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Abstract

This review summarizes some of the developments of metal complexes and metal-complex-
bioconjugates for the diagnosis of disease states that have occurred over the past 10 years.
The diagnostic imaging modalities discussed are gamma scintigraphy, positron emission
tomography (PET) and magnetic resonance imaging (MRI). Metal complexes are utilized in
all three imaging modalities to image a broad array of diseases, including heart disease, brain
disorders and cancer. There are a wide variety of different radiometals that have been
utilized in the synthesis of coordination compounds for gamma scintigraphy and PET, and
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these will be discussed individually. The field of metal-complex-bioconjugate chemistry is
covered extensively, describing radiometals labeled to biomolecules such as receptor ligands
for diseases such as neurological disorders and cancer. A section is devoted to the develop-
ment of coordination compounds for MRI enhancement agents, and specifically details the
agents that have been evaluated in vivo, both in animal models and in humans. Overall, the
goal of this review is to demonstrate the significant progress made in the field of coordination
chemistry as it applies to the development of diagnostic imaging agents. © 1999 Elsevier
Science S.A. All rights reserved.

Keywords: Metal complexes; Disease states; Diagnostic imaging agents

1. Introduction

1.1. Coordination chemistry as it applies to diagnostic imaging

The use of metal complexes in therapy and diagnostic imaging is increasing.
Throughout history, both ancient and modern, metals and metal compounds have
been used in medicine to treat a variety of ailments. In the last century, metal
complexes were used to treat diseases ranging from syphilis (organoarsenic com-
pounds) to cancer (platinum anti-tumor drugs) to arthritis (gold compounds). The
use of metal complexes as diagnostic agents is a relatively new area of medical
research, and has flourished during the last 40 years. The end of World War II
heralded the use of nuclear technology for medical purposes, opening up nuclear
reactors, accelerators and cyclotrons for medical isotope production. The first
isotope used in medicine was iodine-131, which in 1946 was used to treat thyroid
cancer. In 1959, Brookhaven National Laboratory developed the 99Mo/99mTc
generator, and in 1964 the first 99mTc radiotracers were developed at Argonne
National Laboratory. Currently, 99mTc is the most widely used radionuclide for
diagnostic imaging. The advent of 99mTc radiopharmaceuticals began the study of
coordination chemistry as it relates to diagnostic imaging. Today, there are a wide
variety of radiometals and radiometal complexes used in gamma scintigraphy and
positron emission tomography (PET).

An even more recent development is the use of paramagnetic metal complexes for
enhancing contrast of magnetic resonance imaging (MRI). There are now a number
of non-radioactive metal complexes used as MRI contrast agents. The purpose of
this review is to highlight the new developments in applying metal complex
chemistry to gamma scintigraphy, PET and MRI over the last 10 years.

1.2. Diagnostic modalities

Imaging modalities widely used in radiology include gamma scintigraphy, PET
and MRI. Gamma scintigraphy requires a radiopharmaceutical containing a nu-
clide that emits gamma (g) radiation (Table 1) and a gamma camera or a single
photon emission computed tomography (SPECT) camera capable of imaging the
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patient injected with the gamma emitting radiopharmaceutical. PET requires a
radiopharmaceutical labeled with a positron-emitting radionuclide (b+) (Table 2)
and a PET camera for imaging the patient. Positron decay results in the emission
of two 511 keV photons at ca. 180° apart. PET scanners contain a circular array of
detectors to detect specifically the 511 keV photons emitted in opposite directions.
MRI exploits the differences in relaxation rates of water protons in tissues,
translating them into three-dimensional anatomical information.

Metal complexes are used in all three imaging modalities, but in a clinical
situation are most widely applied to gamma scintigraphy. For gamma scintigraphy
and PET, radiopharmaceuticals labeled with metal radionuclides are injected into
patients to diagnose medical problems such as cancer, infection, kidney and liver
abnormalities and cardiological and neurological disorders. The biological distribu-
tion of radiopharmaceuticals is generally governed by two factors: (1) perfusion (or
blood flow) and (2) specific biochemical processes such as receptor/antigen binding.
MRI is generally used to generate anatomical information; however, in the last 10
years, MRI has demonstrated impressive capabilities for perfusion imaging. At the
present time, the capabilities for MRI imaging of biochemical processes such as
receptor binding have not yet been demonstrated.

1.3. Desirable properties of metal radionuclides

Tables 1 and 2 show the wide variety of gamma and positron emitting ra-
diometals, their decay characteristics and methods of production. In designing
radiometal-based radiopharmaceuticals, important factors to consider include the
half-life of the radiometal, the mode of decay, and the cost and availability of the

Table 1
Gamma-emitting radionuclides

T1/2 (h) ProductionIsotope Eg (keV) E
b− (keV)Decay mode Ref.

methods

Accelerator, 91, 93, 185 577, 484, 395 [121,340]62.0167Cu b− (100%)
67Zn(n,p)

78.26 Cyclotron [340]EC (100%)67Ga 91, 93, 185,
296 388

2288b− (72%)90Y [340]90Sr/90Y64.06
generator

99mTc [340]99Mo/99mTc6.0 IT (100%) 141
generator

67.9 Cyclotron, EC (100%) 245, 172 [340]111In
111Cd(p,n)111In

[340]1071, 934137Reactor,186Re b− (92%)90.6
EC (8%)185Re(n, g)

186Re
[340]188Re 2116, 1965188W/188Re 155b− (100%)16.98

generator



7
D

.E
.

R
eichert

et
al./

C
oordination

C
hem

istry
R

e6iew
s

184
(1999)

3
–

66

Table 2
Positron-emitting radionuclides

T1/2 (h) Methods of productionIsotope Decay mode E
b+(keV) Ref.

55Co 17.5 Cyclotron, 54Fe(d,n)55Co b+(77%) EC (23%) 1513, 1037 [341,342]
0.4 Cyclotron, 60Ni(p,n)60Cu60Cu b+(93%) EC (7%) 3920, 3000 2000 [119,121,341]

61Cu 3.3 Cyclotron, 61Ni(p,n)61Cu b+(62%) EC (38%) 1220, 1150 940, 560 [119,121,341]
0.1662Cu 62Zn/62Cu generator b+(98%) EC (2%) 2910 [121,341]
12.7 Cyclotron, 64Ni(p,n)64Cu64Cu b+(19%) EC (41%) b− (40%) 656 [120,121,341]

66Ga 9.5 Cyclotron, 63Cu(a,ng)66Ga b+(56%) EC (44%) 4150, 935 [341]
1.1 68Ge/68Ga generator b+(90%) EC (10%)68Ga 1880, 770 [341,343]
14.7 Cyclotron, 86Sr(p,n)86Y86Y b+(33%) EC (66%) 2335, 2019 1603, 1248 1043 [341,344]

94mTc 0.88 Cyclotron, natMo(p,n)94mTc b+(72%) EC (28%) 2470 [341,345]
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isotope. For diagnostic imaging, the half-life of the radionuclide must be long
enough to carry out the desired chemistry to synthesize the radiopharmaceutical,
but short enough to limit the dose to the patient. Radiometals for coordination
complex-based radiopharmaceuticals used in PET and gamma scintigraphy range in
half-life from about 10 min (62Cu) to several days (67Ga). The desired half-life is
dependent upon the time required for the radiopharmaceutical to localize in the
target tissue. For example, heart or brain perfusion-based radiopharmaceuticals
require shorter half-lives, since they reach the target quickly, whereas tumor-
targeted radiopharmaceuticals often take longer to reach the target for optimal
target to background ratios to be obtained.

For diagnostic imaging in nuclear medicine, the majority of radionuclides decay
primarily by gamma emission, since gamma scintigraphy is the most commonly
used modality. Radionuclides used in PET decay by positron emission. The use of
radiopharmaceuticals for therapeutic applications (alpha (a) or beta (b−) emitters)
is increasing, and many of these radionuclides also emit gammas or positrons for
application in both therapy and imaging. The energy of the gamma photons is of
great importance, since most gamma cameras are designed for specific energy
windows, generally in the range of 100–200 keV. Radionuclides that decay with
gamma energies either higher or lower than this range may not produce images of
sufficient quality and are generally not used routinely.

Another important factor in choosing radionuclides for diagnostic imaging is
their cost and availability. Radionuclide generators are considered ideal, since they
consist of a longer-lived parent isotope that decays to a shorter-lived daughter
radionuclide. The daughter can be separated easily from the parents by either ion
exchange chromatography (the more common method) or solvent extraction. If the
parent isotope is of relatively low cost, then even small hospitals can have a ready
supply of the daughter radionuclide as needed. A few radiometals used for
radiopharmaceuticals for gamma scintigraphy or PET are produced by a nuclear
reactor. The most important of these is 99Mo used to generate 99mTc. These isotopes
are generally affordable, since nuclear reactors have the capability to produce many
isotopes at one time. Other radiometals are accelerator or cyclotron-produced,
which is probably the most expensive mode of production, since the cyclotron or
accelerator can only produce one isotope at a time.

1.4. Properties of metal complexes

Designing metal complex based imaging agents requires correlating aspects of the
coordination chemistry with in vivo behavior. Factors to consider include the redox
properties, stability, stereochemistry, charge and lipophilicity of the metal complex.
The target organ or tissue to be imaged will dictate the desired characteristics of the
metal complex. For example, it is known that negatively charged compounds tend
to clear through the kidneys, many positively charged ions accumulate in the heart,
and an overall neutral complex is required for crossing the blood–brain barrier.
Lipophilic complexes will generally have more uptake in the liver or in fatty tissues.
Stereochemistry is important when targeting complexes to specific receptors. An-
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other important factor is complex stability; while thermodynamic stability of
non-radioactive metal complexes can help predict in vivo behavior, it is often not
indicative of in vivo stability. There are few absolute rules, and it is a continuous
learning process to correlate the characteristics of the metal complex to the in vivo
behavior. All of these factors will be discussed for the various radiopharmaceuticals
and MRI contrast agents.

1.5. Organization of the re6iew

This review is organized into two major sections: metal-based radiopharmaceuti-
cals and MRI contrast agents. The first part of the review will discuss radiopharma-
ceuticals based on their radiometal, and this will then be followed by a section on
radiometal-labeled bioconjugates. The greatest attention has been given to new
agents developed in the last 10 years that have been evaluated in vivo and that have
not already been thoroughly reviewed. The second part of the review will focus on
MRI contrast agents, and in particular agents that have been or are currently in
clinical trials. A major focus will be on gadolinium complexes, followed by sections
on manganese and iron compounds. A smaller section is devoted to bioconjugate
MRI contrast agents.

2. Metal-based radiopharmaceuticals

2.1. Technetium

Technetium is the only transition metal that has no stable isotopes, and the
longest lived isotope, 99Tc (T1/2=2.1×105y), was discovered in 1937 by Perrier and
Segre. Technetium-99m (T1/2=6.02 h, Eg 140 keV) dominates the field of diagnostic
nuclear medicine, accounting for over 80% of diagnostic scans performed in US
nuclear medicine departments [1]. Technetium radiopharmaceuticals are used rou-
tinely for the imaging of diseased tissues in the human body, e.g. heart, brain,
kidney and bone. Its chemistry and radiochemistry has received wide attention over
the last few decades due to its ideal characteristics as a diagnostic radioisotope.
99mTc presents an isotope with a gamma emission suitable for SPECT imaging, an
economic and straightforward production route (99Mo/99mTc generator in the form
of 99mTcO4

−) and a chemistry that is both versatile and extensive. Its half-life
permits longer radiopharmaceutical preparation time than many other useful metal
isotopes yet the half-life is short enough to minimize radiation dose to the patient.

The coordination chemistry of technetium is diverse as a consequence of the
range of available oxidation states (−1 to +7), a wide number of coordination
geometries, and its ability to bind to a large range of donor ligands to fulfill its
coordination requirements. This flexibility can also be a hindrance when consider-
ing synthetic methods as well as the ultimate fate of the coordination compounds
in vivo. The use of 99mTc has been reviewed exhaustively over the last few years, in
terms of its current use in metal-essential radiopharmaceuticals [2–4], its coupling
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chemistry to both small and large biomolecules [5–10], and its coordination
chemistry [11–14]. Many more reviews, commentaries, texts and articles exist on
the subject of technetium in radiopharmaceutical chemistry. In this review article
the authors wish to focus on four new and interesting areas in the development of
technetium radiopharmaceuticals: (1) the use of lipophilic, cationic complexes to
detect multi-drug resistance (MDR) (Section 2.1.1); (2) 99mTc complexes to identify
hypoxic tissue (Section 2.1.2); (3) the use of technetium essential compounds to
bind and image dopamine receptors (Section 2.8.3); and (4) the binding of tech-
netium to peptides and proteins to image disease (Sections 2.8.4 and 2.8.5).

2.1.1. 99mTc-labeled MDR imaging agents
In chemotherapy, drug resistance presents a significant barrier to successful

management of cancers in humans. Resistance can be correlated to over-expression
of the multi-drug resistance (MDR) genes [15,16] either before or after beginning
chemotherapy. P-glycoprotein (Pgp) is a 170 kDa transmembrane glycoprotein
encoded by the MDR1 gene and is one of the active transport system proteins
responsible for resistance of some tumor cells to multiple chemotherapeutic agents
[17,18]. Pgp recognizes a variety of apparently unrelated compounds and acts as an
efflux pump working in an energy dependent manner. More recently a MDR
associated protein (MRP) of about 190 kDa has been described [19].

Lipophilic cations enter and accumulate in cells by passive diffusion, specifically
within mitochondria, as a result of the electrical potential gradient across the
respective membranes in actively metabolizing cells [20]. Complexes with these
properties can also act as substrates for Pgp and hence can be used to image
functional expression of MDR in tumors in vivo [21] and modulation of resistance
prior to a chemotherapy regime.

Technetium lipophilic cations have been investigated as imaging markers for
MDR. The primary technetium compound of interest is the 99mTc-complex of
2-methoxyisobutaneisonitrile [22] (99mTc–SESTAMIBI) (Fig. 1v). 99mTc–SES-
TAMIBI is an established radiopharmaceutical for myocardial perfusion imaging
(Cardiolite™, Dupont) but has been investigated also for oncological applications
[23]. The complex consists of six identical alkyl isonitrile ligands stabilizing the
Tc(I) metal core in an octahedral array. The lipophilic, monocationic complex is
extremely stable in vivo and contains no ionizable functional groups. 99mTc–SES-
TAMIBI is recognized and transported by the MDR1 Pgp protein [24–28], it has
been clinically evaluated and has been shown to be an efficient agent for functional
imaging of Pgp expression in breast cancer patients [29] and patients with refractory
cancer [30].

An extensive array of analogous aromatic isonitrile Tc(I) complexes have been
investigated and reported also [31] (Fig. 1). This exhaustive range of complexes
have been synthesized to contain functionalities (e.g. methoxyaryl moieties) com-
mon to a wide range of established MDR transport substrates and modulators.

The interest in lipophilic cationic complexes of technetium as Pgp substrates has
led to the investigation of two more 99mTc-radiopharmaceuticals. TechneCard™
(99mTc-Q12) (Mallinckrodt Medical) (Fig. 2) contains a monophosphine and a
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Fig. 1. Aromatic isonitrile Tc(I) complexes investigated for recognition and transport by the MDR1 Pgp
protein.

Schiff-base [32,33]. This compound is a modification of the first such agent
evaluated in humans, trans-[99mTcIII(acac2en)(PMe3)2]+. It belongs to a series of
non-reducible Tc(III) complexes containing an N2O2P2 donor atom set, modified to
enhance biodistribution properties. TechneCard™ contains the complex of the
general formula trans-[99mTcIII(L)(P)2]+, where L is the Schiff-base dianion 1,2-bis[-
dihydro-2,2,5,5-tetramethyl-3(2H)-furano-4-methyleneamino]ethane and P is tris(3-
methoxy-1-propyl)phosphine. This compound may not be as efficient as the
primary compound 99mTc–SESTAMIBI as a substrate for Pgp [34]; however,
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Fig. 2. Lipophilic Tc(III) (TechneCard™) and Tc(V) (Myoview™) complexes recognized by the Pgp
protein.

further investigations are currently underway into this series of non-reducible
Tc(III) cations [35].

Another radiopharmaceutical evaluated as a substrate for Pgp is Myoview™
(Amersham) (Fig. 2), a tetrofosmin complex of 99mTc. Tetrofosmin is a recently
developed bis(diphosphine) ligand which forms a cationic, lipophilic complex with
99mTc, [99mTcV(tetrofosmin)2O2]+[36,37]. This compound demonstrated rapid heart
uptake and rapid blood clearance, comparable to that of 99mTc–SESTAMIBI, but
with improved renal clearance and less hepatobiliary excretion [37]. The complex is
an analogue of trans-[TcVO2(DMPE)2]+in which the pendant phosphorous groups
have been modified to enhance its biokinetics. The compound contains the dioxo–
Tc(V) core, which is kinetically blocked from undergoing in vivo reduction.
99mTc–tetrofosmin has been shown in vitro to be an efficient substrate for Pgp [38].
Although no clinical data is available at present for this compound as a substrate
for Pgp, it may be more suitable than 99mTc–SESTAMIBI as a consequence of its
clearance properties, offering the possibility of imaging abdominal tumors.

The use of lipophilic, cationic, hydrophobic technetium complexes as substrates
for Pgp has now been firmly established. The modification and enhancement of
current radiopharmaceuticals has led to the identification of a number of candidates
as described above. It seems reasonable to assume that many more technetium
compounds, and indeed cationic, lipophilic compounds of other metals (see Section
2.6.2), will be utilized in functional imaging of multi-drug resistance.

2.1.2. 99mTc-labeled hypoxia imaging agents
Myocardial infarction, acute cerebral injury and tumors can have areas of

hypoxic (oxygen deficient) tissue that are important to identify for determining the
optimal treatment regime. For example, in tumors a strong negative correlation
between pretreatment tumor hypoxia and response to radiotherapy has been
reported [39]. The pretreatment tumor hypoxia is independent of tumor size and is
considered a prognostic indicator of poor clinical outcome following radiotherapy.

Designing a coordination complex that will be trapped selectively in hypoxic
tissue depends on a fine balance between redox potential and cell uptake. The
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Fig. 3. 99mTc-labeled hypoxia imaging agents.

selective trapping of a complex requires that its reduction potential is such that the
complex is reduced in hypoxic tissue but not reduced in normoxic tissue. Nitroim-
idazoles have been investigated as markers for hypoxic tissue and a 99mTc labeled
nitromidazole complex BMS-181321 (Fig. 3) has been investigated as a possible
agent for the delineation of hypoxic tissue in vivo. The single-crystal X-ray
structure of this neutral complex shows a five-coordinate Tc(V) center of square–
pyramidal geometry containing the oxo-group in the apical position [40,41]. Elec-
trochemical results from the same paper [41] quote a redox potential of −1480 mV
which is 10 mV more positive than that of misonidazole, the gold standard of
hypoxia targeting agents. BMS-181321 has been used with some success to identify
hypoxia in the heart [42–45] and in tumors [46].

The 99mTc compound, 99mTc-HL91, has demonstrated increased uptake in hy-
poxic and low-flow ischemic myocardium [47]. The compound is similar to BMS-
181321 in its donor atom set (N4) but does not contain a nitromidazole moiety (Fig.
3). Other 99mTc complexes have been investigated which include the structurally
unrelated Schiff-base/monophosphine complex TechneCard™ described above [48].
Any coordination compound that can traverse the cell membrane and has a redox
potential that will ultimately trap the radionuclide selectively in hypoxic cells may
have clinical usefulness in the determination of hypoxia in tissue.

2.2. Rhenium

Rhenium is the group VII congener of technetium and the chemical similarity
between the two elements stems from the lanthanide contraction observed for
second and third row transition metals [49]. The coordination compounds of the
two elements are similar in terms of size, geometries, dipole moments, lipophilicity,
etc. and as a consequence non-radioactive rhenium has often been used as an
alternative to 99Tc in preliminary investigations. One major difference between
analogous Tc and Re complexes is that their redox potentials can differ signifi-
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cantly, with technetium complexes being more easily reduced. This has practical
consequences for nuclear medicine since reduced rhenium radiopharmaceuticals
have a greater tendency to reoxidize back to perrhenate (ReO4

−) than do the
analogous technetium complexes to pertechnetate (TcO4

−). The relationship be-
tween rhenium and technetium chemistry in terms of their use in nuclear medicine
is discussed in a 1986 publication [50]. The isotopes of rhenium are primarily used
as therapeutic agents, and as such have lead to the development of therapeutic
186Re (T1/2=3.78 d, E

b− =1.07, 0.93 MeV) and 188Re (T1/2=16.9 h, E
b− =2.1

MeV) drugs based on 99mTc imaging agents. The g-emission following b− decay in
186Re (Eg=137 keV) and 188Re (Eg=155 keV) allows imaging which is useful when
considering the ultimate fate and dosimetry of the radiopharmaceutical used for a
therapeutic application.

The treatment of bone metastases has been the major use of rhenium complexes
to date. 186Re has been complexed to hydroxyethylidene diphosphonate (HEDP)
[50], which localizes in bone by bridging hydroxyapatite. 186Re–HEDP is an
effective palliative treatment of metastatic bone pain and is currently under clinical
investigation [51,52]. There have also been a number of publications on rhenium
agents which are based on the attachment of the radionuclide of choice to
biomolecules. These compounds will be discussed in Section 2.8.2.

2.3. Gallium

2.3.1. Gallium (III) chemistry
The coordination, analytical and radiopharmaceutical chemistry of gallium has

been reviewed [53–57]. The most prevalent oxidation state of gallium in aqueous
solution is +3, and this is the oxidation state most relevant to radiopharmaceutical
chemistry. The complexation of Ga(III) is dominated by ligands containing oxygen,
nitrogen and sulfur donor atoms. Gallium has well established coordination
numbers of 3, 4, 5, and 6 depending on the ligand; generally, six-coordinate Ga(III)
complexes are most stable in vivo. The ionization potential, ionic radii and
coordination number of Ga(III) are very similar to that of Fe(III), because Fe(III)
has a half-filled 3d orbital, similar to Ga(III) which has a filled 3d orbital.

2.3.2. Isotopes of gallium used in diagnostic imaging
There are three gallium radioisotopes with decay characteristics that are suitable

for either gamma scintigraphy or PET imaging. 67Ga (T1/2=78 h) is cyclotron-pro-
duced, decays by g-emission, and is used in gamma scintigraphy. 67Ga was first
produced for human use in 1953 [58]. 68Ga (T1/2=68 min) is produced from the
68Ge/68Ga generator [59], decays by 89% b+-emission, and is used in PET imaging.
The long half-life of the parent isotope, 68Ge (T1/2=280 days) gives this generator
a shelf-life of 1–2 years, allowing PET imaging at facilities without an on-site
cyclotron. 66Ga (T1/2=9.4 h) is a cyclotron produced b+-emitting radioisotope and
has been used in a small number of studies evaluating the utility of a medium
half-life b+-emitting gallium radionuclide for labeling slower clearing biomolecules
[60,61]. Radiopharmaceuticals labeled with 67Ga and 68Ga will be discussed.



15D.E. Reichert et al. / Coordination Chemistry Re6iews 184 (1999) 3–66

There are two requirements for using gallium complexes as radiopharmaceuticals:
they should be stable to hydrolysis (formation of complexes with OH−), and they
should be more stable than the Ga(III)–transferrin complex. In aqueous solution,
free hydrated Ga(III) is stable only under acidic conditions, with insoluble Ga(OH)3

forming as the pH is raised. Between pH 3 and about 9.5, insoluble Ga(OH)3 is the
primary species, whereas above pH 9.6, the soluble gallate ion (Ga(OH)4

−) forms.
In the preparation of Ga(III) coordination complexes, ligand exchange is often
necessary since the precipitation of Ga(OH)3 occurs more rapidly than complexa-
tion with ligands that bind Ga(III) at a slower rate. For example, GaCl3 is generally
complexed first with a weakly coordinating ligand such as acetate or citrate, and
then this Ga(III) species is used to prepare coordination complexes of higher
stability.

Gallium radiopharmaceuticals must also be resistant to exchange with the plasma
protein transferrin. The large formation constant of Ga(III)–transferrin (log K1=
20.3) [62] and the high plasma concentration of this protein (0.25 g/100 ml)
thermodynamically favor the in vivo exchange of many Ga(III) complexes with
transferrin. The majority of radiogallium complexes used as radiopharmaceuticals
have very high thermodynamic stability or are kinetically stable to exchange with
transferrin in vivo. Ligands that form highly stable complexes are generally
multidentate and contain carboxyl, amino or thiol groups.

2.3.3. 67Ga- and 68Ga–citrate
There is one clinically used radiopharmaceutical that takes advantage of the in

vivo exchange of Ga(III) with transferrin. 67Ga-labeled citrate was first used in
tumor imaging nearly 30 years ago [63], and a few years later researchers deter-
mined that the 67Ga was actually binding transferrin in vivo [64]. Today, 67Ga–ci-
trate/transferrin remains a widely used radiopharmaceutical for the clinical
diagnosis of certain types of neoplasms, such as Hodgkin’s disease, lung cancer,
non-Hodgkin’s lymphoma, malignant melanoma and leukemia. The mechanism of
67Ga–citrate/transferrin uptake into tumors has long been disputed. The current
theory is that the 67Ga–transferrin complex binds to the transferrin receptor
present on tumor cells, and is then incorporated into the cell by receptor-mediated
endocytosis [65].

68Ga labeled citrate/transferrin has also been used in diagnostic imaging, but due
to the much shorter half-life of 68Ga than 67Ga, the disease states studied are very
different. For example, 68Ga–transferrin has been used to quantify pulmonary
vascular permeability using PET [66], where 68Ga–transferrin is taken up in the
lungs immediately after injection. The use of PET allows quantification capabilities
that are not possible with 67Ga and gamma scintigraphy.

2.3.4. 68Ga-labeled myocardial imaging agents
Because of the convenient half-life of 68Ga, and the fact that it is generator-pro-

duced and therefore more widely available, considerable interest lies in the develop-
ment of 68Ga-labeled myocardial, cerebral and tumor targeting agents. During the
last 10 years, there have been significant advances in the development of 68Ga-la-
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Fig. 4. Ligands evaluated as 68Ga-labeled myocardial imaging agents in an animal model.

beled myocardial imaging agents. Lipophilic Ga(III) complexes, both neutral and
cationic, have been shown to localize in the heart. Uncharged, lipophilic Ga(III)
complexes of 1,1,1-tris-(5-methoxysalicylaldiminomethyl)ethane [5-MeO(sal)3tame]
and other 1,1,1-tris-(alkoxysalicylaldiminomethyl)ethane derivatives [(ROsal)3tame]
were investigated as 68Ga myocardial imaging agents with limited success [67,68].
Green and coworkers followed up on these agents with more lipophilic tris(salicy-
laldimine) agents containing alkoxy substituents on the ethane backbone of the
triamine framework, (Fig. 4) [69]. Although these agents had increased uptake in
the heart and higher heart:blood ratios, their increased lipophilicity resulted in
high accumulation of the tracer in the liver. Tsang and coworkers prepared
a series of hexadentate bis(salicylaldimine) ligands that formed lipophilic cat-
ionic Ga(III) complexes, and found that one of the complexes, 68Ga–[(4,6-

Fig. 5. Lipophilic cationic Ga(III) complex exhibiting significant myocardial uptake in an animal model.
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Fig. 6. Tripodal amine phenol ligands for Ga(III) which form both either cationic or neutral species.

MeO2sal)2BAPEN]+(Fig. 5), exhibited significant myocardial uptake and retention
over the neutral salicylaldimine ligands [70,71].

Liu and coworkers reported on two series of tripodal amine phenol ligands for
Ga(III) (Fig. 6). One set of ligands had an N4O3 backbone and formed cationic
complexes with Ga(III) [72]. The other series had three chelating arms bridged by
a carbon atom (N3O3), formed neutral complexes with Ga(III), and were considered
more pre-organized and possibly more stable [73]. Both series of ligands formed
distorted octahedral complexes and have potential as myocardial imaging agents.
To date, no stability or in vivo studies have been reported.

Zhang et al. evaluated a series of neutral, highly lipophilic Ga(III) complexes of
1-aryl-3-hydroxy-2-methyl-4-pyridinones (Fig. 7) and found heart uptake of these
complexes in rabbit and dog models [74]. Although these complexes were only
stable a short time in vivo, the complexes were stable long enough for a first pass
extraction by the heart, and for one of the complexes, the brain.

Fig. 7. Lipophilic 1-aryl-3-hydroxy-2-methyl-4-pyridinones and their Ga(III) complexes.
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Fig. 8. (a) The N2S2 ligand BAT–TECH whose Ga(III) complex showed significant myocardial uptake
in an animal model. (b) The hexacoordinate N2O4 ligand THM2BED which showed both heart and
brain uptake in rats.

Other ligands that have been evaluated for myocardial imaging include a 68Ga
complex with a four-coordinate N2S2 ligand, (BAT–TECH) (Fig. 8a) [75,76]. This
68Ga complex showed significant uptake in the heart; however, the activity washed
out over time, and the blood activity remained constant after 30 min. Another
complex evaluated as a heart agent is the 68Ga complex of THM2BED (Fig. 8b)
[77]. This complex was taken up in the heart and to a smaller extent in the brain,
but it had a high accumulation in the blood, and quickly washed out of the heart
and brain.

2.3.5. 68Ga-labeled brain imaging agents
The development of a Ga(III) agent that crosses the blood–brain barrier has

been an elusive goal over the past 30 years. There are very few reports of
radiogallium complexes that accumulate in the normal brain. The 68Ga-labeled
pyridinone derivatives developed by Zhang and coworkers showed uptake in rabbit
brain that appeared to accumulate over several hours [74]. 68Ga–THM2BED
showed slight uptake in the brain at very early times post-injection, but showed
rapid washout [77].

Fig. 8. (a) The N2S2 ligand BAT–TECH whose Ga(III) complex showed significant myocardial uptake
in an animal model. (b) The hexacoordinate N2O4 ligand THM2BED which showed both heart and
brain uptake in rats.
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More recently, Cutler and coworkers have shown that a small, neutral, lipophilic
complex of 68Ga labeled to a tris(2-mercaptobenzyl) amine (S3N) ligand (Fig. 9) crosses
the blood–brain barrier [78,79]. The 68Ga–S3N complex does not exhibit first-pass
uptake into the brain (i.e. the highest uptake immediately after injection), but rather
shows slower uptake in the brain followed by slow washout, with a brain:blood ratio
of 3.5 at 15 min post-injection, increasing to 5.2 by 60 min. This agent exhibits the
most promise for brain imaging of any 68Ga complex evaluated to date.

2.4. Indium

2.4.1. Indium chemistry
The chemistry of indium is very similar to that of gallium. Both metals are only

stable in the +3 oxidation state in aqueous solution. Many of the same nitrogen,
oxygen and sulfur containing ligands bind both Ga(III) and In(III) with high stability.
Gallium and indium are in group IIIB of the periodic table. Ga(III) is considered
a hard metal ion, which prefers binding to hard oxygen donor ligands, whereas In(III)
is considered intermediate with respect to the Hard Acid/Hard Base (HAHB) theory
[80], preferring neutral nitrogen and negative sulfur donor atoms [81]. In(III) also
hydrolyzes easily, forming insoluble hydroxides at pH\3.4, and forms very strong
complexes with transferrin [82].

2.4.2. Indium imaging agents
The most widely used radioisotope of indium for labeling radiopharmaceuticals

is 111In. 111In (T1/2=62 h) is cyclotron produced, decays by electron capture (EC)
with subsequent emission of gamma photons of 173 and 247 keV (89 and 94%
abundance, respectively), and is widely used in gamma scintigraphy. 111In was first
evaluated in vivo in 1969 [83,84].

There have been a number of reviews which cover 111In radiopharmaceuticals
[85–89]. Many of the 111In-labeled imaging agents that were developed in the 1970s
are still used today. 111In–DTPA has been used as a diagnostic agent for renal and
brain imaging and is currently used for imaging flow changes and leakage of
cerebrospinal fluid [90,91]. 111In-labeled white blood cells (using 111In–oxine) is an
agent for imaging infection [92]. The majority of new 111In radiopharmaceuticals are
biomolecules such as proteins and peptides. These agents are discussed later on in
Sections 2.8.2 and 2.8.4.

2.5. Ligands for forming stable Ga(III) and In(III) complexes

A large number of ligands have been designed for Ga(III) and In(III). In the design
of metal complex radiopharmaceuticals, an important factor is thermodynamic
stability. Thermodynamic stability does not necessarily indicate that the complex is
stable in vivo; however, it is often used as a first criterion for designing radiophar-
maceuticals. Table 3 lists the stability contants of Ga(III) and In(III) for
polyaminopolycarboxylate, hydroxyaromatic, macrocyclic and amine–thiol type
ligands.
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Table 3
Stability constants of Ga(III) and In(III) complexes

pMLigand Ref.[ML]/[L][M]

Ga(III) In(III) Ga(III) In(III)

18.3 [62,82]Transferrin 19.719.8 18.3
22.1EDTA 21.0 24.9 [93]20.0
24.9DTPA 24.3 29.0 20.2 [93]
19.0 [93,98]PLED 24.732.3 26.5

21.8 19.7HBPLED 31.0 [95]29.0
[95]19.7DMPLED 25.527.3 21.5

24.6 20.6 [95]Me4HBPLED 31.9 33.0
[97]20.0HBED 28.738.5 28

17.8THMBED 34.2 30.7 21.2 [99]
[99]18.3t-butyl-HBED 23.336.3 31.3

18.8Me4HBED 34.2 30.7 22.2 [99]
19.2SHBED 37.4 29.4 27.2 [98]
14.9 [99]HBMA 19.130.5 26.3
13.8rac-TMPHPG 32.5 26.0 20.7 [101]

[101]13.3meso-TMPHPG 20.734.0 26.6
23.3 16.1 [100]rac-EHPG 33.9 26.7

[100]14.9meso-EHPG 22.032.4 25.3
21.6NOTA 30.1 26.2 26.4 [105]

[106]17.8DOTA 15.221.3 23.9
16.2TETA 19.7 21.9 14.1 [106]
16.6TACN–HB 40.5 33.3 23.4 [109]
15.0 [345]TACN–TX 25.244.2 34.0
15.2TACN–HP 42.0 25.08 [109]32.1

[346,347]17.4TACN–meHP 34.945.6 28.02
23.9 23.6 [108]TACN–TM 34.2 36.1

[118]21.74SS 22.624.7 27.4
[118]5SS 27.4 30.9 22.1 23.7
[118]30.96SS 31.641.0 39.8
[118]EDDASS 35.6 37.0 29.0 30.4
[114,117]EC 31.5 33.0 NR NR

2.5.1. Polyaminopolycarboxylate ligands
Although Ga(III) and In(III) are somewhat different with respect to their HAHB

character, they both bind to polyaminopolycarboxylate ligands with high stability.

Fig. 10. The classic polyaminocarboxylate ligands EDTA and DTPA.
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Fig. 11. Pyridoxylethylenediamine ligands for the complexation of Ga(III) and In(III).

The classic polyaminopolycarboxylate ligands EDTA and DTPA (Fig. 10) form
strong complexes with Ga(III) and In(III), with the log stability constants in the
range from 21 (for Ga–EDTA) to 29 (In–DTPA) [93]. Ga(III) and In(III) bind to
EDTA and DTPA in a six-coordinate octahedral configuration.

2.5.2. Pyridoxylethylenediamine deri6ati6es
In attempts to improve upon the chelates EDTA and DTPA and design more

biologically stable Ga(III) and In(III) complexes for use as radiopharmaceuticals,
the thermodynamic stabilities and in vivo behavior of a number of hexadentate
ligands with an EDTA-type framework have been evaluated. The first type of
agents investigated were N,N %-dipyridoxylethylenediamine-N,N %-diacetic acid
(PLED) (Fig. 11a) [94], which form Ga(III) and In(III) complexes with a single
negative charge. The Ga–PLED complex was more thermodynamically stable
than either Ga–EDTA or Ga–DTPA; however, the In–PLED complex has
showed intermediate stability that was greater than In–EDTA and less than
In–DTPA [93]. Other derivatives were evaluated, including the addition of a
methyl group to the pyridine nitrogen which increased the overall charge
(Me4HBPLED and DMPLED) (Fig. 11b and c). The In(III) complex of
Me4HBPLED with one hydroxybenzyl and one methylpyridoxyl moiety, had a
thermodynamic stability \6 orders of magnitude higher than the parent In–
PLED compound [95]. Conversely, the In(III) complex of DMPLED which has
two methylpyridoxyl moieties, was 5 orders of magnitude less stable than the
parent PLED compound. In normal rats, the PLED derivatives of 68Ga and
111In were cleared primarily through the kidneys and excreted into the urine [96].
Adding methyl substituents (DMPLED) increased the lipophilicity and somewhat
increased the uptake in the liver; however, the clearance remained predominantly
renal [96].

2.5.3. Hydroxyaromatic diamines
Another type of hydroxyaromatic ligand for Ga(III) and In(III) that was

evaluated was N,N %-bis(2-hydroxy-3,5-dimethylbenzyl)ethylenediamine-N,N %-di-
acetic acid (HBED) (Fig. 12a). Ga–HBED was \14 orders of magnitude more
stable than either Ga–EDTA or Ga–DTPA; however, the In–HBED complex was
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Fig. 12. Hydroxybenzylethylenediamine ligands for the complexation of Ga(III) and In(III).

10 orders of magnitude less stable than the Ga compound [97], and about one order
of magnitude less stable than In–DTPA. Derivatizing HBED with various sub-
stituents on the phenyl ring (Fig. 12) decreased the stability of the Ga(III)
complexes [95,98,99]. Adding methyl groups in the 2- and 4-position on the phenyl
ring (TMHBED) and adding a sulfonyl group in the 4-position (SHBED) increased
the stability of the In(III) complexes [99]. The addition of alkyl substituents
(TMMe4HBED, t-butyl HBED) significantly increased the amount of initial uptake
of the 68Ga and 111In-labeled compounds in the liver in rats [96].

EHPG and its more lipophilic derivative TMPHPG (Fig. 13) [100,101] are
derivatives of the previously discussed hydroxyaromatic ligands, but have carboxy-
late groups on the hydrocarbon backbone rather than the nitrogen. This derivatiza-
tion gives rise to stereoisomers, and the racemic and meso forms of EHPG and
TMPHPG have been separated and their stability constants measured. For both
ligands (racemic and meso isomers), the Ga(III) complexes were \6 orders of
magnitude more stable than the corresponding In(III)complex. The Ga(III) and
In(III) racemic forms of the EHPG complexes were more stable than the meso

Fig. 13. Hydroxybenzylethylenediamine ligands with carboxylates located on the backbone instead of the
amines. Both ligands possess steroisomers which are not indicated in the figure.
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isomers, while for the TMPHPG the reverse was true. The in vivo results appeared
to correlate with the thermodynamic stability; the 68Ga-labeled EHPG and TM-
PHPG cleared rapidly out of the blood and liver and into the intestines, while the
111In-labeled EHPG and TMPHPG did not clear from the blood as rapidly and the
activity remained in the liver out to 2 h with no appreciable clearance [102,103].
The higher levels of blood and liver activity of the 111In-labeled EHPG and
TMPHPG suggest that the 111In may have dissociated from the chelate and bound
to serum and liver proteins.

2.5.4. Macrocyclic chelates
Another class of ligands for Ga(III) and In(III) that form very stable complexes

of various charges are macrocyclic chelators. A variety of macrocycles containing
nitrogen and oxygen or nitrogen and sulfur donor atoms have been evaluated.
Three carboxylic acid derivatized macrocyclic chelators evaluated with Ga(III) and
In(III) are NOTA, DOTA and TETA (Fig. 14). Craig and coworkers first published
the crystal structure of Ga–NOTA [104]. This was followed by determination of the
stability constant by Clarke and Martell [105]. The trends for the stability of the
Ga(III) and In(III) complexes of the three ligands are the same for both metals:
NOTA\DOTA\TETA [105,106]. The Ga(III) complex of NOTA is ca. 4 orders
of magnitude greater than the In(III) complex; however, the In(III) complexes of
DOTA and TETA are 2–3 orders of magnitude greater than Ga(III). The lower
stability of In–NOTA versus Ga–NOTA could be due to the larger radius of the
In(III) cation (94 pm) versus the Ga(III) cation (76 pm) and the smaller cavity size
of NOTA. The higher selectivity of DOTA and TETA for In(III) is more likely due
to steric factors [105].

The high stability of the Ga(III) and In(III) triazacyclononane (TACN) deriva-
tives (Fig. 15) has led to the synthesis and evaluation of a number of other analogs.
Moore and coworkers synthesized a thiol-derivatized TACN derivative (Fig. 15b)
and published the crystal structure of the Ga(III) complex, showing the Ga(III)
chelated in a slightly distorted octahedral environment [107]. The stability constants
of Ga(III) and In(III) complexes of TACN–TM were considerably higher than the
NOTA derivatives, with the In–TACN–TM having a stability 10 orders of
magnitude higher than In–NOTA, demonstrating the greater affinity of In(III) for
thiol containing ligands [108].

Fig. 14. Macrocyclic ligands which form stable complexes with both Ga(III) and In(III).
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Fig. 15. Triazacyclononane and derivatives utilizied as Ga(III) and In(III) ligands.

Jones–Wilson and coworkers evaluated a number of different TACN derivatives
(Fig. 15c–f) which contained either hydroxybenzyl or hydroxypyridyl groups on the
nitrogens [109]. The stabilities of the neutral Ga(III) complexes were all more than
10 orders of magnitude higher than the Ga–NOTA complexes, indicating the high
affinity of Ga(III) for the hydroxybenzyl and hydroxypyridyl moieties over an
aliphatic carboxyl group. The more rigid structure of TACN ligands also may
contribute to the greater stability. The Ga(III) hydroxypyridyl TACN derivatives
were 17 orders of magnitude more stable than the In(III) derivatives, indicating the
high selectivity of the hydroxypyridyl group for Ga(III) over In(III). The Ga(III)
and In(III) hydroxypyridyl TACN complexes were much less stable under in vivo
than the hydroxybenzyl derivatives.

2.5.5. Amino– thiol chelates
In more recent years, there have been efforts toward the development of a more

stable chelate for In(III). This is due in part to the advent of 111In-labeled mAbs
and peptides using bifunctional chelating agents. Kung and coworkers evaluated
four-coordinate N2S2 ligands (TE–BAT (Fig. 16b) and BAT–TECH (Fig. 8a)) for
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Fig. 16. Aminothiol ligands for In(III). Compound b exhibited the highest myocardial uptake of the
series.

In(III) and Ga(III) as potential myocardial imaging agents [75,110]. New synthetic
methods to prepare macroscopic quantities of these Ga(III) complexes were pub-
lished recently [111]. Cotsyfakis et al. reported the synthesis and mouse biodistribu-
tion results for a series of ten positively charged NxS2 complexes of In(III) (Fig.
16a–j) [112]. Of the ten aminothiol derivatives investigated, In–TE–BAT gave the
highest heart:blood ratio.

John and coworkers carried out biodistributions in mice of two lipophilic 67Ga
agents: a thiol-derivatized TACN (Fig. 17a) and a 67Ga-labeled N3S3 ligand
(TMAE) (Fig. 17b) [113]. They found them to be stable in vivo, but the agents had
no significant heart or brain uptake.

Hexacoordinate diamine dithiol dicarboxylate complexes have been found to
form extremely stable complexes with In(III) [114–118]. In(III) and Ga(III) demon-
strated log stabilities with N,N %-ethylene-di-l-cysteine (EC) (Fig. 18a) of 33.0 and
31.0, respectively [114,117]. A thiol containing derivative of EDTA was synthesized

Fig. 17. Polyaminopolythiol ligands which complex Ga(III).
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Fig. 18. A series of hexacoordinate N2S2 ligands for complexing Ga(III) and In(III). The In(III) complex
of (e) has the highest stability of any In(III) complex reported to date.

by substituting two acetate groups for two mercaptoethyl groups (EDDASS) (Fig.
18b). The log stability of this ligand for In(III) was 37.0 [115]. The ligand that had
the highest affinity for In(III) was a derivative of EDDASS that had geminal
dimethyl groups on the carbon backbone (6SS) (Fig. 18e). The In–6SS complex
had a log stability of 39.8 [118].

In the study by Sun et al., the thermodynamic stability of a series of 4, 5 and 6
coordinate 67/68Ga- and 111In-labeled N2S2 complexes (4SS, 5SS, 6SS, and ED-
DASS) (Fig. 18b–e) was correlated with in vivo behavior [118]. The 6-coordinate
complexes also had a \9-fold increase in stability over the four- and five-coordi-
nate complexes. The six-coordinate complexes cleared more rapidly through the
liver than the four- and five-coordinate complexes. Similar behavior was observed
for 67Ga- and 111In-labeled EC [114], where the more stable 111In–EC cleared more
rapidly than 67Ga–EC. Although no experiments were carried out to verify the fate
of the radiolabel in the liver, the more rapid clearance of the 6-coordinate
complexes was likely due to the complexes being excreted intact, whereas retention
in the liver of the four- and five-coordinate complexes may have been due to the
radiometal becoming dissociated from the chelate with subsequent binding to
proteins.

2.6. Copper

The radionuclides of copper offer a selection of diagnostic (60Cu, 61Cu, 62Cu and
64Cu) and therapeutic (64Cu and 67Cu) isotopes (Tables 1 and 2). The positron-emit-
ting diagnostic isotopes have a wide range of half lives (10 min to 12.7 h) and are
cyclotron or generator produced. The improved production of copper isotopes is
currently under investigation and the efficient production of high purity and high
specific activity 60Cu, 61Cu and 64Cu by a biomedical cyclotron has been reported
recently [119,120]. All aspects of copper radionuclide production, chemistry, radio-
chemistry and radiopharmacology have been published in an exhaustive review by
Blower et al. in 1996 [121].
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The use of copper radionuclides presents many advantages over those of the
established radionuclides such as 99mTc. The chemistry of copper is restricted to two
principle oxidation states (I and II) and the relatively simple coordination and
redox chemistry of copper is well documented. Copper is ubiquitous in nature and
its biochemistry and metabolism in humans is well known. The physical properties
of the available isotopes have lead to the development of kinetically inert copper
complexes for long term targeting and trapping (e.g. radiolabeled antibodies), and
those selectively trapped in tissues by redox-catalyzed ligand exchange mechanisms
(e.g. blood flow tracers). We will discuss some new developments in the area of
copper radiopharmaceuticals since the publication of the 1996 review.

2.6.1. Metabolism of copper chelates
The choice of bifunctional chelate moiety is highly dependent on the stability it

confers to the metal center. Motekaitis and co-workers measured the stability
constants of two macrocyclic chelates and their corresponding bifunctional chelates
(Fig. 19) [122]. They determined that adding a functional group to one of the
nitrogens on either cyclam (1,4,8,11-tetraazacyclotetradecane) or 15aneN5
(1,4,7,10,13-pentaazacyclopentadecane) decreases the stability about 2–4 orders of
magnitude, with the functionalized cyclam derivative showing the greater decrease
in stability.

Fig. 19. Macrocyclic bifunctional chelates for Cu(II).
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Fig. 20. Bis(diphosphine) ligands for complexing Cu(I).

The choice of chelate can dramatically affect the biokinetics, distribution and
metabolism of the radiopharmaceutical which will ultimately determine the clinical
usefulness of the drug. A recent study on four copper chelates has shown that
chelate charge and lipophilicity play a role in kidney retention of copper radiola-
beled antibodies and that transchelation of the copper radiolabel appears to be a
significant factor for accumulation in the liver [123].

2.6.2. MDR imaging agents
As discussed with 99mTc agents (Section 2.1.1), lipophilic cations can act as

substrates for Pgp and therefore be useful in the detection of MDR in tumors. In
1996, a series of 64Cu(I)–bis(diphosphine) complexes (Fig. 20) were evaluated in
vitro and in vivo [124]. These lipophilic, stable complexes are easily and efficiently
produced. The complexes are tetrahedral and cationic and act as substrates for Pgp
in vitro [125].

2.6.3. Hypoxia imaging agents
The use of redox active compounds for the detecting tissue ischemia was

described in Section 2.1.2. Fujibayashi and coworkers have shown that the
bis(thiosemicarbazone) complex, Cu(II)–diacetyl-bis(N4-methylthiosemicarbazone)
(62Cu–ATSM) (Fig. 21a), is trapped selectively in hypoxic tissue [126]. The cop-
per(II), neutral, square–planar complex exhibits high membrane permeability and
low redox potential. The analogous complex, Cu(II)–pyruvaldehyde-bis(N4-
methylthiosemicarbazone) (Cu–PTSM) (Fig. 21b), is a proven blood flow tracer
that becomes trapped in most major tissues (e.g. brain, heart, liver, kidney) and
even tumors [121]. More recently it has been shown to be trapped in rat brains after

Fig. 21. Bis(thiosemicarbazone) Cu(II) complexes utilized for imaging hypoxic tissue (a) and for
perfusion (b).
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Fig. 22. Mixed bis(thiosemicarbazone) ligands for complexing Cu(II).

transient global ischemia [127]. By the simple addition of the methyl group to
PTSM (pyruvaldehyde to diacetyl) the redox potential of the complex was altered.
Cu(ATSM) has a lower redox potential (−297 mV) compared to that of
Cu(PTSM) (−208 mV). This difference in the redox values was postulated to be
the primary reason for the selective trapping of Cu(ATSM) in highly reductive
hypoxic tissue, but not in less reducing normal tissue.

Although not presented as possible hypoxia agents, a 1997 report describes new
mixed bis(thiosemicarbazone) ligands (Fig. 22) as possible new radiopharmaceuti-
cals [128]. The 62Cu complexes of these tetradentate thiosemicarbazone ligands were
produced and evaluated in rat models. The approach of using dissimilar thiosemi-
carbazone moieties may dramatically effect the redox properties of the complexes
and as a consequence produce cerebral and myocardial agents and aid in the
detection of ischemia.

2.7. Yttrium

A review on the general coordination chemistry of yttrium has been presented
[129] which focuses on novel compounds that have been structurally characterized,
but does not focus on compounds of biological interest. Here, we will describe
briefly some complexes of yttrium that are of interest in medicine.

There are two radioisotopes of yttrium that have been utilized in preparing
radiopharmaceuticals: 90Y (T1/2=64.06 h) and 86Y (T1/2=14.7 h). Yttrium-90 is a
pure b− emitter, and therefore has applications for targeted radiotherapy. Yttrium-
86 is a positron-emitter, and has been used as an alternate label for 90Y for
applications in PET imaging [130–132].

In aqueous solution, the most prevalent species present is Y(III), and therefore,
many of the same chelates that complex In(III) in a stable configuration have been
utilized with Y(III). The majority of studies using yttrium radioisotopes involve the
labeling of 90Y or 86Y to larger biomolecules through bifunctional chelates (see
Section 2.8.1), generally, derivatives of DTPA and DOTA. It has been shown that
in vivo 90Y dissociates from DTPA and accumulates in the bone [133]. For this
reason, the macrocyclic chelate DOTA has replaced DTPA since it forms more
kinetically stable complexes [134]. Further discussion on 90Y and 86Y-labeled
biomolecules will be presented in Section 2.8.2.1.
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2.8. Radiometal-labeled biomolecules

2.8.1. Bifunctional chelates and direct methods of labeling
Within the last 10 years, there has been a considerable amount of research in the

area of radiometal-labeled receptor targeted agents. Receptor ligands can be larger
biomolecules such as peptides, or smaller organic molecules such as dopamine or
folic acid. The radiometal is connected to these biomolecules via a bifunctional
chelating agent (BFC), which consists of a chelate to complex the radiometal and
a functional group for attachment to the biomolecule. Functional groups that form
amide, thiourea, urea, Schiff-base, or thioether linkages with amine or thiol groups
on proteins and peptides have been described [8,135–141]. The first BFCs described
were analogs of EDTA and DTPA [142–145]. Several improvements have been
made to the originally developed BFCs, and they are described in a review article
by Gansow [140]. Commonly used BFCs for radionuclides of copper, technetium,
and rhenium are described in a review article by Schubiger et al. [141]. Two other
thorough reviews by Jurisson et al. and Hnatowich describe BFCs designed for
isotopes of indium, technetium, yttrium, and rhenium [3,146]. Eckelman has
published an exhaustive review of 99mTc radiopharmaceuticals that includes a fairly
complete section on BFCs for labeling peptides and proteins with 99mTc [7].

Alternative methods for labeling proteins and peptides with 99mTc involve
reducing intramolecular disulfide bonds to generate thiol groups which have high
affinity for Tc(V). Several review articles discuss the various direct labeling methods
for 99mTc and rhenium isotopes and proteins [146–149]. More recently, methods for
direct labeling of 99mTc- and 188Re-peptides have been reported [150–152]. We will
discuss radiometal biomolecule conjugates by the type of diseased tissue they target.

2.8.2. Tumor targeting agents
The radiolabeling of antibodies for the detection of cancer in the early 1970s

[153–155] marked the beginning of the use of radiolabeled proteins and peptides for
targeting antigens and receptors that are upregulated in tumors. Initially, radiola-
beled antibodies were labeled with iodine radionuclides, but currently, the use of
radiometal-BFC-antibody conjugates is becoming more prevalent. Over the last 25
years, the field of radioimmunoscintigraphy (RIS) and radioimmunotherapy (RIT)
has grown such that there are currently three RIS agents approved for clinical use
in the USA (Section 2.8.2.3). More recently, since the early 1980s, the radiolabeling
of receptor ligands for cancer imaging has become very widespread, and there is
one radiometal-labeled receptor agent approved for use in the USA (Section
2.8.2.1). This section of the review will focus on radiometal-labeled receptor ligands
for oncological imaging.

2.8.2.1. Somatostatin analogs. Some of the first peptide-based tumor receptor
imaging agents were radiolabeled analogs of the hormone somatostatin. Somato-
statin is a 14-amino-acid peptide involved in the regulation and release of a number
of hormones, including growth hormone, thyroid-stimulating hormone and pro-
lactin. Somatostatin receptors (SSR) occur in a number of different normal organ
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systems such as the central nervous system, the gastrointestinal tract, and the
exocrine and endocrine pancreas [156–158]. A large number of human tumors are
also somatostatin receptor-positive [159]. Somatostatin has a very short biological
half-life and analogs have been developed, such as octreotide, which show much
longer residence times [160]. Octreotide, an 8-amino acid SS analog, has been
labeled with 111In using a BFC of DTPA [161,162], (Fig. 23), and is approved for
human use in the USA and Europe as a diagnostic imaging agent for neuroen-

Fig. 23. The somatostatin analog octreotide and BFC-octreotide conjugates for radiometal labeling.
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Fig. 24. of the ligand desferrioxamine-B.

docrine tumors [163]. Somatostatin analogs, including octreotide, RC-160, and
several developed by Diatide, have been labeled with a wide variety of metal
radionuclides, including 64Cu, 68Ga, 99mTc, 188Re and 90Y, for diagnostic imaging
and radiotherapy. In the following section, several of these will be discussed.

68Ga–DTPA–octreotide was prepared, but dissociation of the 68Ga occurred
upon incubation in serum [164]. A BFC of HBED was also conjugated to
octreotide; this agent was not investigated in vivo due to the hydrophobic and
insoluble nature of the HBED–octreotide conjugate [164]. 68Ga and 67Ga have been
labeled to octreotide using the BFC desferrioxamine-B (DFO) (Fig. 24) [164,165].
DFO, a well-known chelate with high affinity for Fe(III), is used for treating iron
overload [166,167] and forms a stable, neutral complex with Ga(III) by coordina-
tion through three hydroxamate groups. DFO has an amino group of relatively
high reactivity that allows conjugation to peptides or proteins, and it has been
conjugated to HSA [168]. 67/68Ga–DFO–octreotide was stable in vivo and showed
high affinity for the SSR both in vitro and in vivo. The biological clearance of
67/68Ga–DFO–octreotide was rapid, and the conjugate was excreted through the
kidneys and into the urine, similar to 111In–DTPA–octreotide. This agent has
potential as a PET agent for imaging SSR positive tumors.

Octreotide has been conjugated to two macrocyclic bifunctional chelates, CPTA
and TETA (Fig. 19c and Fig. 14c), for labeling with 64Cu [169]. Because of the
lability of copper, macrocyclic chelates are necessary to form complexes that are
stable in vivo. CPTA, a derivative of cyclam, forms Cu(II) complexes having a +1
charge, whereas the Cu–TETA complex has a −1 charge. 64Cu–CPTA–octreotide
and 64Cu–TETA–octreotide (Fig. 23) had high affinity for the SSR both in vitro
and in vivo, but the biological clearance was very different between the two
conjugates. The 64Cu–CPTA conjugate cleared almost exclusively through the liver,
and the clearance was very slow. This contrasted dramatically with 64Cu–TETA–
octreotide, which cleared primarily through the kidneys, with very low liver
accumulation. These results demonstrate that the BFC has a major impact on the
biological behavior of radiometal-BFC-biomolecule conjugates. 64Cu–TETA–oc-
treotide is currently being evaluated as a PET imaging agent for neuroendocrine
tumors [170]. Preliminary results showed that 64Cu–TETA–octreotide was able to
detect even more SSR positive lesions than the currently used agent, 111In–DTPA–
octreotide and gamma scintigraphy.

Octreotide analogs have also been labeled with 86Y (PET imaging) and 90Y
(radiotherapy) through DTPA and DOTA chelates [131,132,171–173]. The DTPA
chelate was shown to be a suboptimal chelate for 90Y due to the in vivo instability
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of 90Y–DTPA, resulting in high bone uptake [131,171]. 90Y–DOTA was found to
be very stable in vivo, and 86/90Y–DOTA–Tyr3–octreotide demonstrated high
target uptake and rapid renal clearance [132,172]. Clinical trials for PET imaging
and radiotherapy using 86Y- and 90Y-labeled DOTA–Tyr3–octreotide are imminent
[132,172].

99mTc has been conjugated to the somatostatin analog RC-160 using bifunctional
chelates such as CPTA and HYNIC, and also by direct labeling methods, where the
99mTc was complexed to free thiols generated by reduction of the disulfide bond in
octreotide [152,174]. In these preparations, reducing agents for the disulfide bond as
well as the 99mTcO4

− were included in the reaction. The pertechnetate (99mTc(VII))
was reduced to 99mTc(V) with Na2S2O4 while the reducing agent for octreotide’s
disulfide bond was ascorbic acid [151]. The biodistributions of directly labeled
99mTc–RC-160 and 99mTc–CPTA–RC-160 in tumor-bearing mice demonstrated
similar uptake in both target and non-target organs [152]. Zamora et al. have
labeled RC-160 with 188Re using a direct labeling method where stannous ions serve
the dual purpose of reducing both perrhenate and the disulfide bond in the peptide
[175,176].

Technetium and rhenium have been complexed to somatostatin analogs via
chelates formed from peptides containing the amino acids glycine, cysteine and
lysine [177]. These chelators included bisamide bisthiols, provided by the sequence
–Cys–Gly–Cys–, triamide thiols provided by the sequence –Gly–Gly–Cys– and
a diamide–amine–thiol of the type –(o-Lys)–Gly–Cys and bound oxo–rheni-
um(V) and oxo–technetium(V) in a tetradentate fashion (Fig. 25). Using small

Fig. 25. Peptide based ligands for Tc and Re which can then be conjugated to peptide-receptor ligands.
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Fig. 26. The folate-DFO bioconjugate which has been labeled with 67Ga.

peptides as chelators for peptide receptor ligands greatly simplifies the synthesis of
these chelate-receptor ligand bioconjugates. Two of the peptides evaluated in vitro
by Pearson et al., 99mTc-labeled P587 and P829 [177], were studied further in animal
models [178]. These 99mTc-labeled peptides were both found to have high binding
affinity to the SSR in tumor-bearing rats and had clearance characteristics favor-
able for further clinical investigations, which are currently ongoing [179].

2.8.2.2. Folate receptor ligands. The chelate DFO was used to chelate Ga(III) to the
vitamin folic acid (Fig. 26) [180]. A mixture of two isomers, DFO–folate (a) and
DFO–folate (g), was formed, since DFO was conjugated to two different carboxyl
groups on folate. The g isomer is the only one recognized by the folate receptor.
67Ga–DFO–folate (g) showed specific binding to the folate receptor, both in vitro
and in vivo in a tumor-bearing mouse model [181]. DTPA has been conjugated to
folate and labeled with 99mTc and 111In [182,183].

2.8.2.3. Radiolabeled mAbs. Monoclonal antibodies (mAbs) have been produced
which bind to antigens present on a large number of tumor types. mAbs have been
labeled with radiometals for diagnosis and therapy of cancer, and this has been a
subject in many reviews published in the last 10 years [7,141,184–192]. Intact mAbs
are large proteins with a Mw of 160 kDa, and because of their large size, they have
very slow biological clearance and are excreted through the hepatobiliary system.
To circumvent these drawbacks, mAb fragments have been produced that have
molecular weights ranging from 10–100 kDa. Metal radionuclides that have been
labeled to mAbs (both intact and fragments) for diagnostic imaging include 111In,
67Ga, 99mTc and 64Cu. Currently, three mAb agents, 111In–DTPA-B72.3
(OncoScint™), 111In–DTPA-7E11.C5.3 (ProctaScint™) and a 99mTc direct-labeled
Fab fragment of IMMU-4 (CEA–SCAN™) are approved for clinical use in the
USA

2.8.2.4. Steroid receptor ligands. During the early 1980s, steroid ligands were labeled
with radiohalogens and evaluated as imaging agents for hormone receptor-positive
tumors [193–195]. Because of the favorable properties of 99mTc for nuclear
medicine imaging, recent efforts have been made to develop a 99mTc-labeled steroid
for imaging receptor-positive breast cancer (Fig. 27a). Dizio et al. were the first
researchers to synthesize BFC–progestin conjugates, label them with 186Re and
99mTc and evaluate them in vitro and in vivo for binding to the progestin receptor
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[196,197]. The BFC utilized was a bisaminethiol (BAT) with geminol dimethyl
groups on the carbon backbone. The 99Tc and Re complexes of the BAT–progestin
conjugates had affinity to the progestin receptor that was higher than progesterone
itself, and there was specific uptake by the progestin receptors in the immature rat
uterus; however, the lipophilicity of the conjugates (log partition coefficient of 6.4)
caused high uptake in non-target organs such as the liver, fat and muscle [197].

Fig. 27. Steroid based bioconjugates. Compounds (a) and (b) are N2S2–progestin conjugates for labeling
with Tc and Re isotopes. Compounds (c) and (d) are organometallic–estrogen analogs. Compound (d)
integrates the Tc or Re monooxo cation into the steroid structure.
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O’Neil and coworkers made a less lipophilic agent consisting of a progestin–
monoamine–monomide (MAMA%) bisthiol conjugate (Fig. 27b) [198]. This 99mTc
agent was an order of magnitude less lipophilic (log partition coefficient of
4.9–5.25) and demonstrated a somewhat higher binding to the progestin receptor in
vitro in rat uterine cytosol (0.965 vs 2.74 nM for 99mTc–BAT–progestin); however,
the non-target uptake remained high.

Another approach to conjugating a metal complex to a steroid was described by
Top and coworkers [199]. They prepared a series of (cyclopentadienyl)Re(CO)3

conjugates of estradiol (Fig. 27c and d), where the organorhenium fragment is
stably bonded at the 17a position. These compounds had high binding affinity for
the estrogen receptor, and one of the derivatives (with a 11b-chloromethyl sub-
stituent) had an affinity higher than estradiol itself. The lipophilicities of these
agents were high (log partition coefficients \5), and as of this writing, no in vivo
results have been reported.

Katzenellenbogen and coworkers have formulated an alternative method for
preparing radiometal-steroid conjugates which involves integrating the radiometal
within the steroid structure rather than attaching a separate chelate off the steroid
backbone (Fig. 27e). The first model compounds of the metal-integrated steroid
complexes were constructed as heterodimers from two different amino thiols
[200,201]. These agents were labeled with 99mTc and shown to have in vivo stability
comparable with 18F-labeled steroids. In subsequent studies, Hom et al. prepared a
series of bis-bidentate complexes of Re(V) that mimic the size, shape and peripheral
functionality of steroidal androgens [202]. Although these complexes provided an
impressive structural and stereochemical mimic of a steroid, the stability of the
complex was less than optimal, with significant decomposition occurring in buffer
over a period of less than 2 h. Probably for this reason, the in vitro receptor
binding studies showed very low affinity for the androgen receptor.

Although a 99mTc-labeled steroid receptor ligand with optimal in vivo properties
has not yet been realized, significant advances have been made over a relatively
short period of time. Considering the high percentage of the population afflicted
with either breast or prostate cancer, the pursuit of an effective diagnostic agent to
aid in the determination of the receptor status of these cancers is a worthwhile goal.

2.8.2.5. Other tumor-receptor ligands. Sigma receptors have been shown to be
expressed in a number of human tumor cells. John and coworkers have conjugated
a bisaminothiol (BAT) chelate to N-methyl-2-piperidinylethyl amine (EN6) [203].
Scatchard analysis demonstrated specific binding of the 99mTc–BAT–EN6 conju-
gate to T47D breast cancer cells and biodistribution data in normal rats showed
uptake in normal organs known to contain sigma receptors that was blocked upon
co-injection of a sigma receptor ligand.

Giblin and coworkers demonstrated that the peptide N-acetyl–Cys–Gly–Cys–
Gly forms a very stable complex with Re(V)–oxo core, and when complexed to the
N termini of a-melanocyte stimulating hormone (a-MSH), the bioconjugate main-
tains the bioactivity of the native peptide [204]. This method of complexing Re(V)
and Tc(V) is greatly simplified over the conjugation of a bifunctional chelate, and
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Fig. 28. Technetium labeled tropane derivatives for imaging dopamine transporters.

may have wide-spread applicability for labeling technetium and rhenium radionu-
clides to other peptides.

2.8.3. Neuroreceptor ligands
The imaging of dopamine transporters (DATs) with 99mTc may lead to significant

advances in the detection and treatment of brain disorders such as Parkinson’s and
Alzheimer’s diseases. DATs are located on dopamine neurons (presynaptically at
dopaminergic nerve terminals) and a depletion in DAT levels is noted in sufferers
of the above diseases with a concomitant loss of dopamine [205].

The development of 99mTc agents to target this indicator of neuronal loss has
involved considerable effort. Specific chemical and biological restraints hinder the
development of suitable agents due to the selectivity of DAT and other transporter
systems. The metal chelate employed must not affect receptor binding and in vivo
kinetics, it must further produce a neutral charge when complexed to the metal,
permeate the lipid bilayer and cross the blood-brain barrier.

The first agent that was reported as a transport mediated 99mTc-based in vivo
SPECT imaging agent (in primates) was Technepine (Fig. 28a) [206]. The com-
pound has been shown to target and label the DAT receptors in the primate brain
[207], selectively accumulating in striatum versus cerebellum (2:1 in the female
monkey, 3:1 in the male monkey). Although previous agents had bound with high
affinity to DATs, uptake was insufficient to obtain SPECT images in primates
[208,209].

Technepine contains a highly selective and potent tropane for DAT receptor
binding and a chelating agent that firmly complexes technetium. These two parts of
the molecule are connected by a propyl linking group. The reduction of 99mTcO4

−

in the presence of stannous ion and the soft ligand donor sets N2S2 and NS3

produce Tc complexes of the form (TcVO)3+N2S2 and (TcVO)3+NS3. The use of an
N2S2 binding moiety conveys lipophilicity and a square pyramidal geometry to the
technetium(V) metal center [210–212] and has been used in the labeling of
biomolecules with 99mTc [198,213]. Formation of (TcO)3+complexes with mono-N-
substituted N2S2 ligands can produce up to four isomers and Technepine is a 1:1
diastereomeric mixture. Attaching the bulky chelator to the 8-amino position of the
tropane backbone does not adversely affect the binding ability of the tropane to the
dopamine receptor.
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A similar compound, [99mTc]TRODAT-1 (Fig. 28b), also contains the (TcVO)3+

N2S2 core and has selectivity for dopamine transporters in the striatum region of
the brain in rats and a baboon [214]. The chelator was attached to the tropane
moiety in the 2b-position, compared to the 8-amino position, in an attempt to
reduce the molecular weight of the final compound and to improve initial brain
uptake. A report of this compound in humans further supports the use of this
compound in the detection and imaging of DATs [215].

2.8.4. Agents for imaging infection
The identification of infection and inflammation in patients is the first step in the

successful clinical management of infected sites. The first report of a diagnostically
useful radiolabeled chemotactic peptide was in 1991 by Fischman and co-authors
[216]. Chemotactic analogs of the peptide N-formyl-methionyl-leucyl-phenylalanine
(ForMLF), a bacterial product, were labeled with 111In using DTPA as the
bifunctional chelate. Chemotactic peptides labeled with 99mTc via the hydrazinoni-
cotimamide moiety (HYNIC) [217] can localize in infected areas [6,218–221]. The
binding of HYNIC to 99mTc is not fully understood. The Tc(V) core, of possible

Fig. 29. Possible Tc binding modes of the HYNIC ligand.
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distorted octahedral geometry, is bound to the HYNIC ligand presumably through
a hydrazido or diazenido linkage (Fig. 29). The HYNIC ligand only occupies two
sites of the Tc-coordination sphere; therefore, the co-ligand which fulfills the Tc
metal ions coordination requirements is very important. The biokinetics of 99mTc–
HYNIC-peptide depends on whether mannitol, tricine, glucarate, glucamine or
glucoheptonate is used as the co-ligand [222,223]. The peptide N-formyl-methionyl-
leucyl-phenylalanine-lysine (fMLFK), conjugated to HYNIC and labeled with
99mTc, was shown in two complementary reports to specifically localize at the site
of infectious foci in rabbit [223,224]. There is a discrepancy on whether 99mTc–
HYNIC–fMLFK can distinguish between infection and inflammation [221,223]
and a recent editorial review [225] has compared and contrasted all aspects of
99mTc–fMLFK to provide a rational view for the possible use of this imaging agent.

2.8.5. Thrombus imaging agents
The early detection and localization of thrombi in patients is of paramount

importance to the medical community as thrombus formation after surgery can
seriously complicate the successful treatment of a patient. A non-invasive, fast
method of thrombus detection is required and the use of a radiopharmaceutical is
ideal for this purpose [226]. Many efforts have been made in the 99mTc-labeling of
antibodies and some peptides to target thrombus, but have suffered largely from
slow kinetics, unsuitable production methods or loss in binding affinity [227–229].
New synthetic peptides and antibody fragments labeled with 99mTc have improved
recently clinical utility [230–236].

A N3S bifunctional chelating system has been employed to produce the platelet
receptor-binding imaging agent 99mTc–P748, which exhibits high receptor-binding
affinity for venous thromboembolism [236,237]. The authors used a dimeric peptide,
specific to the platelet GPIIb/IIIa receptor and a novel 99mTc binding chelate (Fig.
30). The 26 amino-acid peptide P280, specific to the same platelet receptor, has been
investigated clinically and is a safe and sensitive marker for diagnosing pulmonary
deep venous thromosis and pulmonary embolism [234]. Its pharmacokinetics are
faster than that of 99mTc–P748 but it has a lower binding affinity for the
GPIIb/IIIa receptor [227].

99mTc has been conjugated to cyclic GPIIb/IIIa receptor antagonists as well. The
cyclic peptides have been labeled with 99mTc using donor sets such as N2S2

diaminethiols, an N2S2 monoamide–monoaminithiol, and N3S triamidethiols (Fig.
31) [238–241]. These researchers have also used the HYNIC conjugation system

Fig. 30. A novel N2S2 Tc binding ligand which is conjugated to a peptide serving as a substrate to the
platelet GPIIb/IIIa receptor.
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with the GPIIb/IIIa receptor to produce cyclo(d-Val–NMeArg–Gly–Asp–
Mamb(5-(6-(6-hydrazinonicotinamido)-hexanamide))) (HYNICtide) [242–244].
Due to the Tc-coordination requirements with HYNIC as discussed in the earlier
section, tricine was used as a co-ligand, forming the complex
[99mTc(HYNICtide)(tricine)2] [242]. This compound was found to exist in a number
of isomeric forms. Although initial biological data was promising [243], the
complex was unsuitable for clinical use due to instability in aqueous solution, a
possible consequence of the isomerism of the tricine and the HYNIC moiety [239].
In order to minimize the isomeric and solution stability problems, aminocarboxy-
late derivatives were employed as co-ligands, improving solution stability but
retaining three isomeric forms [242]. An alternative approach used water soluble
monophosphines as the co-ligands. Synthetic pathways were readily available and a

Fig. 31. Technetium binding N2S2 and N3S ligands which have been conjugated to GPIIb/IIIa receptor
antagonists.
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system was produced containing a HYNIC ligand, a monophosphine and one
tetradentate tricine co-ligand with 99mTcO4

−. This simple reaction yielded two
isomeric forms of the complex, but the exact nature of the HYNIC system and
oxidation state of the metal, as stated earlier is still largely unknown. The choice of
monophosphine can be tailored to alter the lipophilicity of the final radiopharma-
ceutical. Three analogous complexes were investigated in biological experiments,
each with a different water soluble monophosphine. In each case, uptake and ability
to target growing venous and arterial thrombi were not significantly different [243].
This versatile ternary ligand system has potential in producing other high-specific
activity (\20 000 Ci mol−1) HYNIC derivatized peptides and biomolecules.

3. MRI Agents

3.1. Introduction

Magnetic Resonance Imaging (MRI) has become one of the primary imaging
modalities in modern medicine. With the widespread use of MRI has come a
demand for efficient paramagnetic contrast agents, used to enhance the differences
between normal and diseased tissue, or to indicate specific organ functions. The
requirements for a successful MRI contrast agent are quite similar to those of a
metal based radiopharmaceutical. Factors to consider include stability, charge, and
lipophilicity of the metal complex. The target organ or tissue to be imaged will
dictate the desired characteristics of the metal complex. For example, it is known
that negatively charged compounds tend to clear through the kidney, many
positively charged complexes accumulate in the heart, and an overall neutrally
charged complex is required for crossing the blood–brain barrier. Lipophilic
complexes will generally have more uptake in the liver and fatty tissues.

An excellent review of MRI contrast agents was published by Lauffer in 1987
[245]. A large number of reviews have appeared in the literature since then
[246–259]. Future developments in this field will require the development of agents
targeted to specific organs, or even specific disease states. Research has focused
mostly on complexes of the paramagnetic ions gadolinium (III), iron (III), and
manganese (II) due to their high magnetic moments and proton relaxivities.

Unlike most metal based radiopharmaceuticals, the ligands used to complex
paramagnetic metals have a direct influence on the imaging effectiveness. The
observed signal does not result from radioactive decay of the metal itself, but rather
from the interaction of the metal with the aqueous environment. The choice of
ligand can directly affect these interactions. The overall charge, thermodynamic and
kinetic stability, lipophilicity, as well as the structure of the inner and outer
solvation shells are all affected by the ligand and complex structure. In order to
understand how the choice of ligand affects the functioning of an MRI contrast
agent, the mechanism of proton relaxation must be understood.

Paramagnetic metal ions function as contrast agents by increasing the relaxation
rates of the observed water protons near the ion, through interactions between the
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electron spins of the paramagnetic center and the nuclei of the water hydrogens.
The relaxivity and enhancement of proton relaxation rate can be divided into two
parts: the outer sphere relaxivity (R2) involving long range interactions with the
bulk solvent, and inner sphere relaxivity (R1) governed primarily by the exchange of
water molecules bound to the paramagnetic ion with the bulk environment. The
observed relaxivity is the sum of the inner and outer sphere mechanisms.

Robs=R1+R2 (1)

The inner sphere interactions can be modeled using the Solomon–Bloembergen–
Morgan (SBM) theory. A simplified version is shown in equations 2–4 [245] [260]:
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where M is the concentration of the metal complex, q is the hydration number, TlM

is the longitudinal relaxation time, and tM the mean residence time of the waters on
the metal center. The correlation time tc depends on the residence time tM, the
electronic relaxation time ts, and the rotational tumbling time of the entire
complex, tR. The remaining variables in Eq. (3) are: gH the proton magnetogyric
ratio, g the Landè factor, mB the Bohr magneton, S the spin quantum number, vS

the electronic Larmor frequency, and vI the proton Larmor frequency.
Improvements in the relaxivity of MRI contrast agents will depend largely on

improvements in the inner-sphere relaxivity. As can be seen from Eqs. (2) and (3),
several possibilities exist for improving the relaxivity. One method is to increase the
correlation time, tc. From Eq. (4), tc depends on the residence time, the electronic
relaxation rate, and the rotational motion of the complex. Of these, the factor most
easily modified is the rotational motion. The rotational motion tR, is changed easily
by modifying the molecular weight of the complex, most commonly by designing
the compound to be conjugated to a macromolecule.

3.2. Gadolinium based agents

The literature contains many examples of gadolinium complexes proposed for use
as MRI contrast agents. Rather than trying to cover all of these complexes, this
review will focus on complexes currently approved for clinical use or in clinical
trials. Additional discussion of gadolinium based MRI agents may be found in the
paper by Yam and Lo in this issue [261]. At present three gadolinium based MRI
contrast agents are currently approved for clinical use in the USA. All are
polyamino carboxylate coordination complexes; two of these utilize a linear chain
and the other a macrocycle. The first agent approved for clinical use in the USA by
the FDA in 1988 was Gd–DTPA dimeglumine (MAGNEVIST™, gadopentetate).
Another agent derived from DTPA, Gd–[DTPA–BMA], (OMNISCAN™, gadodi-
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amide) is also in routine use. Recently developed agents such as Gd–[DTPA–EOB]
(Schering), and Gd–BOPTA (gadobenate, Bracco) are substituted DTPA ligands,
currently undergoing clinical testing. The other two agents currently approved for
clinical use worldwide are macrocyclic agents based on tetraazacyclododecane,
Gd–DOTA (DOTAREM™, gadoterate) and Gd–[HP–DO3A] (ProHance™,
gadoteridol).

One of the main requirements of a ligand is high in vivo stability of the
gadolinium complex. Free gadolinium is highly toxic and accumulates in the liver
and other organs. A study of the subcellular localization found that Gd, associated
with phosphate, accumulated within the lysosomes of hepatocytes and macrophages
in the spleen, bone marrow and lungs [262]. Therefore, a gadolinium ligand must
prevent the release of the free metal which would accumulate as Gd(PO4)3. With an
appropriate choice of ligand, a gadolinium complex can be excreted from the body
before the release of the free metal and concomitant toxicity.

A study published in 1990 indicated that for linear ligands a high thermodynamic
stability constant alone is insufficient for predicting in vivo toxicity [263]. Cacheris
and coworkers found that a more important factor was the thermodynamic
selectivity of the ligand for Gd over endogenous metal ions such as Zn2+, and
Cu2+. In particular they found transmetallation with Zn2+was highly predictive of
acute toxicity. A similar study published by Tweedle and coworkers looked at both
linear and macrocyclic ligands [264]. They came to a similar conclusion in regards
to ligand selectivity, at least for linear ligands. In the case of macrocycles the slow
kinetics of transmetallation appear to outweigh any selectivity considerations.

A long term biodistribution study utilizing 153Gd complexes of the commercially
available gadolinium MRI contrast agents produced the most detailed distribution
and clearance information for Gd complexes to date [265]. They found the
biological clearance half-lives of the contrast agents ranged from 5 to 6 min in mice
to 18–20 min in rats. In addition, free Gd accumulated primarily in the liver and
bone and cleared from the body at a rate of 1–3% per day. The complex stability
in vivo paralleled the rates of complex dissociation under acidic conditions. This is
most likely due to the complexes being hydrolyzed within the lysosomes [266].

As mentioned previously, all of the clinically approved gadolinium MRI contrast
agents are based on aminocarboxylate type ligands. This choice of ligand type has
a direct effect on the complex’s effectiveness at increasing the relaxation rate of the
inner sphere water molecules. From Eq. (4) we see that the correlation time (tc) is
related to the residence time (tm) of a water molecule bound to the paramagnetic
center. This residence time is equivalent to 1/kex, where kex is the exchange rate
constant. Until recently, the rate of water exchange of Gd(III) based contrast
agents was assumed to be approximately the same as that found for the Gd(III)
aqua complex ((8.391.0)×108 s−1) [267]. In a series of variable temperature and
pressure NMR studies, Pubanz and coworkers found that the water exchange rates,
kex, for Gd complexes of DTPA and DOTA were actually two orders of magnitude
lower (Gd–DTPA kex (4.190.3)×106 s−1; Gd–DOTA kex (4.890.4)×106 s−1)
[268]. These data show that the presence of the aminocarboxylate groups affect the
rate of exchange compared with that of the aqua complex.
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In a more recent study, Pubanz found that waters exchange via a dissociative
mechanism with Gd–[DTPA–BMA], and it was speculated that the exchange rate
is controlled by the ligand steric requirements at the water binding site [268]. If true,
by modifying the steric environment of the ligand, the exchange rate could be
regulated upwards increasing the overall relaxivity.

At relatively high magnetic field strengths, compounds of similar size and mass,
and therefore diffusion rate, have approximately the same outer sphere (R2)
contributions. Tweedle and coworkers verified this experimentally for a series of
linear and macrocyclic amino carboxylate complexes; at 0.47 T and 40°C, they
found an average R2 value of 2.090.3 (mM s)−1 [269,270]. This means that for
Gd(III) complexes with identical values of q, any differences in relaxivities will be
due to differences in the inner sphere contribution R1. Aime and coworkers have
found a correlation between the molecular weight of the Gd complex and the inner
sphere relaxivity R1 [271,272].

In most poly(amino) carboxylates the major factor determining R1 is the correla-
tion time tc. This value is determined by the fastest of ts, tM, and tR; with tR

usually being the fastest. One exception is observed with bis(amide) complexes, in
these tM is seen to control the relaxivity.

Aime et al. investigated the magnetic field dependence of the water relaxation
rate of Gd–[DTPA–BMA] and found that tM was approximately four-fold longer
than tM of Gd–DTPA; this increase was enough to make the contribution of tM

significant [260]. They postulated two explanations for this lengthening of tM. One
is the presence of an extended three dimensional network of hydrogen bonded
waters between the amides and the carboxylate groups. Alternatively, the presence
of the amide groups may affect the partial atomic charge on the Gd, resulting in the
increase of tM.

3.2.1. Open chain ligands

3.2.1.1. Gd–DTPA (MAGNEVIST™, gadopentetate). In 1984 the gadolinium com-
plex of DTPA (Fig. 10b) was first evaluated as an MRI contrast agent [273]. In
comparison to the gadolinium aquo complex, the relaxivity of Gd–DTPA is
significantly lower (see Table 4). However, the toxicity of free gadolinium was
believed to be moderated by the strong complexation of the eight-coordinate DTPA
ligand. The LD50 in rats of GdCl3 was found to be 0.5 mmol kg−1, while the LD50

of GdDTPA was 10 mmol kg−1 [273]. The overall charge for the complex is −2,
thus two equivalents of the positively charged meglumine salt (+1) were utilized as
counterions. As Gd(III) aquo complexes are believed to be nine- or ten-coordinate,
DTPA leaves a vacant coordination site for binding an inner sphere water molecule.
An X-ray structure of the complex was obtained and found to be a distorted
capped square antiprism, with a water molecule forming the cap on the square
antiprism [274].

The initial animal studies utilizing rats and dogs showed promising behavior of
Gd–DTPA with rapid clearance through the kidneys [275]. A later study examined
the biodistribution of radiolabeled 153Gd–DTPA in mice and came to the same
conclusions as to rate and mode of clearance from the body [276].
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Table 4
MRI contrast agents (all values of R1 measured at 20 MHz)

Charge Ref.Complex R1 (mM−1 s−1)Log K q

[245]Gd-[H2O]9 9 +3 9.1 (37°C)
[245,348]3.7 (37°C)Gd–DTPA −222.39 1

3.8 (40°C)Gd–[DTPA–BMA] 16.9 1 0 [252]
5.3 (37°C)Gd–[DTPA–EOB] 1 2 [285]
4.39 (39°C) [272]Gd–BOPTA −222.59 1

−1 3.4 (37°C)Gd–DOTA [348,349]24 1
[269,308]4.85 (40°C)Gd–DO3A 021 1.8

0 3.65 (40°C) [269,308]Gd–[HP–DO3A] 23.8 2
[102,245]0.95 (37°C)Fe–EHPG −135.54 0

−2 2.4a (37°C)Mn–DPDP 15.10 [326,327]0

a R1 measured at 10 MHz.

The first human imaging trials of Gd–DTPA dimeglumine were conducted in
1984 by Laniado [277]. The pharmacokinetics of Gd–DTPA were studied and
reported by Weinmann in the same year [278]. Further MRI studies on humans
were reported in 1994 by Carr and coworkers [279,280]. In short, after IV injection
of Gd–DTPA the complex rapidly diffuses throughout the vascular system, and is
predominately excreted unmetabolized through the renal system [278]. A relatively
recent review of clinical applications of Gd–DTPA was published by Bydder in
1991 [250].

3.2.1.2. Gd–[DTPA–BMA] (OMNISCAN™, gadodiamide). Gd–[DTPA–BMA]
(Fig. 32a) is a second generation MRI contrast agent designed to improve the in
vivo behavior of Gd–DTPA [252]. The first reported synthesis of Gd–[DTPA–
BMA] was in 1984 [281]. By converting two of the carboxylates into methyl amides
the overall charge of the gadolinium complex is reduced to zero. This has the
advantage of greatly reducing the osmolality which lowers the risk of physiological
complications. The normal osmolality of blood and extracellular fluid is 290 mmol

Fig. 32. Bis(alkylamide) derivatives of DTPA.
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kg−1, the osmolality of Gd–DTPA dimeglumine is 1940 mmol kg−1, in contrast
the osmolality of gadodiamide is 789 mmol kg−1 [252].

A crystal structure of the closely related Gd–[DTPA–BEA], or bis(ethyl)amide
(Fig. 32b) was reported in 1990 [282]. The gadolinium was nine-coordinate with
eight sites taken by the ligand and a water molecule filling the ninth. The
coordination geometry was found to be a distorted tricapped trigonal prism. The
amide oxygens were clearly shown to be involved in bonding to the gadolinium by
shortening of the Gd–O bonds, with IR evidence providing further proof.

The in vivo stability and behavior of Gd–[DTPA–BMA] was first investigated
by Cacheris and coworkers in 1990 [263]. Despite the replacement of two carboxy-
late ligand groups with two amides it was found that Gd–[DTPA–BMA] released
about one-half as much Gd(III) as did Gd–DTPA. This resulted in a greater than
two-fold increase in LD50 values in mice (Na2[Gd–DTPA] 5.6 mmol kg−1, and
Gd–[DTPA–BMA] 14.8 mmol kg−1). The replacement of two carboxylates with
two amide groups was found to have a small effect on the relaxivity, as seen in
Table 4.

Pharmacokinetic studies found that the complex did not cross the blood brain
barrier and cleared primarily through the kidneys similarly to Gd–DTPA [283].
Phase I human clinical trials were first reported in 1993, and concluded that
Gd–[DTPA–BMA] was a promising MRI contrast agent [284].

3.2.1.3. Gd–[DTPA–EOB]. Another second generation MRI contrast agent, Gd–
[DTPA–EOB] targets a specific organ, the liver, rather than improving on the
physicochemical behavior of DTPA. The liver is a major focus for development of
new agents due to the clinical usefulness of detecting and characterizing hepatic
lesions. The ligand (Fig. 33) is a derivative of DTPA with a 4-ethoxybenzyl group
on the ethylene bridge backbone. Initial biodistribution studies of the complex
found that unlike the previous DTPA based agents, the primary mode of clearance
was through the liver into the bile and feces [285]. As shown in Table 4,
Gd–[DTPA–EOB] has a large T1 relaxivity (5.3 mM−1 kg−1); in liver tissue this
rises to 16.9 mM−1 kg−1 [285]. The high liver relaxivity is believed due to an
increase in viscosity as well as specific interactions with transport proteins such as
glutathione-S-transferase, and nonspecific interactions with other proteins [286].
This increased relaxivity has the potential of lowering the effective dose of contrast
agent required for a given signal enhancement.

Fig. 33. Structure of DTPA–EOB, whose Gd(III) complexes targets the liver.
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In animal studies, Gd–[DTPA–EOB] was distributed throughout the extracellu-
lar fluid space and was taken up by hepatocytes with ultimate elimination through
the bile [286–288]. Schuhmann-Giampieri and coworkers found that the hepatocyte
uptake involved both the albumin-binding organic anion transport system, and the
intracellular transport protein glutathione-S-transferase [286].

Phase I clinical trials were reported in 1995 and gave a favorable in vivo safety
profile [289]. Latter trials were reported in 1996 and 1997 and reported the same
findings [290,291]. Unlike animal models, in humans Gd–[DTPA–EOB] was
cleared from the body equally through the urine and bile. From imaging studies at
later timepoints, only the liver and kidney showed significant enhancement [289].

3.2.1.4. Gd–BOPTA (gadobenate). First reported in 1988 by Vittadini and cowork-
ers [292], Gd–BOPTA possesses a lipophilic aromatic group, in this case a
benzyloxymethyl group (Fig. 34) which appeared to impart a high liver uptake of
the complex, similar to DTPA–EOB. A synthetic procedure and X-ray structure of
the Gd–BOPTA complex was reported in 1995, and two enantiomeric forms of the
complex were found in the unit cell [272]. As expected, the gadolinium is nine
coordinate in a distorted tricapped trigonal prism, with a water molecule occupying
the ninth coordination site.

Initial animal studies found that this compound was rapidly distributed through-
out the extracellular space and showed modes of clearance similar to that of
Gd–[DTPA–EOB], with 54.8% clearing through the kidneys and 38.6% the liver
[292]. The relaxivity of this compound was lower than Gd–[DTPA–EOB] (Table 4)
and showed a similar enhancement in the liver. Again, this is thought to be due to
a combination of factors such as increased viscosity and interactions with proteins.
The complex displayed a leveling off of the liver signal enhancement with increased
amounts of Gd–BOPTA suggesting a saturation of the biliary excretion pathway
[293].

Initial phase I clinical trials were reported in 1991 and found the complex to be
safe and effective for liver imaging [294]. It was suggested that GdBOPTA could
serve a dual purpose in liver imaging: immediately after injection it characterizes
perfusion, and at later time points shows functional liver tissue via uptake by
functioning hepatocytes [295]. At present, phase II clinical trials have been reported
with no evidence of adverse effects [295,296].

Fig. 34. Structure of BOPTA, an additional liver imaging agent for Gd(III).
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3.2.2. Macrocyclic ligands

3.2.2.1. Gd–DOTA (Dotarem™, gadoterate). The gadolinium complex of the eight-
coordinate macrocyclic ligand DOTA (Fig. 14b) was first evaluated as an MRI
contrast agent in 1986 [297,298]. At present it is approved for clinical use in several
European countries. As has already been mentioned, the macrocyclic Gd(III)
complexes have a much lower toxicity than the open chain ligands; in one study the
LD50 in mice of Gd–DOTA was found to be 93% higher than that of Gd–DTPA
[299]. Two separate reports of the solid state structure have appeared in the
literature. In both cases the Gd(III) is nine coordinate in a square antiprismatic
arrangement with a water molecule at the ninth coordination site [300,301].

Similar to Gd–DTPA, the negatively charged Gd–DOTA complex distributes
rapidly throughout the extracellular space and rapidly clears through the kidneys
[276,299]. The complex has a relaxivity slightly lower than that of Gd–DTPA,
Table 4. Phase I clinical trials were reported in 1990 with no adverse effects noted
[302]. Later clinical trials arrived at the same conclusion [303].

3.2.2.2. Gd–DO3A. The ligand DO3A (Fig. 35), while not approved for clinical use,
has been extensively studied and deserves mention. This ligand was the first to serve
as a neutral macrocyclic chelate for gadolinium, and can be compared to DTPA–
BMA, a neutral open chain ligand. The first reported synthesis of DO3A was in
1988 with a more detailed procedure being published in 1991 [304,305]. The crystal
structure of the Gd complex was reported in 1993 [301]. The ligand provides a
seven-coordinate environment for the gadolinium leaving two sites open for coordi-
nating waters, in the unit cell these sites are filled by a single carbonate ion binding
in a bidentate fashion.

Despite only having seven coordination sites, the thermodynamic stability con-
stant of Gd–DO3A is still significantly higher than that of Gd–[DTPA–BMA], as
can be seen in Table 4. The loss of a carboxylate group when compared to DOTA
lowers the thermodynamic stability by three log units; however, the complex
displays a high degree of kinetic inertness due to the rigidity of the cyclen backbone
[264]. The complex has a relaxivity higher than both Gd–DOTA and Gd–DTPA
(Table 4). It was evaluated as an MRI contrast agent in rats and found to be very
similar to Gd–DOTA and Gd–DTPA [306]. Despite the initial promise of this
ligand it was rapidly replaced by the ligand HP–DO3A.

Fig. 35. The macocyclic ligand DO3A.
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3.2.2.3. Gd–[HP–DO3A] (ProHance™, gadoteridol). The first reported synthesis of
this macrocyclic ligand was in 1991 [305]. This derivative of DO3A has the free
backbone nitrogen alkylated by a 2-hydroxypropyl group (Fig. 36). The potentially
ionizable hydroxy group, under physiological conditions remains protonated, re-
sulting in an overall neutral charge for the gadolinium complex [307]. Despite
remaining protonated, the hydroxy group binds to Gd(III) leaving the ligand
eight-coordinate. The crystal structure was reported in 1994; the metal is nine-coor-
dinate with the ligand filling eight sites and a water molecule filling the ninth
position [308]. The addition of the hydroxy group raises the thermodynamic
stability constant (Table 4) by almost two log units compared to DO3A bringing
the stability constant to just below that of DOTA. The relaxivity however, was
lower than that measured for Gd–DO3A.

Initial preclinical animal studies found that Gd–[HP–DO3A] was less toxic than
Gd–DTPA and looked promising as an MRI contrast agent [309]. The complex
distributed rapidly throughout the extracellular space and was cleared quickly
through the kidneys [265]. A comparison of the physiochemical properties of
Gd–[HP–DO3A], Gd–DTPA, Gd–[DTPA–BMA], and Gd–DOTA showed that
the best combination of properties for an MRI agent were the presence of a
macrocyclic backbone and low osmolality, both of which were found in the ligand
HP–DO3A [307]. The favorable properties of Gd–[HP–DO3A] led to rapid
clinical trials.

The results of phase I clinical trials were reported in 1991 [310,311]. The complex
was found to be safe and effective as a contrast agent. Phase II and phase III trials
were reported soon after with similar results [312–315].

3.3. Iron based agents

Paramagnetic complexes of iron and manganese have also been utilized as MRI
contrast agents. Many ligands that complex Gd(III) will also form stable complexes
with both Fe(III) and Mn(III). However, most of the ligands used to bind Gd(III)
are eight-coordinate, but both Mn(III) and Fe(III) usually form six-coordinate
complexes. It is therefore unlikely that water molecules can coordinate directly to
the paramagnetic center with ligands such as DTPA or DOTA. This lowers the T1

relaxivity to much lower levels than the corresponding gadolinium complexes. As
an example, Fe(III)DTPA has an R1 value of 0.7 mM−1 s−1 at 20 MHz and 39°C,

Fig. 36. The macrocyclic ligand HP–DO3A.
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while Fe(III)DOTA has an R1 of 0.4 mM−1 s−1 under similar conditions [316].
When compared to the gadolinium values in Table 4, we see that these complexes
are much less effective. In order to have a comparable effectiveness, ligands for iron
and manganese have to be of a lower denticity than those utilized with Gd(III).

An alternative approach for iron based MRI contrast agents is the use of
ultrasmall paramagnetic iron oxide particles [250,317,318]. These function as T2

contrast agents as opposed to the T1 agents discussed previously. These particles of
synthetic magnetite (Fe3O4) are typically mixtures of magnetite, maghemite (Fe2O3),
and hematite (Fe2O3), and are sometimes accompanied by hydrated iron oxides
[319]. As such these compounds do not fit the definition of a coordination
compound as used in this review.

3.3.1. Fe–HBED and Fe–EHPG
Two iron complexes evaluated as MRI contrast agents are Fe(III)EHPG and

Fe(III)HBED [320–322]. These ligands (Fig. 13a and Fig. 12a) have been shown to
form stable complexes with Ga(III) and In(III) (Section 2.5.3), but are also good
ligands for Fe(III). The Fe(III) complexes were found to serve as hepatobiliary
contrast agents, and are substrates for the organic anion transport system within
the liver; as are Gd–BOPTA and Gd–[DTPA–EOB] [249]. The X-ray structure of
Fe–EHPG was reported by Bailey and coworkers in 1981; the iron was found to be
six-coordinate in an octahedral arrangement [323]. The hexadentate ligand fills all
of the available coordination sites, leaving no sites for binding water molecules.
Unlike the gadolinium agents discussed previously, the observed relaxivity of this
complex must arise from the outer sphere R2 mechanism. The effect of this can be
seen in the relaxivity values reported in Table 4. In animal imaging experiments,
Lauffer et al. found that the agent improved significantly the liver images, despite
the fact that the negatively charged complex cleared primarily through the renal
system [320,321].

Lauffer and coworkers have also examined derivatives of Fe–EHPG substituted
in the 5-position with methyl, chloro, or bromo for their hepatobiliary behavior and
binding to the blood protein human serum albumin (HSA) [324,325]. Interestingly,
these very similar complexes displayed pharmacokinetic differences; the complexes
of Fe–[5-BrEHPG] even displayed differences among its diastereomers [325].

3.4. Manganese based agents

Paramagnetic complexes of Mn(III) are also useful as MRI contrast agents. As in
the case of iron, many ligands that complex Gd(III) also form stable complexes
with Mn(III). The use of Mn(III) generally requires the use of six-coordinate
ligands in order to ensure high thermodynamic stability; however, with the ligand
filling all of the available coordination sites, water molecules are unable to
coordinate directly to the paramagnetic center. This means that these complexes, as
with the previously discussed Fe(III) agents, have to function through the outer
sphere mechanism. To date only one Mn(III) based agent is undergoing clinical
trials.
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Fig. 37. The manganese ligand DPDP.

3.4.1. Mn–DPDP (manganese dipyridoxyl diphosphate)
This complex was first synthesized and characterized in 1989 [326]. The ligand

DPDP (Fig. 37) is a water soluble hexadentate ligand similar to the ligand PLED,
derived from pyridoxal-5%-phosphate. The manganese coordination was found to be
a distorted octahedron with the ligand filling all of the coordination sites. With no
sites for the direct coordination of water to the paramagnetic center, this complex
like Fe–EHPG functions primarily through the outer sphere relaxation R2

mechanism.
Preclinical and phase I clinical trials of Mn–DPDP were reported in 1990 [327].

The agent was found to target the liver and in rats radiolabeled 54Mn–DPDP was
found to have 47% hepatobiliary clearance and 43% renal clearance. This compares
quite favorably to other liver agents such as Gd–BOPTA and Gd–[DTPA–EOB]
both of which have lower liver targeting. The toxicity was found to be acceptable
for clinical use although it was higher than that of Gd–DTPA. In mice, the LD50

of Mn–DPDP was 1.9 mmol kg−1 while the LD50 of Gd–DTPA was 10.6 mmol
kg−1 [299,327]. The phase I trials found no clinically significant drug or dose
related reactions. MRI liver signal enhancements were observed as early as 1 min
post-injection and lasted as long as 30 min. In addition to targeting the liver,
Mn–DPDP was found to be effective at evaluating myocardial ischemia in rats
[328].

Phase II clinical trials were conducted both in the USA and Germany [329,330].
A review of the clinical studies appeared in 1992 [331]. In both studies Mn–DPDP
was found to be effective as an MRI contrast agent and safe at the doses required
for MRI. The only side effect in the studies was a momentary facial flushing after
injection.

3.5. Macromolecular conjugates

As with radiopharmaceuticals (Section 2.8) MRI contrast agents can be attached
to other molecules, both biological and synthetic, to target specific receptor systems
in vivo, or to improve their relaxivities. In most cases the bifunctional chelate
utilized has been DTPA or a closely related derivative. All of the MRI contrast
agents discussed thus far have been extracellular agents, diffusing from the intravas-
cular system and distributing rapidly thoroughout the body. In some studies it
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would be desirable to have an intravascular agent, which would remain solely in the
blood pool [332]. This can be accomplished by increasing the molecular weight of
the contrast agent to above 20 000 Da (Gd–DTPA has a molecular weight of 545
Da). At this size, the agents remain within the intravascular space for a much
longer period of time. A common approach to increasing the mass of a paramag-
netic complex such as Gd–DTPA, is to conjugate the complex to a high molecular
weight polymer. Some polymers which have been utilized for this purpose are
albumin, dextran, and polylysine [332].

Confining the contrast agent to the vascular system is not the sole benefit to using
polymeric paramagnetic complexes. By attaching one or more paramagnetic com-
plexes to a polymer the relaxivity can be greatly enhanced over that of the
monomeric species. From Eq. (4) we see that the correlation time tc and ultimately
the T1 relaxivity, depends on the rotational tumbling time of the entire complex, tR.
Increasing the molecular weight of the paramagnetic complex will primarily slow
the rotational tumbling time tR. When the tumbling rate can be slowed to ca. 10−8

s the relaxivity will be enhanced, this generally requires increasing the molecular
weight to above 10 000 Da [332].

A recent example of such a MRI contrast agent results from the coupling of a
DTPA derivative MX–DTPA (Fig. 38) [333] to a Starburst™ dendrimer [334]. A
Starburst™ dendrimer is a virtually monodisperse polymer; starting with ammonia
an iterative cycle of methylacrylate addition followed by reaction with ethylenedi-
amine rapidly builds a polyamidoamine polymer with an outer surface containing
reactive amines. The two dendrimers utilized in this study were of generation 2, two
reaction cycles, and generation 6, six cycles. These had 12 and 192 reactive amines,
respectively, available for attaching the bifunctional chelate. The generation 2
dendrimer chelate conjugate was found to bind 11 Gd(III) ions, and possessed a
relaxivity of 234 mM s−1 at 25 MHz and 20°C. The generation 6 dendrimer chelate
conjugate was found to bind 170 gadolinium ions, and possessed a relaxivity of
5800 mM s−1 at 25 MHz and 20°C.

While attaching paramagnetic metals with BFCs to non-specific plasma proteins
like HSA to lengthen blood retention times and increase the relaxivity, using BFCs
to label organ or tissue specific biomolecules offers another way of targeting the

Fig. 38. The bifunctional chelate MX–DTPA.
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imaging agent. One such type of tissue specific biomolecule are monoclonal
antibodies.

Labeling antibodies with paramagnetic complexes allows the targeting of tumors,
potentially improving the ability of MRI to detect smaller tumors and improve the
contrast between normal and diseased tissue. In a theoretical study of the expected
target to non-target ratio (antigen bound vs free antibody) for a radiolabelled
antibody of Mw 150 000 Da, it was found that the target to non-target ratio drops
significantly when large amounts of anitibody are used [335]. In an ideal case, the
total concentration of antibody bound to the tumor antigen would be less than
10−7 M. If each molecule of antibody were labeled with one atom of gadolinium,
the concentration of contrast agent in the tumor would be 10−7 M. On current
MRI scanners, the required dose of Gd–DTPA for successful image enhancement
results in a concentration of Gd–DTPA throughout the body of 10−4 M, three
orders of magnitude above what could be achieved with a mono-labeled antibody
[336]. One solution to this concentration problem would be to label antibodies with
more than one paramagnetic complex. A study by Unger and colleagues found that
in order to get a useful concentration of Gd(III) into a tumor, a typical antibody
would have to labeled with 2424 molecules of Gd–DTPA, requiring every amino
acid of the antibody to be labeled with several DTPA ligands [337]. This would
appear to be an impossible task, since even if the coupling of the bifunctional
chelate to the antibody went in 100% efficiency, the immunoreactivity would surely
be compromised.

A possible solution to this situation is the use of polychelates which results in
many paramagnetic complexes being conjugated to each labelling site [338]. Using
this method, polylysine was conjugated with both DTPA and DOTA, resulting in
sixty to ninety chelating groups per molecule of polylysine (the polychelate). The
functionalised polylysine was then complexed with Gd(III) followed by coupling to
HSA. This procedure resulted in HSA labeled with 60–90 mol of gadolinium per
mole of protein. This is a significant improvement in labeling efficiency, and in
some cases it might be possible to attach more than one polychelate per protein. In
addition to improved conjugation efficiencies, the polychelates were found to have
relaxivities 2.5 times greater than the monomeric gadolinium complexes.

In the preceding sections (Sections 3.2.1, 3.3.1 and 3.4.1) several MRI contrast
agents which targeted the liver were presented: Gd–[DTPA–EOB], Gd–BOPTA,
Fe–EHPG, and Mn–DPDP. Using bifunctional chelates allows another approach
to targeting specific organs. Proteins are not the only type of biomolecule which can
be congugated to BFCs; Mühler and coworkers attached Gd–DO3A, a non-specific
extracellular agent, to cholesterol in order to image the liver and adrenals [339].
More than 99% of the conjugate was found to be protein bound in serum, which
could explain the observed differences in relaxivities (R1) 17.9 mM−1 s−1 in water
and 21.2 mM−1 s−1 in serum, both at 20 MHz and 40°C. These are significantly
higher than the measured relaxivity (R1) of Gd–DO3A in water at 20 MHz and
40°C of 4.85 mM−1 s−1 [269]. The bioconjugate complex was found to accumulate
in both the adrenal gland and liver similar to natural cholesterol. The observed
MRI enhancements after injection were found to be 162% in the adrenals and 146%
in the liver.
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4. Summary and conclusion

It is clear from this review that the use of metal complexes in gamma scintigra-
phy, PET and MRI is a rapidly growing area of research. During the past 10 years,
countless agents have been developed, evaluated in animal models and are either
currently in clinical trials or are approved for clinical use in the USA for use in
diagnostic imaging of disease. This review has attempted to highlight the metal
complexes that have been synthesized and evaluated in vivo over the last 10 years.

Along with major advances in the chemical synthesis and coordination chemistry
of new ligands and metal complexes, significant strides have been made in correlat-
ing physical characteristics of metal complexes with biological behavior. Metal
complexes are currently being utilized in the diagnosis of a wide variety of disease
states ranging from heart disease, brain disorders, and cancer. Metal complexes are
also able to determine specific aspects of disease such as tissue hypoxia, as well as
detect molecular phenomena such as multi-drug resistance. The advent of attaching
metal complexes to larger biological molecules has essentially created a new realm
of research in the field of bioconjugates. Metal complexes attached to biomolecules
allow even more specific biological processes to be studied, including the formation
of thrombi, the imaging of infection, and the understanding of antigens and
receptors found in certain types of cancer to name a few examples.

One of the goals of this review is to educate coordination chemists to the wide
number of applications of our field to biology, physics and medicine, to learn from
all the previous research and design better agents to aid in the diagnosis and
understanding of more disease states. In reflecting on the enormous amount of
progress made just in the past 10 years, it is apparent that by working with each
other along with biologists, physicists and physicians, there is no limit to what can
be accomplished.
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Glossary

(4,6-MeO2sal)2BAPEN: bis(4,6-dimethoxysalicylaldimino)-N,N %-bis(3-amino-
propyl)ethylenediamine

(ROsal)3tame: 1,1,1-tris-(alkoxysalicylaldiminomethyl)ethane
(5-MeOsal)3tame: 1,1,1-tris-(5-methoxysalicylaldiminomethyl)ethane
4SS: N,N %-bis(2,2-dimethyl-2-mercaptoethyl)ethylenedia-

mine
5SS1: carboxy-N,N %-bis(2,2-dimethyl-2-mercaptoethyl)ethy-

lenediamine
6SS: N,N %-bis(2,2,-dimethyl-2-mercaptoethyl)ethylenedia-

mine-N,N-diacetic acid
ATSM: diacetyl-bis(N4-methylthiosemicarbazone)
BAT: 6-[p-(bromoacetamido)benzyl]-1,4-8-11-tetraazacyclo-

tetradecane-1,4,8,11-tetracetic acid
BAT–TECH: tetraethyl-cyclohexyl bis-aminoethanethiol
BFC: bifunctional chelator
BMS-181321: oxo((3,3,9,9-tetramethyl-1-(2-nitro-1H-imidazol-1-yl)-4,

8 - diazaundecane - 2,10 - dione dioximato)(3-) - N,N %,N¦,
N§)technetium(V)
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BOPTA: 4-carboxy-5,8,11-tris(carboxymethyl)-1-phenyl-2-oxa-
5,8,11-triazatridecan-13-oic acid:benic acid

CPTA: 4-[(1,4,8,11-tetraazacyclotetradec-1-yl)methyl]benzoic
acid

DATs: Dopamine transporters
DF: desferrioxamine-B
DMPE: 1,2-bis(dimethylphosphino)ethane
DMPLED: N,N %-bis((1,2-dimethyl-3-hydroxy-5-(hydroxymethyl)-4-

pyridiniumyl)methyl)ethylenediamine-N,N %-diacetic
acid

DO3A: 1,4,7-tris(carboxymethyl)-1,4,7,10-tetraazacyclodode-
cane

DOTA: 1,4,7,10-tetraazacyclododecane-1,4-7,10-tetraacetic acid
DTPA: diethylenetetraaminepentaacetic acid
DTPA–BEA: diethylenetetraaminepentaacetic-N,N %-bis(ethylamide)
DTPA–BMA: diethylenetetraaminepentaacetic-N,N %-bis(methyl-

amide)
DTPA–EOB: diethylenetetraaminepentaacetic-N,N %-ethoxybenzyl
EC: electron capture (radioactive decay)
EC: N,N %-ethylene-di-l-cysteine
EDDASS: N,N %-bis(2-mercaptoethyl)ethylenediamine-N,N %-

diacetic acid
EDTA: ethylenediaminetetraacetic acid
h: hours
HBED: N,N %-bis(2-hydroxy-3,5-dimethylbenzyl)ethylenedi-

amine-N,N %-diacetic acid
HBMA: N,N %-bis(2-hydroxy-3,5-dimethylbenzyl)ethylenedi-

amine-N-(2-hydroxyethyl)-N %-acetic acid
HBPLED: N-(2-hydroxybenzyl)-N %-(pyridoxyl)ethylenediamine-

N,N %-diacetic acid
HL91: 4,9-diaza-3,3,10,10-tetramethyldodecane-2,11-dione-

dioxime
HP–DO3A: 1,4,7-tris(carboxylmethyl)-10-(2-hydroxypropyl)-1,4,7,

10-tetraazacyclododecane
HSA: human serum albumin
HYNIC: hydrazinonicotimamide
HYNICtide: cyclo(d-Val–NMeArg–Gly–Asp–Mamb(5-(6-(6-

hydrazinonicotinamido)-hexanamide)))
IT: isomeric transition
keV: kilo-electron volts (103)
MDR: multi-drug resistance
Me4HBED: N,N %-bis(2-hydroxy-3,5-dimethylbenzyl)ethylenedi-

amine-N,N %-diacetic acid
Me4HBPLED: N-(2-hydroxy-3,5-dimethylbenzyl)-N %-((3-hydroxy-1,

2,5-trimethyl-4-pyridiniumyl)methyl)ethylenediamine-
N,N %-diacetic acid
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meso-EHPG: meso-1,2-ethylenebis(o-hydroxyphenylglycine)
meso-TMPHPG: meso-N,N %-trimethylenebis(2-(2-hydroxy-3,5-dimethyl-

phenyl)glycine)
MeV: mega-electron volts (106)
MRI: magnetic resonance imaging
NOTA: 1,4,7-triazacyclononane-N,N %,N¦-triacetic acid
PCBA: 1-[(1,4,7,10,13-pentaazacyclopentaadec-1-yl)methyl]

benzoic acid
PET: Positron emission tomography
PLED: N,N %-dipyridoxylethylenediamine-N,N %-diacetic acid
PTSM: pyruvaldehyde-bis(N4-methylthiosemicarbazone)
rac-EHPG: rac-1,2-ethylene-bis(o-hydroxyphenylglycine)
rac-TMPHPG: rac-N,N %-trimethylene-bis(2-(2-hydroxy-3,5-dimethyl-

phenyl)glycine)
SCN–TETA: 6-[p-(isothiocyanato)benzyl]-1,4,8,11-tetraazacyclo-

tetradecane
SESTAMIBI: 2-methoxyisobutaneisonitrile
SHBED: N,N %-bis(2-hydroxy-5-sulfobenzyl)ethylenedia-

mine-N,N %-diacetic acid
SPECT: Single photon emission computed tomography
t-butyl-HBED: N,N %-bis(5-tert-butyl-2-hydroxy-3-methylbenzyl)ethyl-

enediamine-N,N %-diacetic acid
TACN: triazacyclononane
TACN–HB: N,N %,N¦-tris-2-hydroxybenzyl-1,4,7-triazacyclononane
TACN–HP: 1,4,7-tris(3-hydroxy-6-methyl-2-pyridylmethyl)-1,4,7-

triazacyclononane
TACN–MeHP: N %,N¦-tris(3-hydroxy-6-methyl-2-pyridylmethyl)-1,4,7-

triaazacyclononane
TACN–TM: N,N %,N¦-tris(2-mercaptoethyl)-1-4-7-triazacyclononane
TACN–TX: 1,4,7-tris(3,5-dimethyl-2-hydroxybenzyl)-1,4,7-triazacy-

clononane
Technepine: [N-[2-((3%-N %-propyl-3¦b-(4-flourophenyl)tropane-

2¦b-carboxylic acid methyl ester)(2-mercapto-
ethyl)amino)acetyl]-2-aminoethanethiolato] technet-
ium99m(V) oxide

TETA: 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic
acid

Tetrofosmin: 1,2-bis(bis(2-ethoxyethyl)phosphino)ethane
THM2BED: N,N,N %,N %-tetrakis-(2-hydroxy-3,5-dimethylbenzyl)-

ethylenediamine
THMBED: tetrakis-(2-hydroxy-5-methylbenzyl)ethylenediamine
TMAE: tris(2-methyl(2-propanethiol))aminoethylamine
TRODAT: [2-[[2-[[[3-(4-chlorophenyl)-8-methyl-8-azabicyclo[3.2.1]

oct-2-yl]methyl](2-mercaptoethyl)amino]ethyl]amino]
ethanethiolato-(3-)-N2,N2%,S2,S2%]oxo-[1R-(exo-exo)]
technetium(V),.


