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Tecnologie AVanzate, UniVersità del Piemonte Orientale “Amedeo AVogadro”, Corso Borsalino 54, I-15100

Alessandria, Italy, Dipartimento di Chimica I.F.M., UniVersità di Torino, Via P. Giuria 7, I-10125 Torino, Italy,
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The prominence of magnetic resonance imaging (MRI) as a
medical diagnostic technique has prompted intense interest in the
development of contrast agents. The primary clinical contrast agents
are nine-coordinate gadolinium (GdIII ) complexes based on a poly-
(amino carboxylate) ligand and function by enhancing the relaxation
rate of water protons.1-3 The image enhancement capability (proton
relaxivity, r1p) of current clinical contrast agents is only a few
percent of that theoretically possible2,4 due to the presence of only
one inner sphere water molecule and a short rotational correlation
time. When the rotational correlation time is optimized, the slow
water exchange rate (kex ≈ 106 s-1) becomes the limiting factor in
attaining higher relaxivities.1 Therefore, any rational design of a
high-relaxivity contrast agent requires a thorough understanding
of the mechanism of water exchange at the metal center.

The GdIII complexes based on a hexadentate, hetero-tripodal
hydroxypyridonate (HOPO) ligand, such as [Gd-TREN-bis(1-Me-
HOPO)-(TAM-Me)(H2O)2] (Gd-1) (Figure 1), are promising can-
didates for the development of second-generation MRI contrast
agents.5,6 In this series of complexes, the metal ion is eight-
coordinate and possesses two inner sphere water molecules.7 The
generally high stability and fast water exchange of the complexes
make them highly desirable as candidates for MRI. [Gd-TREN-
bis(6-Me-HOPO)-(TAM-TRI)(H2O)2] (Gd-2) represents a new entry
into this class of complexes and is based on a hetero-tripodal ligand
design involving 6-Me-3,2-HOPO chelating units, as opposed to
the 1-Me-3,2-HOPO isomer in the parent complex (Gd-1). A tri-
(ethylene glycol) is conjugated to the terephthalamide (TAM)
chelating unit to enhance the water solubility of the complex.

The stability of a MRI contrast agent is critical, because the
toxicity of the agent has been shown to be directly related to the
concentration of free GdIII in vivo.8 As contrast agent development
is now oriented toward targeted imaging and longer in vivo
residence times are sought, the thermodynamic stability of future
agents will come under increased scrutiny. The stability of Gd-2
was assessed using both potentiometric and spectrophotometric
titration techniques. The ligand protonation constants of TREN-
bis(6-Me-HOPO)-(TAM-TRI) (2) were determined by potentio-
metric titration. The experimental procedure, including instrumen-
tation and solution preparations, is as described in detail in previous
reports.9-11 Ligand2 is slightly more basic than1, in keeping with
the higher basicity of the 6-Me-HOPO moiety as compared to the
1-Me-HOPO isomer.11 GdIII formation constants were determined

by spectrophotometric titrations in the pH 3-9 range using
procedures previously reported.9-11

The chemical model employed in the fitting of the GdIII titration
data closely resembles that applied in related ligand systems,5,9-11

with the formation of a monomeric complex with stepwise addition
of up to two protons before the complex dissociates below pH 2.5
(Figure 2). The formation constant (logâ110) of Gd-2 is 24.9, and
the calculated pM12 is 20.6, a value slightly higher than that of
Gd-1 (pM ) 20.1).5,11 This can be attributed to the greater basicity
of the 6-Me-HOPO chelator as compared to that of the 1-Me-HOPO
isomer. Spectrophotometric competition titration against DTPA was
used to verify the stability of Gd-2 (Supporting Information).

The water exchange rate (kex) of Gd-2 was assessed by variable
temperature (VT), proton decoupled17O NMR measurement of the
water nuclear transverse relaxation rate (R2p).4,13The VT 17O NMR
curves for Gd-2 are shown in Figure 3. The data were measured at
2.12 T (90 MHz for the proton and 12 MHz for17O) and 14.09 T
at pH≈ 7. The curves were analyzed in terms of the Swift-Connick
equations, rearranged in a form suitable for GdIII .2 The profiles of
Figure 3 have a shape typical of systems in the fast exchange
regime.5,6,14,15 Under these conditions, it is difficult to obtain a
reliable evaluation of the mean residence lifetime if no direct
measurement of the electron spin relaxation is available. In fact,
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Figure 1. Gd-TREN-bis(1-Me-HOPO)-(TAM-Me)(H2O)2 (Gd-1) and Gd-
TREN-bis(6-Me-HOPO)-(TAM-TRI)(H2O)2 (Gd-2).

Figure 2. Species distribution diagram calculated for the Gd-2 system for
1 µM GdIII and 10µM 2.
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only a careful comparison of the17O data with the NMRD profile
(from the analysis of both experiments, the same set of values for
the electronic parameters must be obtained) allows for a convincing
solution. An excellent fit of the experimental data was obtained
with q ) 2, kex ) 5.3 ((0.6) × 107 s-1, ∆Hq ) 25.9 ((1.4) kJ/
mol, ∆2 ) 0.9 ((0.2) × 1020 s-1, τV ) 24 ((2.0) ps,EV ) 2.0
((1.2) kJ/mol, andA/p ) -3.8 MHz. From these parameters, it
can be seen that scalar relaxation of17O is governed by exchange
and not by electron spin relaxation, that is,kex . 1/T1e.

The water exchange mechanism can be assessed by determining
the activation volume,∆Vq, from variable pressure17O transverse
relaxation measurements.2 The increase of the17O transverse
relaxation rates (R2p) due to the presence of paramagnetic GdIII was
investigated at variable pressure using procedures previously
reported.2,16,17 The YIII analogue of Gd-2, [Y-TREN-bis(6-Me-
HOPO)-(TAM-TRI)(H2O)2] (Y-2), was used as a diamagnetic
reference for these studies. The pressure dependence of the
relaxation rates of Gd-2 and Y-2 was measured at pH 8.2 and 319.9
K (Figure 4). From these studies,∆Vq for water exchange on Gd-2
is -5 ((1) cm3 mol-1.

Both the negative sign and the magnitude of∆Vq are indicative
of an associative interchange (Ia) mechanism for water exchange
in Gd-2, as seen in three other gadolinium complexes.2 The
activation volume is similar to that obtained for the eight-
coordinated aqua-ion [Gd(H2O)8]3+ (∆Vq ) -3.3 cm3 mol-1), which
also has a fast exchange rate.18 The contrast agents in clinical use
undergo water exchange via a dissociative mechanism involving

an eight-coordinate intermediate. The very small value of∆Hq

indicates that the activation energy barrier for the formation of the
transition state of Gd-2 is low and that the eight- and nine-coordinate
states of the HOPO complexes are close in energy.

In summary, this report describes a new member of the class of
hydroxypyridonate-based GdIII complexes targeted for future MRI
contrast agent development. Gd-2 is sufficiently stable for clinical
applications and has a fast rate of water exchange, a combination
of traits unique to this class of GdIII complexes. The very fast water
exchange rate should allow for optimization of the water proton
relaxivity by slowing the molecular rotation of the complex (work
in progress). While the mode of water exchange in this class of
complexes was previously assumed to be associative,5-7,9,14,15

definitive proof of this mechanism has now been presented.
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Figure 3. Temperature dependence of the paramagnetic contribution (R2p)
to the transverse17O water relaxation rate of Gd-2 (1.7 mM, pH 7.3).

Figure 4. Pressure dependence of the increase of the17O transverse
relaxation rate at 9.4 T and 319.9 K for Gd-2.
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