
REVIEWS

Next Generation, High Relaxivity Gadolinium MRI Agents†

Kenneth N. Raymond* and Valérie C. Pierre

Department of Chemistry, University of California, Berkeley, California 94720-1460 . Received July 27, 2004

Magnetic resonance imaging (MRI) has evolved into
one of the most powerful techniques in diagnostic clinical
medicine and biomedical research by enabling the ac-
quisition of high resolution, three-dimensional images of
the distribution of water in vivo (1). The strong expansion
of medical MRI has prompted the development of a new
class of pharmacological products, called contrast agents.
These agents catalytically shorten the relaxation time of
nearby water molecules, thereby enhancing the contrast
with background tissues. In 1999, approximately 30% of
all MRI scans used a contrast agent, most of which were
based on gadolinium complexes (1). By now, this number
has probably increased to between 40 and 50%. This
utility has prompted research on improved Gd-based
contrast agents, about which several reviews have re-
cently been published (1-15).

Gd(III) is highly paramagnetic with seven unpaired
electrons and a long electronic relaxation time, making
it an excellent candidate as a relaxation agent. However,
the very high in vivo toxicity of [Gd(H2O)8]3+ requires that
the metal be complexed by strong organic chelators before
it is administered to patients. Current MRI agents
require injection of gram quantities of Gd in order to
obtain satisfactory contrast in the resulting image. With
such large doses required for reasonable image enhance-
ment, current contrast agents are limited to targeting
sites where they can be expected to accumulate in high
concentrations, such as in the blood stream. Ideally,
second generation agents will be site-specific; much
higher relaxivities will be required to account for the
decrease in concentration that accompanies increased
tissue specificity.

The image-enhancing capability of a contrast agent is
directly proportional to its relaxation of neighboring
water molecules by the paramagnetic ion; that is, to the
relaxation rate increase, either longitudinal (1/T1) or
transverse (1/T2). This effect includes both inner-sphere
(from water molecules directly coordinated to the Gd) and
outer-sphere contributions (from nearby, H-bonded wa-
ters). The latter are usually relatively small and are
usually neglected. For Gd(III) complexes, the inner-
sphere relaxivity primarily results from a dipolar con-
tribution (through-space interactions due to the random
fluctuations of the electronic field) and can be described

by the Solomon-Bloembergen-Morgan equation. Ac-
cording to this theory, to increase the relaxivity, r1p, of a
Gd contrast agent, one has to design a ligand that will
enable the complex to have a greater number of inner-
sphere water molecules, q; an optimally short water
residence time, τm; and a slow tumbling rate, 1/τr (Figure
1) while maintaining sufficient thermodynamic stability.
This is quite a challenge! The water residence time, τm,
is probably the least understood and most important
parameter that affects relaxivity. Indeed, it has been
demonstrated that the relaxivity of a GdIII complex will
increase upon slowing down its molecular tumbling
(increasing its molecular weight) insofar as its water
residence time is close to optimal (16-19).

Considering the aforementioned properties, current
commercial poly(amino-carboxylate) complexes (Figure 2)
have several disadvantages (1). They have only one
coordinated water molecule and fast tumbling rates due
to their small size. Attempts to increase their relaxivities
by grafting them on macromolecules (slowing τr) have led
to mixed success due to the accompanying particularly
slow water exchange rates, 1/τm, typically 0.5-5 × 106

s-1 (1, 20, 21). These water exchange rates are several
orders of magnitude slower than the rate for Gd(H2O)8

3+

and far below levels necessary to achieve high relaxivity
(τm ≈ 20 ns at 20 MHz). Because the fundamental
properties of current commercial contrast agents are far
from optimal, their resulting relaxivities are very low (∼5
mM-1 s-1), just a few percentage points of what is
theoretically possible. Recent attempts to increase their
water exchange rates by destabilizing their nine-coordi-
nate ground state have resulted in less stable complexes
(20, 21).
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Figure 1. Parameters influencing relaxivity.
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Gd(III) centers of poly(amino-carboxylate) complexes
are coordinated by both oxygen and nitrogen atoms. This
is more for synthetic convenience than design, given the
high oxophilicity of lanthanide ions (22). We have re-
ported a new family of MRI agents composed of all-
oxygen donors and based on hydroxypyridinone (HOPO)
and related ligands (Figure 4). The first of this family of
compounds, Gd-TREN-1-Me-3,2-HOPO (Figure 3), showed
particular promise due to its two coordinated water
molecules and its fast, near-optimal water exchange rate
(23). Its relaxivity of 10.5 mM-1 s-1 is more than double
that of commercial contrast agents. Since then, the
HOPO family has been extended to include complexes
with varying chelating HOPO moieties, including mixed
or heteropodal complexes and some complexes with
varying caps. Their structures are shown in Figure 4, and
their relaxivity and stability properties are given in Table
1. The water exchange rates and relaxivities of HOPO-
based complexes are compared to those of commercial
agents in Figures 5 and 6, respectively.

The fast, near-optimal water exchange rate is probably
the most significant property of this family of complexes.

The mechanism of exchange is probably similar to that
of the aqua ion. Indeed both are eight-coordinate and both
undergo rapid water exchange through an associative
mechanism that goes through a nine-coordinate inter-
mediate (Figure 8). This mechanism was recently sup-
ported by variable pressure NMR experiments that
indicated that the reaction has a small negative activa-
tion volume (∆V‡ ) -5 ( 1 cm3 mol-1) similar to that of
the aqua complex (∆V‡ ) -3.3 cm3 mol-1) and indicative
of an associative interchange process (24). Furthermore,
shape analysis of the coordination sphere of the Gd(III)
center in the crystal structure of Gd-TREN-1,2-HOPO
indicates that the Gd(III) has a bicapped trigonal prism
configuration (C.N. 8, Figure 8). Coordination of a new
oxygen donor to form a tricapped trigonal prism (C.N. 9
intermediate) does not disturb the original geometry,
indicating that this geometry may be predisposed for near
optimal water exchange rates (25).

The water exchange mechanism of lanthanide aqua
complexes are understood because of the classic studies
of Merbach et al. (26). Earlier lanthanides (La to Nd) are
nine-coordinate and exchange water through a dissocia-
tive mechanism whereas the heavier lanthanides (Gd to
Lu) are eight-coordinate and exchange water through an
associative mechanism. The fastest water exchange rates
are observed for Sm and Eu for which the 8 and 9 co-
ordination states are energetically identical. Given their
fast water exchange rates, the same trend is expected
for the HOPO based Gd(III) complexes. This is supported
by the structure of La-TREN-1-Me-3,2-HOPO (Figure 9),
which is a dimer in which one La is eight-coordinate with
square antiprismatic geometry and the other is nine-
coordinate with a monocapped square antiprismatic
geometry (27). This demonstrates that the eight- and
nine-coordination states are very close in energy and have
similar geometries, which explains the fast water ex-
change rate observed for the corresponding Gd complex.

A typical NMRD (nuclear magnetic resonance disper-
sion) profile of a hydroxypyridinone-based complex, Gd-
TREN-Me2-5,4-HOPY (3), is shown in Figure 7. The
relaxivity increases with decreasing temperature, a typi-
cal behavior for small molecular weight compounds for
which the rotational correlation time is the limiting
parameter. More significantly, at relevant magnetic field
strengths the relaxivity peaks at high magnetic fields,
typically between 20 and 100 MHz. This peak is a direct
consequence of the fast water exchange rates of HOPO-
based complexes: these rates are near optimal for high
frequency MRI scanners. This behavior is opposite to
that observed for commercial contrast agents, which have
higher relaxivities at low magnetic fields (below 10
MHz) but significantly lower relaxivities at higher field
strengths.

One of the disadvantages of the first hydroxypyridone-
based Gd(III) complexes was their poor aqueous solubil-
ity. Given the high injection dosage needed to observe
sufficient contrast in MR images, a water solubility of
∼0.5 M is required. Modifications to improve solubility
include the methoxy derivative, Gd-TREN-MOE-3,2-
HOPO (2), cap in Gd-Ser3-TREN-Me-3,2-HOPO (7),
which has OH groups grafted onto the cap, and several

Figure 2. Common commercial Gd(III) contrast agents.

Figure 3. Crystal structure of Gd-TREN-1-Me-3,2-HOPO (1).

Table 1. Relaxivity, Water Exchange Rate and Stability of Hydroxypyridinone-Based Gd(III) Complexes

compound 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

r1,p (mM-1 s-1)a 10.5 9.0 9.5 9.1 9.0 6.6 8.8 7.7 7.2 9.1
τm (ns)b 2 16 8 19 31 19
pMc 19.2 19.8 18.0 19.5 17.7 16.7 15.6 20.1 16.1 16.2 20.1 20.3 15.2 ∼13
ref (23, 31) (35) (33) (31) (25) (25) (36) (32) (32) (27) (27) (27) (28) (28) (24) (34) (31) (31)

a 20 MHz, 25 °C, pH 7-8. b 25 °C. c 25 °C, pH 7.4, 0.1 M KCl, [L]total ) 10 µM, [Gd]total ) 1 µM.
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isomers of HOPO such as Gd-TREN-6-Me-1,2-HOPO (4),
Gd-TREN-1,2-HOPO (5), and the promising hydroxy-

pyrimidine derivative, Gd-TREN-Me2-5,4-HOPY (3).
Mixed or heteropodal complexes containing two 1-Me-
3,2-HOPO moieties and either a terephthalamide (10),
a salicylamide (11), an isophthalamide (12), or a 1,2-
HOPO moiety (6) have also been studied (25, 27, 31, 33,
35, 36). Fortunately, the addition of these small water-
solubilizing moieties and the small variations in the
chelating ring do not significantly change the water
residence time (τm ≈ 20 ns), and all complexes demon-
strate similar relaxivities (r1p ≈ 9 mM-1 s-1). The ex-
ception is Gd-TREN-Me2-5,4-HOPY (3) which not only
demonstrates markedly improved solubility (up to 100
mM) but also a noticeably shorter water residence (τm ≈
2 ns), similar to that of the aqua complex (33).

The heteropodal HOPO/TAM (terephthalamide) com-
plex offers the further advantage of being easily func-
tionalized via its terminal acid group. Several poly-
(ethylene glycol) (PEG) derivatives (13, 14, and 15)
bearing PEGs of different length have thus been synthe-
sized. The resulting complexes demonstrate not only
markedly improved water solubility but also provide the
ability to fine-tune the water residence time (28). Addi-

Figure 4. Structure of hydroxypyridinone-based Gd(III) complexes.

Figure 5. Water exchange rate of HOPO-based Gd complexes
(grey) versus commercial agents (black).
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tion of a PEG chain of MW ≈5000 g/mol increases the
water residence time, τm, by a factor of 4.

The high toxicity of the GdIII aqua ion (LD50 (mice) )
0.1 mmol/kg) requires that it be sequestered, and com-
plexes that are kinetically labile must exhibit high
thermodynamic stabilities (29). The stabilities of com-
plexes with different number of protonation steps can
easily and directly be compared in terms of their pMs
(30). The stabilities of HOPO-based complexes are given
in Table 1. As shown in Figure 11, they have stabilities
comparable to commercial agents. Surprisingly, the more
basic heteropodal HOPO-TAM complexes do not display

the same linear relationship between stability and basic-
ity that was observed for the more acidic commercial
agents. As shown in Figure 10, the substitution of one
hydroxypyridinone by one terephthalamide moiety (16)
slightly increases the stability of the Gd(III) complex,
while further substitution (17 and 18) significantly
decreases the stability (31). This indicates that there is
an optimal ligand basicity needed to achieve maximum
stability, and that it is achieved by the presence of only
one TAM moiety.

The TREN capping moiety is another important pa-
rameter in achieving high stability. Replacing the TREN
cap by an expanded TRPN moiety (9) or inserting a
glycine spacer (8) significantly reduces the stability of
the resulting Gd(III) complex. As seen in both these data
and the structures, internal H-bonding between the
central capping N and the surrounding protons from the
three amides noticeably increases the stability of the
complexes (32).

All hydroxypyridinone Gd(III) complexes are acid
sensitive. One HOPO podand protonates around pH 3,
and the complex fully dissociates between pH 1 and 2.

Figure 6. Relaxivity of HOPO-based Gd complexes (q ) 2,
gray) versus commercial agents (q ) 1, black). (20 MHz, 25 °C,
pH 7-8).

Figure 7. NMRD profile and pH dependence profile of Gd-
TREN-Me2-5,4-HOPY (3) (33).

Figure 8. Proposed mechanism of water exchange for q ) 2
hydroxypyridinone-based complexes (25).

Figure 9. Crystal structure of La-TREN-1-Me-3,2-HOPO. La1
is nine-coordinate with monocapped square antiprismatic ge-
ometry while La2 is eight-coordinate with square antiprismatic
geometry (27).

Figure 10. Stability of mixed hydroxypyridinone/terephthala-
mide Gd(III) complexes as a function of their basicity. 25 °C,
pH 7.4, 0.1 M KCl, [L]total ) 10 µM, [Gd]total ) 1 µM (31).
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As shown in Figure 7, this thermodynamic behavior, first
observed by spectrophotometric titrations, is completely
reflected in the pH dependence of the relaxivities (33).
At pH 3, when one HOPO moiety protonates and dis-
sociates, it is replaced by two water molecules, reflected
by the doubling in relaxivity. The relaxivity then de-
creases toward pH 1 as the complex completely dissoci-
ates.

Selectivity is another important parameter to consider
for kinetically labile complexes such as the HOPOs,
which reach thermodynamic equilibrium with endoge-
neous cations during their in vivo lifetime. Indeed, it has
been demonstrated that for such Gd(III) complexes, their
toxicity is not directly related to their stability but rather
to the selectivity of the ligand for Gd(III) over physiologi-
cally available metals such as Zn(II) (29). This selectivity
may easily be determined by the difference in pM values
between the two metal complexes (i.e. the selectivity for
Gd(III) over Zn(II) is pGd-pZn). As shown in Figure 11,
hydroxypyridinone ligands have higher selectivity for Gd-
(III) over Ca(II) and Zn(II) than commercial contrast
agents (34).

CONCLUSION

Hydroxypyridinone-based Gd(III) complexes demon-
strate significantly improved relaxivities due to their
higher number of coordinated water molecules and near-
optimal water exchange rates-several orders of magni-
tude faster than those of commercial agents. This optimal
τm is reflected in the NMRD profiles, which typically show
a peak of relaxivity at high magnetic fields where the
relaxivities of commercial agents decrease. The fast water
exchange is a result of an interchange associative mech-
anism in which the nine-coordinate intermediate is close
in energy to the eight-coordinate ground state. This
exchange rate can further be fine-tuned by grafting long
poly(ethylene glycol) chains to the pendant acid of a
mixed hydroxypyridinone/terephthalamide complex. These
complexes also have high thermodynamic stability, and
the ligands are more selective for Gd(III) over physiologi-
cally available cations such as Ca(II) and Zn(II) than
current commercial agents.

ACKNOWLEDGMENT

This work was supported by the National Institutes
of Health Grant HL 69832. We also acknowledge a
research gift from Schering A.G.

LITERATURE CITED

(1) Caravan, P., Ellison, J. J., McMurry, T. J., and Lauffer, R.
B. (1999) Gadolinium(III) chelates as MRI contrast agents:
Structure, dynamics, and applications. Chem. Rev. 99, 2293-
2352.

(2) Parker, D., and Williams, J. A. (1996) Getting excited about
lanthanide complexation chemistry. J. Chem. Soc., Dalton
Trans. 3613-3628.

(3) Aime, S., Botta, M., Fasano, M., and Terreno, E. (1998)
Lanthanide(III) chelates for NMR biomedical applications.
Chem. Soc. Rev. 27, 19-29.

(4) Aime, S., Botta, M., Fasano, M., Crich, S. G., and Terreno,
E. (1999) H-1 and O-17-NMR relaxometric investigations of
paramagnetic contrast agents for MRI. Clues for higher
relaxivities. Coord. Chem. Rev. 186, 321-333.

(5) Comblin, V., Gilsoul, D., Hermann, M., Humblet, V., Jacques,
V., Mesbahi, M., Sauvage, C., and Desreux, J. F. (1999)
Designing new MRI contrast agents: a coordination chem-
istry challenge. Coord. Chem. Rev. 186, 451-470.

(6) Thunus, L., and Lejeune, R. (1999) Overview of transition
metal and lanthanide complexes as diagnostic tools. Coord.
Chem. Rev. 184, 125-155.

(7) Botta, M. (2000) Second coordination sphere water molecules
and relaxivity of gadolinium(III) complexes: Implications for
MRI contrast agents. Eur. J. Inorg. Chem., 399-407.

(8) Aime, S., Cabella, C., Colombatto, S., Crich, S. G., Gianolio,
E., and Maggioni, F. (2002) Insights into the use of paramag-
netic Gd(III) complexes in MR-molecular imaging investiga-
tions. J. Magn. Reson. Imaging 16, 394-406.

(9) Brucher, E. (2002) Kinetic stabilities of gadolinium(III)
chelates used as MRI contrast agents. Top. Curr. Chem. 221,
103-122.

(10) Frullano, L., Rohovec, J., Peters, J. A., and Geraldes, C.
F. G. C. (2002) Structures of MRI contrast agents in solution.
Top. Curr. Chem. 221, 25-60.

(11) Gries, H. (2002) Extracellular MRI contrast agents based
on gadolinium. Top. Curr. Chem. 221, 1-24.

(12) Jacques, V., and Desreux, J. F. (2002) New classes of MRI
contrast agents. Top. Curr. Chem. 221, 123-164.

(13) Toth, E., Helm, L., and Merbach, A. E. (2002) Relaxivity
of MRI contrast agents. Top. Curr. Chem. 221, 61-101.

(14) Meade, T. J., Taylor, A. K., and Bull, S. R. (2003) New
magnetic resonance contrast agents as biochemical reporters.
Curr. Opinion Neurobiol. 13, 597-602.

(15) Zhang, S. R., Merritt, M., Woessner, D. E., Lenkinski, R.
E., and Sherry, A. D. (2003) PARACEST agents: Modulating
MRI contrast via water proton exchange. Acc. Chem. Res. 36,
783-790.

(16) Nicolle, G. M., Toth, E., Schmitt-Willich, H., Raduchel, B.,
and Merbach, A. E. (2002) The impact of rigidity and water
exchange on the relaxivity of a dendritic MRI contrast agent.
Chem. Eur. J. 8, 1040-1048.
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(19) Tóth, E., and Merbach, A. E. (1998) water exchange
dynamics: the key for high relaxivity contrast agents in
medical magnetic resonance imaging. ACH Models Chem.
135, 873-884.

(20) Cheng, T. H., Wang, Y. M., Lin, K. T., and Liu, G. C. (2001)
Synthesis of four derivatives of 3,6,10-tri(carboxymethyl)-3,6,-
10-triazadodecanedioic acid, the stabilities of their complexes
with Ca(II), Cu(II), Zn(II) and lanthanide(III) and water-
exchange investigations of Gd(III) chelates. J. Chem. Soc.,
Dalton Trans. 3357-3366.

(21) Laus, S., Ruloff, R., Toth, E., and Merbach, A. E. (2003)
Gd-III complexes with fast water exchange and high ther-
modynamic stability: Potential building blocks for high-
relaxivity MRI contrast agents. Chem. Eur. J. 9, 3555-3566.

Figure 11. Selectivity of hydroxypyridinone-based ligands for
Gd(III) over Ca(II) and Zn(II). 25 °C, pH 7.4, 0.1 M KCl, [L]total
) 10 µM, [M]total ) 1 µM (33, 34).

Reviews Bioconjugate Chem., Vol. 16, No. 1, 2005 7



(22) Hancock, R. D., and Martell, A. E. (1989) Ligand Design
for Selective Complexation of Metal-Ions in Aqueous-Solution.
Chem. Rev. 89, 1875-1914.

(23) Xu, J., Franklin, S. J., Whisenhunt, D. W., and Raymond,
K. N. (1995) Gadolinium Complex of Tris[(3-Hydroxy-1-
Methyl-2-Oxo-1,2-Didehydropyridine-4-Carboxamido)Ethyl]-
Amine - a New Class of Gadolinium Magnetic-Resonance
Relaxation Agents. J. Am. Chem. Soc. 117, 7245-7246.

(24) Thompson, M. K., Botta, M., Nicolle, G., Helm, L., Aime,
S., Merbach, A. E., and Raymond, K. N. (2003) A highly stable
gadolinium complex with a fast, associative mechanism of
water exchange. J. Am. Chem. Soc. 125, 14274-14275.

(25) Xu, J., Churchill, D. G., Botta, M., and Raymond, K. N.
(2004) Synthesis, Structure, and Shape Analysis of a Novel
Gadolinium(III) Hydroxypyridonate-Based Complex: To-
wards MRI Contrast Agents of High Relaxivity. Inorg. Chem.
43, 5492-5494.

(26) Helm, L., and Merbach, A. E. (1999) Water exchange on
metal ions: experiments and simulations. Coord. Chem. Rev.
187, 151-181.

(27) Cohen, S. M., Xu, J., Radkov, E., Raymond, K. N., Botta,
M., Barge, A., and Aime, S. (2000) Syntheses and relaxation
properties of mixed gadolinium hydroxypyridinonate MRI
contrast agents. Inorg. Chem. 39, 5747-5756.

(28) Doble, D. M. J., Botta, M., Wang, J., Aime, S., Barge, A.,
and Raymond, K. N. (2001) Optimization of the relaxivity of
MRI contrast agents: Effect of poly(ethylene glycol) chains
on the water-exchange rates of Gd-III complexes. J. Am.
Chem. Soc. 123, 10758-10759.

(29) Cacheris, W. P., Quay, S. C., and Rocklage, S. M. (1990)
The Relationship between Thermodynamics and the Toxicity
of Gadolinium Complexes. Magn. Reson. Imaging 8, 467-481.

(30) pM is defined as pM ) - log[M]free and is calculated under
the standard conditions: [L]total ) 10 µM.; [M]total ) 1 µM.;

pH ) 7.4. The more stable the complex, the lower the
concentration of free or uncomplexed metal, the higher the
pM value.

(31) Doble, D. M. J., Melchior, M., O’Sullivan, B., Siering, C.,
Xu, J. D., Pierre, V. C., and Raymond, K. N. (2003) Toward
optimized high-relaxivity MRI agents: The effect of ligand
basicity on the thermodynamic stability of hexadentate
hydroxypyridonate/catecholate gadolinium(III) complexes. In-
org. Chem. 42, 4930-4937.

(32) O’Sullivan, B., Doble, D. M. J., Thompson, M. K., Siering,
C., Xu, J. D., Botta, M., Aime, S., and Raymond, K. N. (2003)
The effect of ligand scaffold size on the stability of tripodal
hydroxypyridonate gadolinium complexes. Inorg. Chem. 42,
2577-2583.

(33) Sunderland, C. J., Botta, M., Aime, S., and Raymond, K.
N. (2001) 6-carboxamido-5,4-hydroxypyrimidinones: a new
class of heterocyclic ligands and their evaluation as gado-
linium chelating agents. Inorg. Chem. 40, 6746-6756.

(34) Pierre, V. C., Melchior, M., Doble, D. M. J., and Raymond,
K. N. (2004) Toward Optimized High-Relaxivity MRI
Agents: Thermodynamic Selectivity of Hydroxypyridonate/
Catecholate Ligands. Inorg. Chem. 43, 8520-8525.

(35) Johnson, A. R., O’Sullivan, B., and Raymond, K. N. (2000)
Synthesis of a ligand based upon a new entry into the
3-hydroxy-N-alkyl-2(1H)-pyridinone ring system and ther-
modynamic evaluation of its gadolinium complex. Inorg.
Chem. 39, 2652-2660.

(36) Hajela, S., Botta, M., Giraudo, S., Xu, J. D., Raymond, K.
N., and Aime, S. (2000) A tris-hydroxymethyl-substituted
derivative of Gd-TREN-Me-3,2-HOPO: An MRI relaxation
agent with improved efficiency. J. Am. Chem. Soc. 122,
11228-11229.

BC049817Y

8 Bioconjugate Chem., Vol. 16, No. 1, 2005 Raymond and Pierre


