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A new self-assembly gadolinium(III)–iron(II) complex (Gd2Fe) was synthesized and characterized. Relaxivity
studies showed that complex Gd2Fe exhibited higher relaxation efficiency compared with the clinically used
Gd-DTPA. In vitro MR images on a 0.5 T magnetic field exhibited a remarkable enhancement of signal contrast
for Gd2Fe than Gd-DTPA. The results indicated that Gd2Fe could serve as a potential MRI contrast agent.
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Magnetic resonance imaging (MRI) is one of the most useful diag-
nostic techniques in clinical medicine because it allows researchers
and doctors to image the body in a noninvasive manner [1,2]. Image
quality can be improved by themeans of contrast agentswhich enhance
various portions of the MR image by changing, usually decreasing, the
relaxation time of the tissue water, thus allowing the area of interest
to be much more conspicuous than the surrounding tissues. Currently,
more than 35% of MRI examinations are performed by means of con-
trast agents [3].

Over the past decades, there have beenmany studies in the develop-
ment of new gadolinium based MR contrast agents. Particularly, much
effort has been focused on the development of targeted, high relaxivity,
and bioactivated contrast agents [4–19]. Recently, several self-assembly
heterobimetallic gadolinium(III)–iron(II/III) complexes as MRI contrast
agents with high relaxivity have been reported [20–25]. These supra-
molecular assemblieswere prepared by linkingmultiple Gd3+-chelated
components with one Fen+ (n=2 or 3) ion to afford multicomponent
complexes with correspondingly longer rotational correlation times
and higher relaxivity values [26].

We have developed some tissue-targeted and Cu2+ responsive
MRI contrast agents with high T1 relaxivity in recent years [27–29].
In this report, we wish to describe designed synthesis and relaxivity
study of a new heterotrinuclear iron(II)–gadolinium(III)–iron(II)
complex (Gd2Fe). This Gd2Fe array was prepared by incorpation of
two Gd-containing units with an Fe2+ ion by self-assembly coordina-
tion. Subsequently, the T1 relaxivity was determined in hydroxyethyl
piperazine ethanesulfonic acid (HEPES, pH=7.2) buffer and human
serum albumin (HAS) solution. The potential application of Gd2Fe as
a new contrast agent was evaluated by in vitro T1-weighted phantom
images.

Synthetic routes to ligand H3L and complex Gd2Fe are shown in
Schemes 1 and 2, respectively. The syntheses of 1,4,7,10-tetraazacy-
clododecane-1,4,7-tetraacetate (Tris-tert-Bu-DO3A) (1) [29,30] and
4′-(4-bromomethyl-phenyl)-[2,2′;6′2″] terpyridine (tpy-ph-CH2Br)
(2) [31] have been previously reported. The synthesis was carried
out by the reaction of Tris-tert-Bu-DO3A (1) with tpy-ph-CH2Br (2)
in CH3CN and CH2Cl2 (v/v=1:1) in the presence of K2CO3 with stir-
ring at 40°C overnight to form 1-(4′-(4-methyl-phenyl)-[2,2′;6′2″]
terpyridine)-4,7,10-tris(tert-butoxycarbonyl-methyl)-1,4,7,10-tetraaza-
cyclododecane (tpy-ph-CH2-Tris-tert-Bu-DO3A) (3) in 62% yield. The
tpy-ph-CH2-Tris-tert-Bu-DO3A (3) was then deprotected in trifluoroace-
tic acid (TFA) and CH2Cl2 (v/v=1:1) to give tpy-ph-CH2-Tris-tert-DO3A
(H3L) in 85% yield. Complex Gd2Fe was synthesized in aqueous
solution by two-step procedures. The bis-complex Fe(H3L)2 was firstly
prepared by the reaction of Fe(NH4)2(SO4)2·6H2O with 2 equiv H3L.
Complexation of Fe(H3L)2 with Gd3+ was then performed by a portion
addition of GdCl3·6H2O to an aqueous solution of the Fe(H3L)2 bymain-
taining pH at 7.1 using an aqueous ammonia solution. Upon stirring at
ambient temperature for 2 d, Gd2Fe complex was precipitated by addi-
tion of acetone and isolated as a deep violet power over dryness in
vacuo.

The T1-relaxivities of Gd2Fe complex in 50 mM HEPES buffer
(pH=7.2) and 0.725 mM HSA solutions are depicted in Fig. 1. The
T1-relaxivity of the Gd2Fe complex in 50 mM HEPES buffer (pH=
7.2) solution is 7.56 mM−1·s−1 with a correlation coefficient being
better than 0.99. For the purpose of comparison, the attempt to

http://dx.doi.org/10.1016/j.inoche.2011.09.006
mailto:czn@fjirsm.ac.cn
http://dx.doi.org/10.1016/j.inoche.2011.09.006
http://www.sciencedirect.com/science/journal/13877003


N

N

N

N

N

N
Br

N

N

N

NH

N

N

N

COOBut

COOButButOOC

+

a

b

c

N

N

N

N

COOBut

COOButButOOC

N

N

N

N

N

N

N

COOH

COOHHOOC
H3L

Scheme 1. Synthetic routes to ligand H3L. (a) N-bromosuccinimide (NBS). azodiisobutyro-
nitrile(AIBN). CCl4, 80 °C; (b) K2CO3, CH2Cl2 and CH3CN, 40 °C; (c) F3CCOOH, CH2Cl2, rt.
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measure the relaxivity of complex GdL was unsuccessful due to its poor
solubility, which is similar to tpy-DTTA4− [23]. The relaxivity of Gd2Fe
complex (7.56 mM−1·s−1) in 50 mMHEPES buffer (pH=7.2) is higher
than that of commercial contrast agentGd-DTPA (5.29 mM−1·s−1) [27].
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Scheme 2. Synthetic routes to Gd2Fe complex.
The increased relaxivities of the Gd2Fe complex relative to that of Gd-
DTPA arise likely from the rigidity of the low-spin Fe(tpy)2 unit which
also functions as an efficient spacer between the two Gd3+ ions to
avoid dipolar interactions that could accelerate electronic relaxation.
Consequently, the high relaxivity of complexGd2Fe complex is attributed
to both the rigidity of the whole complex ensured by the rationally
designed molecular framework and the relatively long Gd−Gd distance
which excludes dipole–dipole interactions between the paramagnetic
centers [23].

Serum albumin is the richest protein of mammal blood plasma and
plays a crucial role in the uptake, transportation, biodistribution, and ex-
cretion of the contrast agent in human body [32]. The relaxation times
(T1) for various concentrations of the Gd2Fe complex (0–1.8 mM) in
0.725 mMHSA solutionweremeasured. The relaxivitywas also obtained
from the linear regression according to Eq. S1 (Supporting information).
Fig. 1 illustrates a reasonable enhancement of solvent proton relaxation
rates for the Gd2Fe complex in HSA solution. It is 8.66 mM−1·s−1 with
a correlation coefficient better than 0.99, which is 1.15 times of that for
the Gd2Fe complex in 50 mM HEPES buffer (pH=7.2). It is most likely
that other paramagnetic species exist in HSA solution besides free
Gd2Fe complex. Since the equilibrium constant for the binding of Gd3+

to the serum albumin is very small relative to the stability constant of
Gd2Fe complex [33], the possible release of Gd3+ from Gd2Fe complex
could be ignored. The enhancement is attributable to Gd2Fe complex
which is likely non-covalently bound to HSA.

MR images of Gd2Fe and Gd-DTPA complexeswere obtained in glass
capillaries (1 mm) at 0.5 T (Fig. 2). The concentrations of the Gd2Fe
complex are ranged from 100 μM to 1 μM and that of Gd-DTPA was
100 μM. The images were obtained using an NMI20-Analyst NMR Ana-
lyzing and Imaging systemwith a TE and TR of 60 and 4000 ms, number
of acquisitions=1. As shown in Fig. 2, the intensity was distinctly
brighter in comparison with the one taken in the absence of any con-
trast agent. There was sufficient enhancement of the contrast in the im-
ages at concentration above 10 μM. Obviously, the image of 100 μM
Gd2Fe complex ismuch brighter than that of 100 μMGd-DTPA complex.

In summary, a new gadolinium(III)–iron (II) complex with high T1-
relaxivity was synthesized and characterized, which is a potential MRI
contrast agent due to its facile synthetic procedures. The Gd2Fe complex
has a well-defined topology with favorable features to attain high relax-
ivities. It has a rigid Fe2+(tpy-ph-CH2) core and an efficient separation of
the two Gd3+ centers.
Acknowledgments

This work was supported by the NSFC (21001106), the 973 pro-
ject (2007CB815304) from MSTC, and the NSF of Fujian Province
(2009J05039).
2

4

6

8

10

12

14

Gd3+/mM

1/
t /

 S
-1

HSA

HEPES buffer

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Fig. 1. The relaxation rates of water proton vs the concentrations of Gd2Fe complex in
50 mM HEPES buffer (pH=7.2) and 0.725 mM HSA solutions. The T1-relaxivities,
calculated from the slopes of the fitting curves, are 7.56 mM·s−1 in 50 mMHEPES buffer
and 8.66 mM·s−1 in 0.725 mM HSA solutions.



Fig. 2. T1-weighted phantomMR images for Gd2Fe complex. H2O (A); 1 μMGd2Fe complex
(B); 10 μMGd2Fe complex (C); 100 μMGd2Fe complex (D); and 100 μMGd-DTPA complex
(E).

1900 W.-S. Li et al. / Inorganic Chemistry Communications 14 (2011) 1898–1900
Appendix A. Supplementary material

Supplementary data to this article can be found online at doi:10.
1016/j.inoche.2011.09.006.

References

[1] P.A. Rinck, Magnetic Resonance Imaging, 4th ed., Blackwell Science, Berlin, 2001,
p. 149.

[2] R.B. Lauffer, Paramagnetic metal complexes as water proton relaxation agents for
NMR imaging: theory and design, Chemical Reviews 87 (1987) 901–927.

[3] S. Aime, S.G. Crich, E. Gianolio, G.B. Giovenzana, L. Tei, E. Terreno, High sensitivity
lanthanide(III) based probes for MR-medical imaging, Coordination Chemistry
Reviews 250 (2006) 1562–1579.

[4] P. Caravan, Strategies for increasing the sensitivity of gadoliniumbasedMRI contrast
agents, Chemical Society Reviews 35 (2006) 512–523.

[5] J.L. Major, T.J. Meade, Bioresponsive, cell-penetrating, and multimeric MR contrast
agents, Accounts of Chemical Research 42 (2009) 893–903.

[6] L.M. De Leon-Rodriguez, A.J.M. Lubag, C.R. Malloy, G.V. Martinez, R.J. Gillies, A.D.
Sherry, ResponsiveMRI agents for sensingmetabolism in vivo, Accounts of Chemical
Research 42 (2009) 948–957.

[7] M.M. Ali, G. Liu, T. Shah, C.A. Flask, M.D. Pagel, Using two chemical exchange satura-
tion transfer magnetic resonance imaging contrast agents for molecular imaging
studies, Accounts of Chemical Research 42 (2009) 915–924.

[8] E.L. Que, C.J. Chang, A Smart magnetic resonance contrast agent for selective copper
sensing, Journal of the American Chemical Society 128 (2006) 15942–15943.

[9] L. Frullano, T.J. Meade,MultimodalMRI contrast agents, Journal of Biological Inorganic
Chemistry 12 (2007) 939–949.

[10] T.J. Meade, S. Aime, Chemistry of molecular imaging, Accounts of Chemical Research
42 (2009) 821.

[11] S. Aime, D.D. Castelli, S.G. Crich, E. Gianolio, E. Terreno, Pushing the sensitivity envelope
of lanthanide-based magnetic resonance imaging (MRI) contrast agents for molecular
imaging applications, Accounts of Chemical Research 42 (2009) 822–931.
[12] J.L. Major, R.M. Boiteau, T.J. Meade, Mechanisms of ZnII-activated magnetic reso-
nance imaging agents, Inorganic Chemistry 47 (2008) 10788–10795.

[13] J.L. Major, G. Parigi, C. Luchinat, T.J. Meade, The synthesis and in vitro testing of a
zinc-activated MRI contrast agent, Proceedings of the National Academy of Sciences
of the United States of America 104 (2007) 13881–13886.

[14] W.H. Li, S.E. Fraser, T.J. Meade, A calcium-sensitive magnetic resonance imaging
contrast agent, Journal of the American Chemical Society 121 (1999) 1413–1414.

[15] K.N. Raymond, V.C. Pierre, Next generation, high relaxivity gadolinium MRI
agents, Bioconjugate Chemistry 16 (2005) 3–8.

[16] E.J. Werner, A. Datta, C.J. Jocher, K.N. Raymond, High-Relaxivity MRI contrast
agents: where coordination chemistry meets medical imaging, Angewandte Chemie,
International Edition 47 (2008) 8568–8580.

[17] L.M. Urbanczyk-Pearson, F.J. Femia, J. Smith, G. Parigi, J.A. Duimstra, A.L. Eckermann,
C. Luchinat, T.J. Meade, Mechanistic investigation of β-galactosidase-activated MR
contrast agents, Inorganic Chemistry 47 (2008) 56–68.

[18] E.L. Que, D.W. Domaille, C.J. Chang, Metals in neurobiology: probing their chemistry
and biology with molecular imaging, Chemical Reviews 108 (2008) 1517–1549.

[19] Y. Song, E.K. Kohlmeir, T.J. Meade, Synthesis of multimeric MR contrast agents for
cellular imaging, Journal of the American Chemical Society 130 (2008) 6662–6663.

[20] J.B. Livramento, E'. To'th, A. Sour, A. Borel, A.E. Merbach, R. Ruloff, High relaxivity
confined to a small molecular space: a metallostar-based, potential MRI contrast
agent, Angewandte Chemie, International Edition 44 (2005) 1480–1484.

[21] T.N. Parac-Vogt, L.V. Elst, K. Kimpe, S. Laurent, C. Burte'a, F. Chen, R.V. Deun, Y. Ni, R.N.
Muller, K. Binnemans, Pharmacokinetic and in vivo evaluation of a self-assembled
gadolinium(III)–iron(II) contrast agent with high relaxivity, Contrast Media &
Molecular Imaging 1 (2006) 267–278.

[22] J. Paris, C. Gameiro, V. Humblet, P.K. Mohapatra, V. Jacques, J.F. Desreux, Auto-
assembling of ditopic macrocyclic lanthanide chelates with transition-metal
ions. rigid multimetallic high relaxivity contrast agents for magnetic resonance
imaging, Inorganic Chemistry 45 (2006) 5092–5102.

[23] R. Ruloff, G. van Koten, A.E. Merbach, Novel heteroditopic chelate for self-assembled
gadolinium(III) complex with high relaxivity, Chemical Communications (2004)
842–843.

[24] S. Aime, M. Botta, M. Fasano, E. Terreno, Paramagnetic GdIII-FeIII heterobimetallic
complexes of DTPA-bis-salicylamide, Spectrochimica Acta Part A: Molecular
Spectroscopy 49 (1993) 1315–1322.

[25] T.N. Parac-Vogt, K. Kimpe, K. Binnemans, Heterobimetallic gadolinium(III)–iron
(III) complex of DTPA-bis(3-hydroxytyramide), Journal of Alloys and Compounds
374 (2004) 325–329.

[26] E.L. Que, C.J. Chang, Responsive magnetic resonance imaging contrast agents as
chemical sensors for metals in biology and medicine, Chemical Society Reviews
39 (2010) 51–60.

[27] W.S. Li, Z.F. Li, F.Y. Jing, Y.F. Deng, L. Wei, P.Q. Liao, X.G. Yang, X.J. Li, F.K. Pei, X.X.
Wang, H. Lei, Synthesis and evaluation of Gd-DTPA-labeled arabinogalactans as
potential MRI contrast agents, Carbohydrate Research 343 (2008) 685–694.

[28] Z.F. Li, W.S. Li, X.J. Li, F.K. Pei, X.X. Wang, H. Lei, Mn(II)-monosubstituted polyox-
ometalates as candidates for contrast agents in magnetic resonance imaging,
Journal of Inorganic Biochemistry 101 (2007) 1036–1042.

[29] W.S. Li, J. Luo, Z.N. Chen, A gadolinium(III) complex with 8-amidequinoline based
ligand as copper(II) ion responsive contrast agent, Dalton Transactions 40 (2011)
484–488.

[30] D.E. Prasuhn, R.M. Yeh, A. Obenaus, M. Manchester, M.G. Finn, Viral MRI contrast
agents: coordination of Gd by native virions and attachment of Gd complexes by
azide–alkyne cycloaddition, Chemical Communications (2007) 1269–1271.

[31] A. Winter, D.A.M. Egbe, U.S. Schubert, Rigid π-conjugated mono-, bis-, and tris
(2,2′:6′,2″-terpyridines), Organic Letters 9 (2007) 2345–2348.

[32] X.Y. Li, X.J. Li, S.R. Zhang, F.K. Pei, NMR relaxation studies of GdDTPA in human
serum albumin solution, Polyhedron 18 (1999) 695–697.

[33] J. Reuben, Gadolinium(III) as a paramagnetic probe for proton relaxation studies
of biological macromolecules. Binding to bovine serum albumin, Biochemistry 10
(1971) 2834–2838.


	A self-assembly heterotrinuclear gadolinium(III)–iron(II) complex as a MRI contrast agent
	Acknowledgments
	Supplementary material

	References


