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Two DO3A-based ligands appended with the propylphos-
phonate side arm and their Ln3* complexes were investi-
gated. Proton relaxometric in vitro studies at 20 MHz and
60 MHz and 37 °C of the Gd** complex containing free acid
exhibited relative changes of up to 56 % in r; relaxivity when
the pH of the medium was changed from 4 to 7. This change
is explained by the decrease in the number of coordinated
water molecules from two to one. Temperature-dependent
relaxivity and NMRD profiles of Gd®* complexes showed a

fast water exchange and a slightly increased rotational corre-
lation time, which is characteristic of phosphonate-contain-
ing compounds. Thermodynamic and kinetic studies of the
Gd®* and Eu®* complexes were performed by means of po-
tentiometry and luminescence spectroscopy. The results indi-
cate that the thermodynamic stability and kinetic inertness
of these complexes are sufficient for their in vivo application.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Magnetic resonance contrast agents (CA) based on Gd**
chelates increase the relaxation rate of the surrounding
water protons thus making them appear as a bright spot
of amplified intensity in 7)-weighted images. The resulting
improved sensitivity and markedly enhanced contrast of
images obtained has led to the widespread use of magnetic
resonance imaging (MRI) as an imaging technique in clin-
ical and experimental settings.l'->! However, the use of Gd**
as a contrast agent is limited because of its high intrinsic
toxicity. The size of Gd** is similar to that of Ca’*, thus
enabling it to interfere with the role of Ca’* in the organism
and disrupt Ca®*-related signalling.®] To this end, thermo-
dynamically stable and kinetically inert complexes with
Gd3* chelators are required to prevent any dissociation of
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the metal ions in the tissue,™>! resulting in numerous re-
ports dedicated to studies of the thermodynamic sta-
bility!®”! and the kinetic inertness of the potential CA.[3 1%

Besides the large amount of attention given to the
requirements related to the stability of complexes, the de-
sign of novel CA for possible application in MRI has also
concentrated on the development of high relaxivity
agents.[!-12]

These require lower concentrations of applied CA, thus
minimizing the risk of any Gd3* intoxication. To achieve
this goal, the key factors for MRI signal improvement have
to be optimized. These factors include the rotational corre-
lation time, the number of water molecules in the inner-
sphere of the Gd**" complex, their residence lifetime and the
formation of the secondary hydration sphere.'3! It has been
shown that the replacement of carboxylic groups in the ami-
nocarboxylates with phosphonate groups leads to an in-
crease in relaxivity due to the generation of water molecules
in a secondary hydration sphere of the complex and/or to
the catalysis of the inner-sphere water exchange pro-
cess.[13-17]

Following these principles, we have previously reported
the synthesis and initial characterization of the paramag-
netic Ln?* complexes with the appended phosphonate
group on the DO3A core and variable aliphatic chain link-
ers.'8 Variation in the coordination environment of the
Ln3* centre led to changes in the physicochemical proper-
ties of both Gd** and Eu** complexes as a function of pH,
and the relaxivity changes observed in Gd** acid-contain-
ing complexes indicated their potential for use in MR im-
aging as pH-responsive agents.
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In this work we report further physicochemical investi-
gations of Gd** and Eu®*" complexes of L! and L2
(Scheme 1), both containing a phosphonate group attached
to the DO3A unit via the propyl linker. The relaxometric
properties of GAL! and GdL?* were investigated at various
magnetic fields and temperatures. Potentiometric and NMR
titrations with ligands L' and L2, as well as with GdL! and
GdL2, were performed in order to determine protonation
and stability constants. Finally, luminescence emission spec-
tra of EuL! and EuL? were recorded in various conditions
in order to characterize the thermodynamic and kinetic sta-
bility of these complexes and explore their potential for in
vivo applications.
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Scheme 1.

Results and Discussion

Relaxometric Experiments

Current MRI scanners used in clinical imaging operate
at magnetic fields between 0.2-3 T. Therefore, we studied
the paramagnetic properties of the Gd** complexes at body
temperature (37 °C) with proton Larmor frequencies of 20
and 60 MHz, which correspond to magnetic fields of 0.47 T
and 1.5 T, respectively. Proton relaxivity, defined as the in-
crease in the proton relaxation rate induced by one milli-
mole per litre of contrast agent, reflects the efficacy of MRI
contrast agents.

As expected, both complexes exhibited higher longitudi-
nal relaxivity values (r;) compared to the commercially
available Dotarem® (Gd-DOTA, Table 1). In addition, the
r; of GdL? increased by 54% and 56% at 20 MHz and
60 MHz, respectively, following alteration of the pH to 4,
which is comparable to analogous relaxivity changes pre-
viously observed at 300 MHz (7 T).l'8!

Table 1. Calculated proton longitudinal relaxivities (mm 's') at
20 MHz and 60 MHz, 37 °C.

Samples 20 MHz 60 MHz
GdL!, pH =4 6.28 5.81
GdL!, pH =7 5.89 5.47
GdL?, pH =4 6.54 6.15
GdL2, pH =7 4.26 3.94
Gd-DO3AR, pH =7 4.80 -
Gd-DOTAP], pH = 7 3.50 3.10

[a] Ref.') [b] Ref.[2%

A different behaviour was obtained in the case of the
ester-protected GdL!, for which only slight changes in T}
relaxivity were observed in whole range of pH from 4 to 7.
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Relaxivity arises mainly from the contributions of short-
distance interactions between the paramagnetic ion and the
coordinated water molecule(s) exchanging with the bulk,
the so-called inner-sphere interaction, and from the long-
distance interactions related to the diffusion of water mole-
cules near the paramagnetic centre, the outer-sphere inter-
action. The first contribution is proportional to the number
of water molecules in the first coordination sphere and can
be limited by the water residence time. As already reported,
the analogous EuL! complex was shown to have two coor-
dinated water molecules at both pHs studied, whereas EuL?
has a q value of 1.2 at pH 7 and 1.95 at pH 4.1'8

Along these lines, the increase in relaxivity observed for
the GdL? complex in acidic solution can thus be explained
by an increase in the number of coordinated water mole-
cules. The possible limitation of the relaxivity by the water
residence time can easily be detected by the qualitative
analysis of the proton relaxivity at 20 MHz on decreasing
the temperature (Figure 1). Indeed, when reducing the tem-
perature, the outer-sphere contribution increases while the
inner-sphere contribution can either increase if the water
residence time (7ps) is smaller than the relaxation time of
the hydrogen nuclei of this bound water molecule(s) (7'1p),
or decrease if 7y is larger than 7Ty The relaxivity of both
complexes shows an exponential increase as temperature
decreases.
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Figure 1. Proton longitudinal relaxivity studies at 20 MHz of GdL!
and GdL? as a function of pH and temperature.

This behaviour indicates that the exchange rate does not
limit relaxivity even at the lower temperatures. To further
support these observations, the proton NMRD profiles of
GdL! and GdL? were recorded at 37 °C (Figure 2). The
NMRD curves were fitted according to the classical inner-
sphere and outer-sphere theories.”!"23 Parameters obtained
by the theoretical adjustment of the NMRD profiles are
summarized in Table 2.”* According to the data obtained
in Figure 1, the 7),°'° value was fixed to 100 ns, a value
which is close to that of Gd-DOTA and has no effect on
the relaxivity at 310 K.[
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Figure 2. NMRD profiles of GdL! and GdL? at pH 4 (@) and pH
7 (O).

Table 2. Parameters obtained from the theoretical fitting of the
NMRD data at 37 °C.[4]

GdL! GdL! GdL? GdL? GdDOTAP!
pH 4 pH 7 pH 4 pH 7
R (ps) 70.7£2.0 664+22 765+t23 776*x30 53*x13
70 (ps) 579*x13 514x12 66.1%£1.6 68518 40424
Tty (ps) 16511 132x09 152%12 159=*x15 7=1
9 2 2 2 1 1
[a] Fixed parameters: ¢ = 2 for GdL! at both pHs and GdL? at pH 4, ¢ =
1 for GdL? at pH 7; d = 0.36nm, D = 33 10°m?s”!, r = 0.31 nm. [b]
Ref P

The values of the rotational correlation time (zg) of
GdL! and GdL? were slightly enhanced compared to Gd-
DOTA because of the slight increase in molecular size. The
parameters characterizing the electronic relaxation rate (the
electronic relaxation time at zero field zgo and the corre-
lation modulating the electronic relaxation time ty) were
similar for both complexes. The lower value of 7go of GdL!
and GdL? compared to Gd-DOTA can be related to the
decreased symmetry and/or rigidity of the complexes. Such
an effect has previously been reported for Gd-DO3A. ']
3300
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pH-Potentiometric and NMR Studies

The protonation constants and complexing properties of
the ligands L' and L? and their Gd** complexes were
studied by means of potentiometric and NMR titrations.
The results obtained were compared with published data
for other DO3A-based ligands, and the effect of the pen-
dant arm on the protonation constants and complexing
properties of the new macrocyclic ligands was studied.

Determination of protonation constants. The protonation
constants of macrocyclic ligands were determined at 25 °C
and ionic strength of 0.1 m (NaCl). This supporting electro-
lyte was chosen as such experimental conditions are close
to the in vivo environment and overcome problems with
determination of the highest protonation constants. In ad-
dition, after obtaining the stability constants of the sodium
complex with the studied ligands, the values of conditional
protonation constants for constant sodium ion concentra-
tion could be calculated for comparison to indirectly con-
firm the reliability of the obtained values.

The protonation constants of ligands L! and L? are given
in Table 3 and the values for analogous ligands (DO3A,
DOTA and DO3AMP) are also presented for comparison.
Since the structural changes in the macrocyclic ligands were
not as dramatic, it was expected that the protonation
scheme would be comparable for all DO3A-like derivatives.
The reverse order of log K, ; and log K, » for L! likely means
that protons are binding to nitrogen atoms in the macro-
cyclic cavity almost simultaneously and are not influenced
by the pendant arm.[*>! The protonation constant of the
phosphonate group in L2 is apparently dependent on the
chain length of the pendant arm and is similar to the pro-
tonation constant of methylphosphonic acid (log K}, = 7.54,
I =0.1M NaNOs, 1 = 25°C).*l A similar effect was ob-
served for the decrease in basicity of the nitrogen ring atom
(see log K, ») with prolongation of the pendant group which
is closer to 9.72 for DOTA where no hydrogen bonding is
assumed. These two protonation constants obtained by
glass-electrode potentiometry were also verified by NMR
spectroscopy (Table 3 and Figure 3). The values obtained
by both experimental techniques are in rough agreement.
Other values were hard to obtain due to broad 'H NMR
spectra and complicated assignment of particular proton
resonances. However, the increase of logK, 3 in L? com-
pared to the analogous value in DO3AMP is probably re-
lated to weakening of the hydrogen bond with the pro-
longation of chain length, resulting in the phosphonate
group being less acidic. Moreover, it remains possible that
the phosphonate group interacts with other acetate arms.

In the case of L!, in which the phosphonate pendant arm
is protected in the form of bis(esters), lower values were
found for protonation constants of nitrogen atoms in the
cyclen ring and these were much closer to values found for
the DOTA ligand, compared to the protonation constants
obtained for macrocyclic ligands that contain a free phos-
phonate group (DO3AMP, L?). This sharp decrease in ba-
sicity has been observed previously and also reported for
other macrocyclic ligands containing ester groups.>"

Eur. J. Inorg. Chem. 2009, 3298-3306
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Table 3. Logarithmic values of protonation constants of studied macrocyclic ligands, ¢ = 25 °C, = 0.1 M NaCl (otherwise the medium is mentioned).
The values are defined as K,; = [H.L] [H*]"! [H; L] and logf,; = ZlogK,...

Ligand log K, logK,» logK,, logK, 4 log K, s X logK,,, (n=4)
DO3A 11.19 9.48 421 335 - 2823

DO3AM 12.46 (11.24f¢l) 9.49 4.26 3.51 1.97 29.72 (28.50 [
DOTAH 11.9 (8.701) 9.72 4.60 4.13 2.36 30.35 (27.151)
DO3AMPE! 13.83 (10.05) 10.35 6.54 434 3.09 34.37 (27.836/4)
L! 9.37 945 4.13 2,941 - 25.89

12 11.09 9.94 (9.78 [ty 7.17 (6.84 1) 4.00 2.82 35.02 (27.85M0)

[a] For logK,; the standard deviation is =0.04 logK unit. [b] TMACI, Ref9 [c] Measured at / = 0.1 M TMACI, corrected for sodium ion
complexation (log Ky, = 2.2 — DO3A, 4.03 — DOTA, 4.77 - DO3AMP). [d] TMACI, Ref?%28 [e] DO3AMP = DO3A-methylphosphonate, Ref?-%*!
[f] The overall protonation constant calculated without the protonation constant of the phosphonic pendant arm. [g] Estimated value. [h] log K, ; =
1.5 measured by 3'P and '"H NMR spectroscopy without control of the ionic strength.

pH

Figure 3. Jp and Jy (inset) of methylene protons neighbouring
the nitrogen of the L2 phosphonate pendant arm as a function of
pH. The experimental points were fitted with parameters:
log K,(-PO5%) = 6.84 £0.05, logK,, ((HPO3") = 1.5+0.1, dyyo1. =
20.9 (estimate), oy = 18.58, 6. = 15.50 (*'P NMR spectros-
copy), log Kp(-N{CH,}5P0;*) = 9.73+0.15s, (-NCH,-) = 2.63,
J(—"HNCH,-) = 3.33.

The potentiometric titrations were also performed with
GdL! and GdL? and their protonation constants were deter-
mined (Table 4, values for Gd-DO3AMP are given for com-
parison). The ester-protected GdL! has only one proton-
ation constant (logK = —11.1), which can be attributed to
deprotonation of the inner-sphere bound water molecule.
The protonation constant of the inner-sphere water mole-
cule in GdL2? is similar (logK = —11.4), whereas the phos-
phonate group is more acidic as in the case of the free li-
gand L2 (log K = 5.2). The obtained value actually matches
the region in which the most dramatic relaxivity change of
GdL? occurs, confirming that the (de)protonation of the

Table 4. Logarithmic values of protonation constants of studied com-
plexes, t = 25°C, I = 0.1 Mm NaCl.

Reaction DO3AMPH L1 12
GdL + H — Gd(HL) 542 - 52
GdL(H,0) — GAL(OH) + H 1272 11 114

[a] RefP7]
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phosphonate group is the process that is most responsible
for the observed changes. In addition, the protonation con-
stants for the GdL? complex are consistent with the depen-
dence of relaxivity on pH.['8]

Determination of stability constants of Ca’* complexes.
The stability constants of Gd** complexes found in the lit-
erature vary for different experimental conditions (mostly
pH, type of supporting electrolyte, temperature, etc.) and
experimental techniques.’'l However, their determination
by potentiometry is challenging because of the slow com-
plex formation, and thus some additional adjustments to
the methods, such as “out of cell” titrations, are commonly
used.?”1 On the other hand, the complexation reaction with
metals such as Ca®" is fast enough to determine equilibrium
constants by means of potentiometric titration using the
glass ion-selective electrode. Finally, the stability constants
of Ca®* complexes thus obtained can be used for the pos-
sible estimation of the stability constants of complexes with
Ln** ions (e.g. Gd** complexes).

The potentiometric titrations of L' and L? in the pres-
ence of Ca”* were performed at 25 °C and 7 = 0.1 m (NaCl).
The results are summarized in Table 5 and compared with
analogous values for DO3A, DOTA and DO3AMP. The
order of stability of Ca?" complexes is the following:
DO3AMP (17.38) = DOTA (17.22) > L2 (11.99) = DO3A
(11.96) > L' (10.13). Notably, the highest stability of all
Ca?* complexes occurs in DO3AMP and the stability of the
complex is comparable with DOTA. This result was ex-
pected as both complexes possess a coordination number
of eight (CN 8), compared to the DO3A type with a CN of
seven, which exhibits lower stability with Ca®>*. The phos-
phonate group of L2, being more distant from the macro-
cyclic cavity as compared to DO3AMP, apparently does not
influence the complex stability of CaL? which is indeed
similar to the stability of Ca-DO3A. Despite the influence
on the number of inner-sphere water molecules and thus
the relaxivity in GdL?, one could note that existence of the
pH sensitivity in this complex speaks for rather weak inter-
action of phosphonates with the ion in the macrocyclic cav-
ity which does not contribute to the stability of the com-
plex. DO3AMP analogues however exhibit no sensitivity to
pH changes and higher values obtained for stability con-
stants are in line with a stronger coordination of phopshon-
ate with the metal ion.B3!
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Table 5. Logarithmic values of stability constants of complex formation with studied macrocyclic ligands, 1 = 25 °C, I = 0.1 m NaCl (otherwise the

medium is mentioned).!

Reaction [l DO3A DOTA DO3AMP L! L2
Ca+L— Cal 11.96 13.3961 (12.161) 17.2261 (14.191) 17.386 (13,2714 10.13 11.99
Ca+ L+ H — Ca(HL) 1747 - - 24,871 (21.101) 14.800 19.68
Ca + L + 2H — Ca(H,L) 2282 - - 29,059 (25.281) - 2571
Ca + L + 3H — Ca(H,L) - - - 32.169 (28.39) - 30.97
CaL + H — Ca(HL) 5.51 - 3.801 7.83 470 7.69
Ca(HL) + H — Ca(H,L) 5.35 - 3.779 4.18 - 6.03
CaL + 2H — Ca(H,L) 10.86 11.3619 7,57 12,01 - -
Ca(H,L) + H — Ca(H;L) - 3.80 - 311 - 5.6
Ca + HL — Ca(HL) 6.28 - 9.28 10.75 541 8.59
Ca + H,L — Ca(H,L) 2.15 2.79 3.29 8.39 - 4.67
Ca + H,L — Ca(H,L) - 233 - 7.16 - 2.76
CaL + OH — CaL(OH) - - - - 116 -

[a] For logK the standard deviation is =<0.04 log K unit. [b] The charges are omitted for the sake of clarity. [c] Ref*® [d] Corrected for sodium ion

concentration (see values in Table 3). [e] Ref*?! [f] Estimated value.

Because of the linear correlation existing between sta-
bility values of Ca?* and Gd**" complexes, the abovemen-
tioned formula [Equation (1)] was used to estimate the sta-
bility constants of Gd3* complexes based on the calculated
values obtained for Ca®* complexes.*¥ The following sta-
bility constants of Gd** complexes were calculated: 22.4
(DOTA), 21.1 (DO3AMP), 19.2 (DO3A), 19.3 (L?), 16.7
(LY), suggesting that the thermodynamic stability of GdL?
is sufficient for potential in vivo application.

log Kgar = (1.4%0.1) X log Kear + (2.5 1.2) (1)

Luminescence Studies

Determination of the stability constants. The stability con-
stants of EuL! and EuL? were studied by means of lumines-
cence spectroscopy. The luminescence intensity of equili-
brated solutions of EuL complexes at different pHs was
measured in order to eliminate formation of Ln,L com-
plexes (Figure4). The conditional stability constants
log f.ona Were corrected for the side chemical equilibria, e.g.
ligand and Eu** complex protonation, Eu**-formate com-
plexation, etc. The calculated values for the stability con-

3.0x10°
2.5x10°
2.0x10°
1.5x10°

1.0x10°

Fluorescence intensity [a.u.]

5.0x10* o

0.0 T T T T

pH

Figure 4. The pH dependence of fluorescence intensity of EuL! (H)
and EuL? (O) (cg, = ¢p = 6.0 mM, Ao, = 394 nm, A, = 616 nm).
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stants were 16.05 + 0.1, and 19.5¢ = 0.1, for EuL! and EuL?,
respectively. These values correspond well to the stability
constants estimated for Gd** complexes using Equation (1)
(see determination of stability constants of Ca®* complexes)
given the small and expected differences in the stability of
Gd?** and Eu?* complexes.*!

However, this methodology proved to be reliable and
useful in the determination of the stability constant esti-
mates of Ln?* complexes, mainly Eu®* and Gd3*. On the
basis of values determined for all equilibrium constants, the
simulation of distribution diagrams of EuL? as a function
of solution acidity was performed (Figure 5).

" 5
15aEY [EuL] [EuL(OH)*
HIEuL]

0.8 4
0.6 4

0.4

0.2

0.0 T T T T T T

pH

Figure 5. The distribution diagram calculated from the protonation
and stability constants for EuL2.

Formation kinetics. Studies of the formation kinetics of
complexes EuL! and EuL? were performed in slightly acidic
media (pH 4.9-5.6) in which the formation of complexes is
nearly complete (Figure 5) although it is still sufficiently
slow to be followed by conventional molecular spec-
troscopy. The rate of complex formation between the Eu’*
ion and the ligand can be written as a second-order rate
law [Equation (2)].

v =k X [Lio X [Eu?*] o (2

The second-order rate constants are dependent on pro-
ton concentration [Equation (3)], where the denominator ay,
is calculated according to Equation (4), using the ligand
protonation constants f,, as defined in the potentiometric
section.

Eur. J. Inorg. Chem. 2009, 3298-3306
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The rate constants 'k, were fitted as a function of solu-
tion acidity (see Figure 6) according to Equation (3), and
the obtained rate constants are shown in Table 6. As can be
seen for the L2 ligand, the less protonated species are more
reactive than the more protonated ones. The reaction
mechanism of Eu?* with the abovementioned protonated
species in the case of DO3AMP has already been pos-
tulated.[*®]

-1
kzl',M s

5.0 5.2 5.4 5.6
pH

Figure 6. The dependence of the second-order rate constant /k, on
pH for formation of EuL! ((J) and EuL? (H).

Table 6. Formation rate constants of EuL! and Eul2.

Complex Rate constant [m 's ]
EuL! (HL) = 3.75 %02, X 10°
Eul2 (HaL) = 4.y = 1y, h(H,L) = (1.1 = 0.1) X 10°

In order to compare the experimental data presented
here with that found in the literature, the ky.ps values of
pseudo-first order were calculated as kpops = ThoX[Lio
since the formation kinetics were studied in excess of ligand
with respect to Eu®*. The obtained values were fitted as a
function of [OH] (Figure 7). The dependence was linear
with no intercept observed. A similar case was observed for
EuDO3AMP. Also, the calculated values koy =
(3.15+0.15) X 10°m's ™! and (3.4,=0.1,) X 10°Mm 's! for
EuL! and EuL?, respectively, are roughly in agreement
with the value (2.7+0.2)x10°m!'s™! obtained for
EuDO3AMP/[?8 On the basis of the absence of any dra-
matic difference in the pseudo-first-order rate constants be-
tween all studied phosphonate-containing ligands
(DO3AMP, L!, L?), one could conclude that the pro-
longation of the side arm does not have any notable influ-
ence on the formation kinetics. In addition, no effect of the
ester substitution on the phosphonate pendant arm was ob-
served.

Eur. J. Inorg. Chem. 2009, 3298-3306
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Figure 7. The dependence of the pseudo-first-order rate constant
k¢ ons on [OH ] concentration for formation of EuL! (CJ) and EuL?
().

Dissociation kinetics. The acid-assisted dissociation reac-
tion of EuL! and EuL? was studied in order to estimate the
kinetic inertness of the Ln3" complexes with the macro-
cyclic ligands. The proton-assisted dissociation kinetics ex-
periments were performed in the presence of strong mineral
acids (¢ = 0.5-3.0 M) since the Ln** complexes are thermo-
dynamically unstable under these experimental conditions
(see Figure 5). The mechanism for dissociation of the Ln3*
complex with the analogous type of ligands (DO3AMP)
has already been established.?”28] Assuming that the
[Eu(H;L)]* complex species take part in the dissociation
process, the rate of dissociation of the Eu** complexes is
defined as in Equation (5), where the respective protonation
constants of the Eu?* complex are generally defined as in
Equation (6).

_ ﬂ"';tpﬂ = kg X [BUH 0]+ kg, x [Bu(H L] )
wg - [Ew®HL]
" [Bu(H,D)Ix[H'] (6)

Combining the mass-balance equation with the relation-
ships given above and then simplifying it gives Equation (7).

1+"K, x[H*] )

Eu _
dobs =

Finally, when HKj is very low, the simplified Equation (8)
can be used to calculate the rate constants.

Eukd,obs zkEu(HJL)xHKKX[H+]:kH x[H"] ®)

The kinetics of the proton-assisted decomplexation of
EuL! and EuL? were studied (Figure 8) and Equation (8)
was employed in order to fit the experimental points. The
dissociation rate constants were calculated as ky =
(1.16 0.03) x10*m!s?t and ky = (1.18+0.02)X
104 M 's ! for EuL! and EuL?, respectively. As can be seen,
the experimental points for both complexes fall together
and thus the obtained parameters are almost identical
within experimental error. The values are similar to those
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previously described for the dissociation of other analogous
complexes: EUDO3AMP (ky; = 0.98 X 10> M 's 1), and Eu-
DO3A-methylphosphinic  acid  propionate (kyy =
1.03x10* M 's1).21 On the basis of the obtained con-
stants, the half-time of Eu** complex decomposition at pH
=~ 2 is about 6.8-6.9 h, which is comparable with the value
7.9 h obtained for the Gd™ complex with DO3AMP.2”]
This time can be accelerated in the presence of some biome-
tal ions or bioligands. However, it should be considered as
sufficient for the potential application of the contrast agent
given that such extreme conditions are not present in vivo.

4.0x10"

3.0x10%
F'(Ib
]

x<° 2.0x10%
1.0x10*

0.0

H M

Figure 8. The dependence of the pseudo-first-order rate constant
kq.ops 0N [H*] concentration for the acid-assisted dissociation of
EuL! (OJ) and EuL? (M).

Conclusions

Two DO3A-based ligands and their Gd** and Eu’* com-
plexes containing ethyl-protected and unprotected propyl-
phosphonates in the side chain were investigated. Relax-
ometric studies of the acid-containing Gd** complex at 20
and 60 MHz showed that longitudinal relaxivity increases
when the pH of the medium changes from neutral to
slightly acidic (pH 4). Such changes were not observed in
the case of the ester-protected Gd** complex as the r; re-
mains constant in the studied pH range. The temperature-
dependent relaxivity measurements demonstrated fast water
exchange for both complexes. Investigations of the magnetic
properties of the complexes as a function of the magnetic
field strength and the comparison of the data with the
DO3A and DOTA complexes excluded the possibility of
oligomerization processes in the investigated systems, which
sometimes take place in the phosphonate-containing che-
lates. The protonation constants of the ligands are similar
to DO3A-type molecules. The increased distance from the
macrocyclic ring of the propylphosphonate in comparison
to the methylphosphonate leads to the decreased acidity of
the phosphonic group and decreased basicity of the nitro-
gen on the ring. The calculated protonation constant of the
phosphonate in the Gd** complex is exactly in the pH
range in which the highest relaxivity changes occur. Studies
on the formation kinetics of the Eu** complexes indicated
that neither ester-protected nor unprotected propylphos-
phonate groups have a notable influence on the rate of com-
plex formation. The thermodynamic properties of the com-
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plexes were studied via two independent methods, namely
using potentiometric titrations for the determination of sta-
bility of Gd** complexes, and luminescence emission spec-
troscopy for the determination of the stability of Eu** com-
plexes. The results obtained from the two methods are in
the same range, suggesting that the values for the stability
constants are sufficient and comparable to the thermo-
dynamic values of commercial contrast agents used for in
vivo imaging. In addition, dissociation kinetic studies sug-
gest a very slow dissociation rate of the complexes even in
very acidic conditions, supporting the possible in vivo appli-
cation of these systems, especially the complex possessing
“smart” properties, which could be used to report pH
changes in living tissues.

Experimental Section

General: The ligands used in this work were synthesized according
to previously described procedures.['®! Stock solutions of ligands
were prepared by dissolving a known amount in bi-distilled water.
Lanthanide salts (p.a. quality) were supplied by Aldrich. All other
chemicals such as NaOH, HCI, formic acid, and acetic acid were
purchased from Merck and they were of the highest available pu-
rity. The stock solutions of LnCl; were obtained by dissolving the
solid in distilled water and then the precise concentrations were
determined by chelatometric titration.!¢]

Longitudinal relaxation rates R; were measured with a Bruker
Minispec mq 20 at 20 MHz (0.47 T), mq 60 at 60 MHz (1.5 T) and
37 °C. The concentration of each sample was determined by the
following procedure: 150 pL of solutions of complexes GdL! and
GdL? and 150 uL of HNO; were mixed to induce decomplexation
and the R of the resulting solution was measured. Since the relax-
ation rate for 1 mMm solution of free Gd3* is 11.76 s in HNO;
solution, the Gd** concentration could be determined in this way.
The NMRD curves were obtained with a Stelar fast field cycling
relaxometer (PV, Mede, Italy). Fitting of the '"H NMRD profiles
was performed with data-processing software that uses the theoreti-
cal models describing the nuclear relaxation phenomena observed
(Minuit, CERN Library).[37-38]

The equilibrium constants (protonation constants, stability con-
stants) for macrocyclic ligands of interest were determined at tem-
perature 25.0 = 0.3 °C and ionic strength 0.1 M, adjusted by sodium
chloride. The aqueous solutions of macrocyclic ligands or prepared
metal complexes (determination of protonation constants) or their
mixtures with calcium ions (usually ratio 1:1 for determination of
stability constants) were titrated in a vessel by 0.1 M NaOH solu-
tion in —log[H*] range 2-12 where no correction for liquid junction
potential was applied. An inert atmosphere was ensured by bub-
bling the titrated solution with argon. The potentiometric titrations
were performed with a Metrohm 794 Basic Titrino instrument with
a combined glass electrode (METROHM) for determination of free
proton concentration in solution. The measured experimental data
were transferred via an RS 232C data interface onto a computer
using Metrodata VESUV PC software and the experimental data
were treated using OPIUM software in order to determine the equi-
librium constants from titration curves.?®#% The combined elec-
trode was calibrated using the following calibration function: E =
Ey + Slog[H"], where E| is the standard potential including mostly
the contribution of the reference electrode, and S corresponds to
the Nernstian slope, the value of which should be close to the theo-
retical value. The calibration parameters were estimated from ti-
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tration of a diluted solution of the standard HCI with the standard
0.1 M NaOH solution. The concentration of the standard NaOH
solution was checked against potassium hydrogen phthalate. The
values of E, were in the range 405-415 mV, while the slope S was
about 58.5-59.8 mV (—log[H*])!, which is in agreement with the
expected value for the Nernstian slope of a glass ion-selective elec-
trode. The water ionic product was determined in order to check
the correct functioning of our experimental instrumentation and
was pK, = 13.80*+0.02 (commonly accepted values 13.78 =0.01
and 13.79).[41]

pH-NMR titration experiments were recorded with a Bruker Av-
ance II 300 MHz ‘Microbay’ spectrometer at 25 °C. The pH of L2
(0.3 mm) in H,O was adjusted with 0.1 M NaOH and measured
with a pH-meter calibrated with standard buffers.

Luminescence emission spectroscopy experiments were performed
with a QuantaMaster QM 3PH (PTI, United Kingdom) spectrome-
ter. The Eu** complexes were excited at Ao, = 394 nm and the °D,
— ’F, emission band was used for both kinetic (formation and
dissociation) and thermodynamic (determination of stability con-
stants of Eu’* complex) studies. The ionic strength 7 = 0.1 M in
all experiments was adjusted by addition of NaCl. The formation
kinetics experiments were carried out in acetate buffer (¢t = 0.42 M,
pH = 4.9 and 5.6), mixing EuCl; and the ligand stock solutions in
a cuvette (cgy, = 1.9X 104 M, ¢ = 4.8 X 10*M). The emission in-
tensity was measured at a fixed time interval (usually between 20
and 180 s). The dissociation kinetics experiments were started by
mixing EuL (¢ = 5.0 X 10~* M) complex and HCI solution (cycp =
0.5-3.0 M) while keeping ionic strength constant by addition of so-
dium perchlorate (7 = 3.0 m). All kinetics data were evaluated using
PRO-K 11 software.[*?! The determination of stability constants of
Eu?* complexes was carried out by luminescence measurements
and experimental data treatment as described in the literature.[*3
In order to verify the calculated stability constants, OPIUM soft-
ware was employed and the values obtained by both approaches
were consistent. The EuCl; and ligand stock solutions were mixed
in a 1:1 ratio (cg, = ¢ = 6.0X 103 M) in formate buffer (cr =
0.36 M, pH = 3) and the pH solution was adjusted by adding small
droplets of concentrated NaOH and HCI solutions. The prepared
solutions were left for at least three days prior to the luminescence
measurements in order to achieve equilibrium.
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