.3
2b? 1.14+0.2 86 £3 2741 1.2+£0. 1 5.0
1¢ 0.24 £ 0.01 77+ 4 11+1 1.6 £0.1 4.8

“The values differ slightly from the previously published ones, which
where obtained from a fitting of only the 7O transversal relaxation rates
and the "H NMRD profile (ref 15). ” This work. ¢ Ref 32.

Evaluation of the Relaxivity and the Parameters
Governing It. To evaluate the parameters governing the
relaxivity of the Gd-2b complex, variable-temperature ''O
longitudinal and transversal relaxation rates (R; and Ry), 70
chemical shifts of water and a "H NMRD profile were measured
(see Supporting Information, Figures S4 and S5). These data
were fitted simultaneously with a set of equations described
previously.?' The most important parameters are compared with
those reported for Gd-2a'> and Gd-1 in Table 3 (for a full list
of parameters, see Supporting Information, Table S1). The value
of the residence time of water (7y) in the Gd-2b complex is
comparable with that found for Gd-2a and is substantially longer
than that of Gd-1.%> A similar behavior has been observed for
other Gd(III) complexes of DOTA, in which one of the
carboxylate functions was replaced by an amide function.*® The
rotational correlation times of the various complexes (7r) are
in agreement with the generally observed values for complexes
of this size. The values of parameters determining the electronic
relaxation, the mean square zero-field splitting energy (A?), and
the correlation times of the zero-field splitting modulation (***z,)
for Gd-2a and Gd-2b are close to those reported for similar
ligands (see Table 3). Simulations show that the relaxivity of
the complexes upon immobilization (increase of tr) will be
limited by the nonoptimal values of j.

Previously, we have reported the "H NMRD profile of Gd-
2a adsorbed on HA.'> This profile could be described as the
sum of the contributions coming from the paramagnetic complex
and the profile for HA. The latter compound has a high relaxivity
at low field,'> which can be explained by the long correlation
time modulation of the dipole—dipole relaxation of the protons.
This very long correlation time is due to the adsorption
equilibrium of the water molecules on the surface of HA and
to their subsequent slow motion. The measurement of the 'H
NMRD profile was performed with a large excess of HA (using
1 mM Gd-2a), and therefore, only a negligible fraction of the
HA surface (<4%) was occupied by Gd-2a. Under similar
conditions, the profile for Gd-2b did not differ much from that
of HA. Therefore, the profile was measured using a ten times
higher concentration of the paramagnetic complex. Then, the
fraction of the HA surface that is occupied by the complex is
no longer negligible. It may be assumed that upon adsorption
of a complex, the water molecules on the HA surface will be
expelled, and consequently, the paramagnetic contribution
cannot be obtained by subtracting the relaxation rates of HA.
In this case, the paramagnetic contribution to the 'H NMRD
profile was evaluated by subtracting a fraction of the relaxation
rates for HA and iterating the magnitude of that fraction until
the low-field part of the resulting '"H NMRD profile was
horizontal up to a Larmor frequency of 1 MHz. This situation
was reached when a fraction of 0.34 was applied. The resulting
paramagnetic portion of the '"H NMRD profile is compared with
those of Gd-2a and the corresponding “free” complexes in
Figure 4. Attempts to fit these profiles using the parameters
obtained for the free complexes and varying only tr were
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Figure 4. '"H NMRD profiles of Gd-2a (O) and of Gd-2b (O) and the
corresponding profiles of these complexes measured in the presence
of HA (¢ and M, respectively; pH = 7.5, 25 °C). For conditions, see
Experimental Section.

12 - O supernatant
B HA slurry

Gd-2a Gd-2b Gd-3

Figure 5. Longitudinal 'H relaxation rates of the supernatant and the
HA layer obtained after sedimentation of an equilibrated aqueous
suspension of HA containing Gd-2a, Gd-2b, and Gd-3 in water (pH =
7.5, 25 °C, 300 MHz).

unsuccessful. It can be seen, however, that the relaxivities for
Gd-2b adsorbed on HA are rather low, which most likely can
be ascribed to the flexibility of the Cs-linker between the
macrocyclic part of Gd-complex and the bis(phosphonate)
moiety. The relaxivities of the Gd-2a complex in the presence
of HA are considerably higher, with a pronounced local
maximum at about 15 MHz, which is characteristic for
compounds with a large Tg value. The relaxivities of this
compound at low Larmor frequencies (<1 MHz) are much
higher than expected for immobilized Gd-2a. Possibly, this is
due to a contribution of water molecules adsorbed on the HA
surface, which for this compound are in close proximity to the
paramagnetic center. A similar enhancement of the relaxivity
has been observed for protein—chelate conjugates.*

After standing for a prolonged time (>4 h), both suspensions
of Gd-2a and of Gd-2b settled. Measurements of 'H relaxation
rates indicated that almost all Gd-2a or Gd-2b was in the
precipitate (see Figure 5), whereas its amount in the supernatant
was negligible, which is in agreement with strong binding of
these compounds to HA. A similar experiment performed with
Gd-3 showed about equal 'H relaxation rates of precipitate and
supernatant.'’

In Vivo Radioimaging Studies. Because a free Lu(IIl) ion
has a high affinity for bone, the radioactive complexes were
prepared in the presence of a large excess of free ligand (1000
fold). Furthermore, DTPA was added just prior to injection. It
has been shown previously that this protocol can remove
effectively any free Ln(IIl) ion and excrete it rapidly via the
kidneys.**® Figure 6 represents the dependence of the radio-
activity, expressed as % of injected dose (ID), as a function of

Vitha et al.

1004

- 4
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h

Figure 6. Time—activity curves obtained from y-scintigraphic images
obtained after injection of rats with 50 ug 77Lu-3 (¢), 50 ug '"’Lu-2a
(W), and 600 ug ""Lu-2a ( x ). The curves are a guide to the eye.

Figure 7. y-Scintigraphic image of a rat 76 h after injection of '”"Lu-
2a.

Table 4. Total Body Retention (% ID) of the '”"Lu-Complexes of 2a
and 2b upon Injection of 200 ug (75 MBq) in Lewis Rats

time post injection (h) "7Lu-2a ""7Lu-2b
1 15.7 14.0
24 9.2 5.3

time after injection of 50 ug of '"’Lu-2a (including an excess
of free 2a) in a rat. For comparison, the curve obtained with
"""Lu-3 is included in this graph. The bone-targeting complexes
undergo an early retention in the skeleton; after the excretion
of about 25% of the ID via the kidneys, the radioactivity was
exclusively present in the skeleton. Relatively high amounts of
radioactivity were observed in the epyphyseal plates and in the
teeth. After 72 h, 60% ID of '""Lu-2a was still present in the
skeleton (see Figure 7 and Supporting Information, Figure S6).

A control experiment with '""Lu-3 shows the expected rapid
excretion via the kidneys; after 72 h, no radioactivity could be
detected anymore, in this case.

The total body retention upon injection of larger amounts of
the mixture with '""Lu-2a (200-600 ug; 75-80 MBq) was
significantly lower (see Table 4), suggesting that, under those
conditions, the rate of the uptake in the skeleton compared to
the rate of excretion is limiting the body retention. A similar
behavior was observed upon administration of 177 u-2b,
although the total body retention after 24 h was somewhat lower
for that complex (see Table 4). The latter is in agreement with
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Figure 8. Biodistribution of '”’Lu-complexes of 2a and 2b in Lewis
rat 24 h after injection of 200 ug of compound (complex and excess
of freee ligand).

the previously observed slightly lower affinity of Ln-2b
complexes for hydroxyapatite as compared to that of Ln-2a
complexes.'®

After 24 and 48 h, the rats were sacrificed to determine the
biodistribution. The results are displayed in Figure 8. The high
amounts of radioactivity found in the femur and the sternum
reflect the high affinity of both complexes for bone. Radiographs
of the femurs (see Supporting Information, Figures S7 and S8)
confirmed the high accumulation of radioactivity in the epy-
physeal plates. The clearance of the complexes occurs mainly
via the kidneys, as is demonstrated by the relatively high
retention of the radioactivity in the kidneys as compared to that
in the liver. A radiograph of the kidneys (see Supporting
Information, Figure S9) showed that the radioactivity was
present in the cortex (equally distributed over the whole volume
of it). Previous studies on '"’LuCl; showed a very similar
behavior; also, that compound has a high affinity for bone and
a similar biodistribution as the presently studied compounds,
but free '”"Lu(III) ions accumulate in the kidney mainly on the
border of the medulla and the cortex.>>**¢ It should be noted,
however, that '”’LuCl; is not suitable for bone imaging, because
free Ln(III) ions are highly toxic.?

Conclusion

The Gd-complexes of 2a and 2b both have one water
molecule in the first coordination sphere, which remains bound
upon adsorption on HA. Therefore, these compounds are
applicable as positive MRI contrast agents.

The Ln(III) complexes of 2a and 2b are very selective bone
targeting agents. They particularly show high selectivity for
newly formed bone and, therefore, they are promising diagnostic
agents for bone tumors. The in vivo behaviors of the two
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complexes are very similar, but the bone-uptake of the complex
of 2b seems to be slightly slower than that of 2a. The clearance
of """Lu-complexes of 2a and 2b from the body is mainly via
the kidneys, but the clearance from the skeleton is probably
too slow for application in MRI. Nevertheless, this compound
might be very useful for radiodiagnosis and for bone pain
palliation.

Experimental Section

Materials. Commercially available chemicals had synthetic
purity and were used as received. Acetonitrile was dried by
distillation from P,Os. The HBr salt of the tris(s-butyl) ester of
1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid (--BusDO3A -
HBr) and tetraethyl 3-aminopropyl-1,1-bis(phosphonate) were
synthesized according to published procedures.>®*° The synthesis
of compound 2a has been described previously.'> HA was
purchased from Fluka (cat. No. 55496); the specific surface area
was determined to be 63 m® g~ ' by N, adsorption using a
Quantachrome Autosorb-6B apparatus. '’’LuCl; was obtained from
IDB Baarle Nassau, The Netherlands.

NMR Spectroscopy. 'H (399.95 and 300.16 MHz), '*C (100.58
and 75.48 MHz), >'P (161.9 and 121.5 MHz), and 7O (54.22 and
40.69 MHz) NMR spectra were recorded on Varian Unity Inova-
400 and -300 spectrometers, respectively, using 5 mm sample tubes
and, unless stated otherwise, were performed at 25 °C. For the
measurements in D,O, r~-BuOH was used as an internal standard
with the methyl signal referenced to 1.2 ppm ('H) or 31.2 ppm
("3C). The *'P chemical shifts were measured with respect to 1%
H;3PO4 in D,0 as an external reference. HO (pH = 7.5) was used
as an external chemical shift reference for '’O resonances. The
pH values of the samples were measured at ambient temperature
using a Corning 125 pH-meter with a NMR electrode purchased
from Aldrich Chemical Co. For the '’0O NMR measurements, 10
uL of 'O-enriched water (10% H,'’0) were added into the
samples. 'H NMR spectra of the samples containing H,'’O were
acquired using water suppression by means of presaturation of the
water resonance using the decoupler. Lanthanide(IlI)-induced water
70 chemical shifts (LIS) were acquired at 76 °C with frequency
lock using 73-86 mM samples in D,O at pH 7. A solution of DyCl;
(88 mM) in D,O was used as a standard for dysprosium(IlI)-induced
water '’O chemical shift measurements. The '’O chemical shifts
were corrected for the diamagnetic contribution to the LIS by
subtraction of the chemical shift of the corresponding diamagnetic
La-complex (87 mM, pH = 7). Variable-temperature 'O NMR
measurements of Gd-2b (92 mM, pH = 7.5) were performed
without frequency lock in the temperature range 4-86 °C. '’O
chemical shifts obtained without frequency lock were corrected for
the bulk magnetic shift contribution by measurement of the
difference between chemical shifts of 'H signals of +~BuOH in
the paramagnetic sample and in a sample of ~BuOH in water (in
the absence of the paramagnetic substrate).*®

The longitudinal (R,) and transversal (R;) relaxation rates were
obtained by the inversion—recovery method*! and the Carr—Purcell—
Meiboom—Gil pulse sequence,*” respectively. The concentration
of Ln(III) was determined by bulk magnetic susceptibility measure-
ments.*?

Proton NMRD Profiles. 'H NMRD profiles of an aqueous
solution of Gd-2b (8.3 mM, pH = 7.5) and an HA slurry with
adsorbed Gd-2b (8.4 mM, pH = 7.5) were measured at 25 °C and
a magnetic field range 4.7 x 107%—0.35 T using a Stelar
SpinMaster FFC-2000 relaxometer. Measurements at 0.47 and 1.42
T were performed with a Bruker Minispec PC-20 and Bruker
Minispec mq60, respectively.

Determination of Dissociation Constants. The pK, values of
the bis(phosphonate) moieties in Yb-2a and Yb-2b were determined
from 3'P NMR titration data, whereas the pK, values of the
bis(phosphonate) moieties in Yb-2b were determined with the use
of *'P NMR titration data and of "H NMR titration data of the
—CH(POsH,), resonance. The pHs of the samples were adjusted
using aqueous solutions of HCl and NaOH. The pH values of
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samples were measured at ambient temperature using a Corning
125 pH-meter with a NMR electrode purchased from Aldrich
Chemical Co. The pH values > 12 were calculated from the known
concentration of NaOH in the samples.

Data Evaluation. The experimental "H NMRD data were fitted
simultaneously with '7O NMR data by means of a least-squares
fitting procedure using the Micromath Scientist program version
2.0 (Salt Lake City, UT).** The pK, values were calculated from
pH-NMR titration data using the program package OPIUM.** For
molecular modeling, HyperChem Release 7.5 for Windows was
used.*

Mass Spectrometry. Mass spectra were recorded on a Bruker
Esquire 3000 spectrometer equipped with an electrospray ion source
and ion-trap detection. Measurements were carried out in the
positive and the negative modes.

Tetraethyl 3-Chloracetamidopropyl-1,1-bis(phosphonate) (7). A
solution of tetraethyl 3-aminopropyl-1,1-bis(phosphonate) (6; 3.71 g,
11 mmol) in dry acetonitrile (30 mL) was added dropwise into a
mixture of chloroacetylchloride (3.75 g, 34 mmol), dry acetonitrile
(100 mL), and annealed K,COs (4.4 g, 32 mmol), which was cooled
at —50 °C. The resulting mixture was stirred at RT for 24 h. After
filtration of the solids, the volatiles were evaporated under vacuum,
yielding 4.1 g (89%) of a colorless viscous oil. 'H NMR (CDCl;,
400 MHz): 6 1.30 (t, 12H, —CH;, *Jyz = 7.2 Hz), 2.11 (m, 2H,
—CH,—CH), 2.33 (tt, IH, P—CH—P, *Jpy = 24.3 Hz, *Juy = 7.1
Hz), 348 (q, 2H, N—CH,—, *Jyz = 6.4 Hz), 3.97 (s, 2H,
Cl—CH,—), 4.13 (m, 8H, O—CH,—), 7.33 (bs, 1H, —NH—). *'P
NMR (CDCl3, 161.9 MHz): 6 23.7 (m). MS(+): 429.9 (M + Na™),
445.6 (M + K™).

(4-{[(Bis(phosphonopropyl))carbamoylJmethyl}-7,10-bis(car-
boxymethyl)-1,4,7,10-tetraazacyclododec-1-yl)acetic Acid (2b).
Annealed K,COs (5.7 g, 41 mmol) was added to a solution of
t-BusDO3A -HBr (4.92 g, 8.2 mmol) in dry acetonitrile (250 mL).
Then, a solution of bis(phosphonate) (7; 3.37 g, 8.3 mmol) in dry
acetonitrile (50 mL) was added in one portion. The mixture was
stirred for 4 d at RT and monitored by *'P NMR spectroscopy.
After treatment with charcoal and filtration, the solvents were
evaporated off under vacuum. The resulting oil was hydrolyzed in
two steps. First the #-butylester groups were removed by refluxing
with a mixture of CF;COOH (50 mL) and CH,Cl, (50 mL)
overnight. Then, after evaporation of the volatile compounds under
vacuum, the ethylester groups were hydrolyzed off with HBr (30%)
in dry AcOH (200 mL) at RT for 24 h (*'P NMR monitoring).
After evaporation of volatiles, traces of HBr were removed by
repetitive coevaporation with H,O. The resulting orange oil was
purified on a strong cation exchange resin (Dowex 50, 100/50 mesh,
Fluka, elution with water followed by 10% aqueous pyridine). The
final purification was performed by repeated column chromatog-
raphy on a weak cation exchange resin (Amberlite CG 50, Fluka,
600 mL, elution with H,O, 100 mL fractions). The pure product,
which was eluted in the very first fractions, was precipitated by
slowly dropping an aqueous solution of it (50 mL) into anhydrous
EtOH (400 mL). The precipitate was filtered off, washed with EtOH,
and dried over P,Os. Yield 1.5 g (30%) of a white powder. Anal.
(C19H37N50,3P,+5H,0) C, H, N. "H NMR (D,0, 90 °C, pH = 2.4,
400 MHz): 6 2.12 (m, 2H, —CH,—CH—P), 2.40 (tt, 1H, P—CH—P,
2Jpy = 23.1 Hz, *Jug = 6.8 Hz), 3.30 (bs, 8H, —CH,—N-pendant),
3.33 (bs, 4H, —CH,—N-pendant), 3.35 (bs, 4H, —CH,—N-pendant),
3.46 (t, 2H, CO—NH—CH,—, 3Jun = 6.8 Hz), 3.76 (s, 2H,
—CH,—CO), 3.79 (s, 2H, —CH,—CO), 3.84 (s, 4H, —CH,
—COOH). "*C{'H} NMR (D0, 25 °C, pH = 2.4, 100.6 MHz):
27.08 (bs, 1C, =CH,—CH—P), 37.7 (t, 1C, P=CH—P, 'Jpc = 121.5
Hz), 41.08 (t, 1C, —CH,—CH,—CH—P, *Jpc = 14.4 Hz), 52.45
(bs, 8C, —CH,—N—pendant), 56.5 (bs, 3C, —CH,—CO), 58.09 (bs,
1C, —CH,—CO), 173.50 (bs, 4C, —CO—-). *C{'H} NMR (D,0,
90 C, pH = 2.4, 100.6 MHz): 26.14 (bs, 1C, —CH,—CH—P), 37.9
(bs, 1C, P—CH—P), 40.30 (bs, 1C, —CH,—CH,—CH—P), 52.24
(bs, 2C, —CH,—N-pendant), 52.41 (bs, 2C, —CH,—N-pendant),
52.62 (bs, 2C, —CH,—N-pendant), 52.82 (bs, 2C, —CH,—N-
pendant), 56.89 (bs, 1C, —CH,—CO), 57.00 (bs, 2C, —CH,—CO),
58.09 (bs, 1C, —CH,—CO), 171.21 (s, 1C, =CO—), 173.39 (s, 2C,

Vitha et al.

—CO-), 174.54 (s, 1C, —CO—). *'P NMR (D,0, 90 °C, pH =
2.4,161.9 MHz): 6 24.9 (m). MS(+): 606.6 (M + H™), 627.9 (M
+ Na™), 644.6 M + K*). MS(—): 6042 (M — H™).

Preparation of the Ln(III) Complexes. The ligand 2b was
dissolved in H,O and the pH was adjusted to 8-9 by an aqueous
solution of NaOH (20%). Then, an aqueous solution of hydrated
Ln(III) chloride or nitrate (0.9 equiv) was added, and the mixture
was heated at 80 °C overnight. The complexation was monitored
by *'P NMR. The procedure for preparation of Ln(III) complexes
of 2a has been published elsewhere.'> Neither Chelex resin for
removing of free Ln(Ill) ions nor xylenol orange for detection of
free Ln(IIl) ions could be used in the presence of the strongly
chelating bis(phosphonates). Therefore, Ln(IlI) complexes with 10%
excess of free ligand were used to avoid the presence of free metal
ions.

Preparation of Radioactive Complexes for Animal Studies.
Lu-2a and Lu-2b, containing radionuclide '’’Lu, were prepared
by mixing 50-400 uL of an aqueous solution containing 200 or
600 ug of the bis(phophonate) ligand under study with 15-20 uLL
1 M NaOH and 15-20 uL of an aqueous solution of '"’LuCl;
(75-80 MBq '""Lu, specific activity 740 MBq '”’Lu/ug Lu) at pH
9 at 80 °C for 90 min. An 'H NMR analysis of a sample of the
corresponding (nonradioactive) Yb-complex, prepared under similar
conditions showed that the metal ion was fully complexed. In vivo
experiments were performed in the presence of DTPA in a 100
molar excess of free ligand with respect to the metal ion, as
described earlier.’>¢

Relaxometric Study of Gd-2b Adsorbed on HA. HA (1.0 g)
was suspended in 5 mL of a 4.2 mM solution of Gd-2b in TRIS
buffer solution (0.10 M) at pH 7.5. The suspension was shaken
gently for 3 d at RT. After sedimentation (2 h) in an NMR tube,
the volume ratio of the supernatant to slurry was about 1:1. The
supernatant was removed carefully, and the '"H NMRD profile of
the remaining slurry was measured. The diamagnetic contribution
of HA and TRIS buffer to R; was subtracted from the data obtained
(see Results and Discussion). The concentration of Gd-2b in the
HA slurry was 8.4 mM.

Animal Experiments. Male Lewis rats (250 g) were kept under
standard laboratory conditions (12 h light/12 h dark) and were given
standard laboratory diet and water ad libitum. The pharmacokinetics
were studied by injecting 75-80 MBq of a solution of the '”’Lu-
complex (specific activity 740 MBq '"’Lu/ug Lu), containing a
total amount of 200 or 600 ug of the bone targeting ligand (2a or
2b) in the penis vein. For comparison, a similar experiment was
performed with '7Lu-3 and '”"LuCls.** The radiolabeled complexes
were prepared by mixing aqueous solutions with saline. The
distribution of the radiolabel was studied in vivo by y-camera
scintigraphy (Rota II-Siemens, Germany) and by a Nanospect
SPECT/CT imager. Biodistributions were determined as described
previously.® Animals were kept, treated, and cared for in ac-
cordance with Erasmus MC animal welfare guidelines.
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